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ABSTRACT: Combining two-dimensional (2D) perovskites with other 2D materials to form a van der = Type I == Type Il == Metal
Waals (vdW) heterostructure has emerged as an intriguing way of designing electronic and optoelectronic
devices. The structural, electronic, and optical properties of the 2D (PEA),Pbl,/black phosphorus (BP) fo of? JO JO
[PEA:(C,HyNH;)*] vdW heterostructure have been investigated using first-principles calculations. We \

found that the (PEA),Pbl,/BP heterostructure shows a high stability at room temperature. It is s S
demonstrated that the (PEA),Pbl,/BP heterostructure exhibits a type-I band arrangement with high
carrier mobility. Moreover, the band gap and band offset of (PEA),Pbl,/BP can be effectively modulated
by an external electric field, and a transition from semiconductor to metal is observed. The band edges of
(PEA),Pbl, and BP in the (PEA),Pbl,/BP heterostructure, which show significant changes with the
external electric field, provide further support. Furthermore, the BP layers can enhance the light
absorption of the (PEA),Pbl,/BP heterostructures. Our results indicate that the 2D perovskite and BP
vdW heterostructures are competitive candidates for the application of low-dimensional photovoltaic and
optoelectronic devices.

1. INTRODUCTION carrier diffusion length.">™"® Tsai et al. fabricated nearly single
crystalline 2D perovskite (BA),Pbl, with an efficiency of about
12% when used as a solar absorber, indicating that 2D
perovskites exhibit superior stability.'® At the same time, the
organic insulating layer also causes the quantum confinement
effect, which widens the energy band gap of the 2D material,'”
increases the exciton binding energy, and weakens the optical
absorption. These disadvantages lead to the low energy
conversion efficiency of 2D perovskite solar cells.'”'® How
to ensure stability and achieve excellent carrier transport
performance and high efficiency in 2D perovskite electronic
and optoelectronic devices is an urgent problem. Luckily, the
exfoliation of multifarious 2D materials in recent years has
increased the chance of designing vdW heterostructures, which
gives more possibilities for accomplishing wanted electronic or
optoelectronic properties.'”*°

2D materials, for example, graphene and transition metal
dichalcogenide (TMD), have incredible potential in next-
generation electronic and photonic devices attributable to their
outstanding basal physical properties.”'~** Black phosphorus
(BP), a novel 2D isomer of white phosphorus and the most
stable one at room temperature, has been successfully prepared

In recent years, organic—inorganic hybrid halide perovskites
have drawn huge attention because of their fantastic photo-
electric properties, for example, low carrier recombination rate,
low trap states, hisgh optical absorption coeflicient, and high
carrier mobility.' ™ The hybrid perovskites have arisen as the
absolute most encouraging materials for optoelectronic
applications, including photovoltaics, photodetectors, and
light-emitting diodes. Not long ago, single-junction solar cells
based on three-dimensional (3D) perovskites have achieved a
high power conversion efficiency of 25.2%.° Regardless of the
fervor, these 3D perovskites suffer from critical stability
problems, confining their more extensive business application.
On the other side, two-dimensional (2D) Ruddlesden—Popper
(RP) hybrid perovskites have been displayed to show superior
heat resistance and water resistance relative to the 3D
perovskites, which have acquired a lot of attention recently.”
2D RP perovskite materials have the general chemical
formula A,BX, and comprise stacks of octahedral metal—halide
(B—X) monolayers, where B is normally a divalent metal, each
isolated by long-chain organic molecules (A) to maintain
charge balance.*”'? In the 2D hybrid perovskites, it requires
more energy to destroy the 2D crystal structure due to the
large van der Waals (vdW) interaction between organic cations
and inorganic anions, which leads to excellent stability
contrasting to their 3D counterpartsu’12 Furthermore, 2D
perovskites not only enjoy benefits of molecular scale self-
assembly, soluble processing, and excellent film formation but
also have advantages of excellent optical properties and large
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in experiments.”»** BP has a finite direct band &P and shows
2

extraordinary electrical and optical properties.” The excellent
transport properties of BP, such as a high hole mobility up to
1000 cm? V™! 57!, make BP have potential applications in low
dimensional electronics and optoelectronics.”” Recently,
researchers have turned their attention to 2D heterostructures,
which are designed by stacking two or more different 2D
materials through vdW interactions, such as, G/h-BN,*® BP/
BN,” BP/TMDs,**~** 2D perovskite/ TMDs,***° and MoS,/
SiC.”” The vdW heterostructures not only break through the
application limits of a single material but can also effectively
solve the problem of interface disorder in traditional 3D
heterojunctions38_40 In addition, 2D heterostructures have
exhibited unique physics as compared with 2D homo-bilayers
due to vdW interactions.”"** 2D heterostructures can exhibit
the characteristics of insulators, semiconductors, metals,
semimetals, topological insulators, and superconductors and
have broad applications in field-effect transistor fields,
photodetectors, electrocatalysis, and energy storage devi-
ces.” ™ For example, Wang et al. demonstrated that tunnel
field-effect transistors based on the BP/InSe heterojunction
exhibit negative differential resistance and a large on/off
current ratio of up to 10° when applying low voltages.”® An
anomalous photoluminescence quenching is observed in
artificial heterostacking of monolayer TMDs and few-layer
BP.”' Zhang et al. found unexpectedly high photoluminescence
enhancement factors of up to ~8 in vdW heterostructures
consisting of the 2D hybrid perovskite (C¢HsC,H,NH;),Pbl,
and monolayer WS,.*°

However, few theoretical and experimental works report the
photoelectric properties of the vdW heterostructure based on
2D perovskites and BP. The physical properties such as the
energy band gap and band offsets of the 2D perovskite/BP
heterostructure are also totally unknown, while band offsets of
semiconducting heterostructures are important and required
factors in the design of materials and devices. Herein, in this
paper, the 2D RP hybrid perovskite, (PEA),Pbl, [PEA:
(C4HyNH;)*], was selected to construct a heterostructure with
monolayer BP. The geometric, electronic, and optical proper-
ties of the (PEA),Pbl,/BP heterostructure were investigated
by density functional theory (DFT) calculations. Our out-
comes show that (PEA),Pbl, interacts generally feebly with BP
using vdW force, and hence, the inborn properties of both 2D
(PEA),Pbl, perovskites and BP are held in the vdW
heterostructure. In this work, we found that the (PEA),PbL,/
BP heterostructure shows type-I band alignment. Moreover,
tunable band gaps and a phase transition from semiconductor
to metal can be observed via an external electric field in the
(PEA),Pbl,/BP heterostructure. Besides, the light absorption
coefficient of the (PEA),Pbl,/BP heterostructures can be
effectively improved by monolayer BP. These results indicate
that the 2D perovskite and BP vdW heterostructures are
competitive candidates for the application of low-dimensional
photovoltaic and optoelectronic devices. Our results are of
great importance for experimentally understanding and
modulating the physical properties of 2D perovskite/BP vdW
heterostructures, which can pave the way for the application of
2D perovskite/BP vdW heterostructures.

2. COMPUTATIONAL METHODS

The DFT calculations were performed using the Vienna Ab
initio Simulation Package (VASP)** with electron—ion
interaction described by the projector augmented wave

(PAW) methods.”® The Perdew—Burke—Ermzerhof (PBE)
methods under the generalized gradient approximation (GGA)
were chosen to describe the exchange and correlation effects of
valence electrons.”* Taking into account the effect of
intermolecular forces in the calculation results, the zero
damping DFT-D3 method of Grimme was used to deal with
vdW force correction in VASP.”> The valence electron
configurations of H (Is'), C (2s%2p*), N (2s*2p°), Pb
(5d%s%6p*), P (3s*3p), and 1 (5s?Sp°) were adopted in
calculations. A cut-off energy of 500 eV, 6 X 12 X 1 k-point
mesh, and 1 X 107° eV total energy convergence tolerances
were applied during static calculation. The thickness of the
vacuum was set to larger than 15 A to eliminate the interaction
between slabs. Here, none of the spin—orbit coupling and
HSEO06 functional were considered for the calculation of the
electronic structures due to error cancellation; that is,
neglecting the spin—orbit interaction caused band gap
overestimation, which cancels the underestimation error of
GGA calculation.”®™? Also, the ab initio molecular dynamics
(AIMD) simulation was performed by using the PAW method
and PBE-GGA implemented in VASP. The NVT (constant
number of atoms N, volume V, and temperature T) ensemble
with the Nose—Hoover thermostat was used during AIMD
simulation.”” An external pressure of 10° Pa, a temperature of
300 K, and a time step of 1 fs were set.

To determine the interaction between BP and (PEA),Pbl,,
the binding energy between the BP layer and the (PEA),Pbl,
layer is calculated as follows

Ey, = E(pga),por,/8p — Esp — E(pra),pbr,

where E(pga),ppr,/pp is the total energy of the (PEA),Pbl,/BP
vdW heterostructure and Epp and Eppay,pyi, are the total

energies of the isolated single-layer BP and isolated single-layer
(PEA),Pbl,, respectively.

The carrier mobility was calculated based on the following
expression

eh’C,p,

Hop = 55
P kg Tm*m B

where m* is the effective mass on the calculating direction x or
¥, which is given as

hZ
OEy(k)
oK*

m* =

where E, is the band energy at conduction band minimum
(CBM) or valence band maximum (VBM) and m¥* is the

averaged effective mass given by m; = m;m,. E is the

Ay,
deformation potential constant given by E; = @T/‘l)’ where

AV, represents the energy change of CBM or VBM. C,p, is the
in-plane elastic modulus (in both x- and y-directions), which
can be derived from

2
E-E, CypfAl
So 2\
where E — E, represents the total energy change, S is the area
of the xy plane, and Al represents the deformation in the x- or

y-direction. Figure S2 shows the energy shifts of the band edge
position (AEedge) at VBM and CBM of the (PEA),Pbl,/BP
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Figure 1. Side and top views of the (PEA),Pbl,/BP heterostructure. A vacuum larger than 15 A was set along the z-direction. I, Pb, C, N, P, and H
atoms are represented by the purple, gray, brown, cyan, silver, and smallest spheres, respectively.

heterostructure with the applied strain along the a- and b-
directions, respectively. The deformation potential constant E;
may be calculated by simulating the linear relationship between
band edge energy and strain () exerted in the a- and b-
directions. Figure S3 shows the relationship between the total
energy and lattice strain in the 4- and b-directions of the
(PEA),PblL,/BP heterostructure. The absorption coefficient is
calculated from the dielectric function using the following
expression

a(®) = V2olg() + &) - &(@)]?

where £,(w) and &,(@) are the real and imaginary parts of the
dielectric function, respectively, and are determined by the
optical frequency w.

3. RESULTS AND DISCUSSION

3.1. Geometric Structure. Table S1 shows the calculated
lattice parameters of the (PEA),Pbl, and BP monolayers,
respectively. The optimized lattice constants of monolayer
(PEA),Pbl, are a = 8.44 and b = 8.76, respectively, and the
estimated lattice constants of monolayer BP are a = 3.30 and b
= 4.59, both of which are congruent with theoretical and
experimental results.”**"°"*> Figure 1 shows the intended
structure of the (PEA),Pbl,/BP heterostructure. A supercell in
such a system is made up of S X 2 BP unit cells and 2 X 1
(PEA),Pbl, unit cells. The heterostructure’s lattice constants
are a = 16.68 A and b = 8.97 A, resulting in a < 3% total
induced strain in both the BP and (PEA),Pbl, lattices.

Geometry optimization was split into two processes for the
sake of accuracy and computational efficiency. We start by
changing the interlayer distance and calculating the binding
energy and then fitting the results into the well-known

Buckingham potential equation, as shown below®>**
- C
E, =A™~ i

A, B, and C are fitting parameters, h is the interlayer spacing,
and Ey is the interlayer binding energy. Figure 2 depicts the
binding energy as a function of interlayer distance and fitting
curve. The fitting curve predicts an equilibrium interlayer
distance of around 2.81 A. Step two involves building a
structure with an interlayer distance of 2.81 A and putting it
through a full relaxation to get the final equilibrium structure.
The fully optimized structure’s averaged interlayer gap
between the monolayer BP and (PEA),Pbl, is 2.84 A, which
is obviously greater than the bond length of C—H atoms (1.1
A) or P—P atoms (2.2 A). The interface contact in the 2D
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Figure 2. Calculated interlayer binding energies as a function of a
series of interlayer spacing and Buckingham potential fitting curve.

(PEA),Pbl,/BP heterostructure is vdW interaction, with an
interlayer binding energy of 1.30 eV, according to the data.
The fully optimized structure was used to calculate the energy
band, the density of states (DOS), and other results. The NVT
ensemble lattice dynamics simulations are performed at room
temperature to further test the thermodynamic stability of a
completely optimized structure. The time-dependent total
energies are fluctuating within a restricted energy range
generated by temperature after 3 ps, as illustrated in Figure
3, indicating that there is no phase transition for the material at
room temperature and the material is thermally stable at room
temperature.
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Figure 3. Energy change and the temperature change of the
(PEA),Pbl,/BP heterostructure after AIMD simulation of 3 ps and
under 300 K and 10° Pa.
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3.2. Electronic Properties. We first calculate the band
structures of monolayer (PEA),Pbl, and monolayer BP to
better understand the electronic characteristics of the
(PEA),Pbl,/BP heterostructure. The calculated band structure
of the 2D perovskite (PEA),Pbl, possesses a direct band gap
of 2.17 eV, while the monolayer BP exhibits a direct band gap
of 0.86 eV, as shown in Figure Slab, respectively. Our
obtained above band gap agrees well with previous
reports.”’*>%* Figure 4 depicts the projected band structure

Energy(eV)

Figure 4. Calculated projected band structure and projected DOS of
the (PEA),Pbl,/BP heterostructure; the bands projected onto
(PEA),Pbl, and BP are depicted blue and red, respectively. The
size of the dots in the bands corresponds to the weight of each species
in the bands. The Fermi level (the dotted line) is set to zero.

for the (PEA),Pbl,/BP vdW heterostructure. It means that in
this heterostructure, the electronic structures of monolayer
(PEA),Pbl, and monolayer BP are both well maintained.
Furthermore, it can be seen from the projected band structure
that the electronic states of the BP layer (red line) dominate
both the CBM and VBM of the (PEA),Pbl,/BP hetero-
structure, indicating a type-I band alignment with a significant
offset on valence bands. From the DOS indicated in Figure 4, it
was also found that both VBM and CBM of the (PEA),Pbl,/
BP heterostructure are contributed by P elements consistent
with the results of the projected band structure. In material and
device design, semiconducting heterostructure band alignment
and band offsets are even more essential than the band
structures. Using the vacuum level as a common energy
reference, we calculated the band alignment of the
(PEA),PbL,/BP heterostructure. As shown in Figure S, our
findings reveal that the CBM of BP is lower in energy than that
of (PEA),Pbl,, while the VBM of BP is higher in energy than

BP (PEA),PbI, BP/(PEA),Pbl,
________________________________ Evac
> 478ev 5.01eV 493ev
()]
.
()
C ’
w e
0.86 eV 217ev 7 21zey
S 089ev |

Figure S. Band alignments of monolayer BP, monolayer (PEA),Pbl,,
and the (PEA),Pbl,/BP heterostructure. Relevant electronic param-
eters are also given in the figure. The Fermi level is represented by red
dashed lines. As a baseline, the vacuum level is used.

that of (PEA),Pbl, which further demonstrates that the
(PEA),Pbl,/BP heterostructure is a type-l heterostructure.
According to Anderson limit,> the difference in electron
affinity (in the x-direction) or ionization energy between the
components of hetero 2D materials could be used to directly
compute the conduction band offset and valence band offset of
the heterostructure. The conduction (valence) band offset is
defined as AE. = Ec 5 — E¢ p (AEy = Ey 5 — Ey p), where
Ec p(s) and Ey p(p) are the CBM and VBM of (PEA),PBIL,(BP)
in the (PEA),Pbl,/BP heterostructure. For the calculation of
band offsets, the vacuum level is used as a common energy
reference. The evaluated E¢ and Ey of the (PEA),Pbl,/BP
heterostructure in our example are 1.05 and 0.23 eV,
respectively. Furthermore, the work function of the
(PEA),Pbl,/BP heterostructure and its components is
calculated according to the following equation

W= Evac - EF

where E,, is the vacuum energy level and E. is the Fermi level.
Our results reveal that the work functions for the (PEA),Pbl,
monolayer and BP monolayer are 5.01 and 4.78 eV,
respectively. The electrons move from the (PEA),Pbl, layer
to the BP layer, as indicated by the difference in work functions
between (PEA),Pbl, and BP. When the (PEA),Pbl,
monolayer and the BP monolayer come into contact, the
Fermi level of (PEA),Pbl, is pushed higher, while the Fermi
level of BP is dragged down until the Fermi levels are balanced.
In contact, the work function of the (PEA),Pbl,/BP
heterostructure is 4.93 eV.

The 3D plot of differential charge density (DCD), which
shows electron transport between the (PEA),Pbl, and BP
layers, was generated using the following formula

Ap = phetero - pperovskjte - pBP
where pheteror Pperovsiiter a0d ppp are the electronic densities of
the heterojunction, pure (PEA),Pbl, monolayer, and BP
monolayer, respectively. In the heterojunction, there is a
redistribution of electron density between the (PEA),Pbl,
monolayer and the BP monolayer, as illustrated in Figure 6a.
The plane-averaged density approaches zero when z is far
enough away from the heterostructure interface. The 3D
charge density difference is calculated in the same way as the
plane-averaged charge density difference, which is displayed for
comparison. As shown in Figure 6a, the charge is observed to
increase toward the side of monolayer BP, whereas it is
reduced near the side of monolayer (PEA),Pbl,, which means
(PEA),Pbl, forms a p-doping semiconductor after stacking
with monolayer BP. Charge rearrangement, including charge
depletion and buildup across the heterojunction, results in a
built-in interfacial dipole. The plane-averaged electrostatic
potential along the stacking direction is shown in Figure 6b. It
clearly shows that there is a potential drop of 3.12 eV in the
(PEA),Pbl,/BP heterostructure. The electrons may readily be
driven from BP to (PEA),Pbl, due to the potential drop.
Given the synergistic impact on carrier transport, which is
induced by the electrostatic potential drop, the transport
performance could be improved in practical applications.

In electrical and optoelectronic devices, carrier mobility is
also a significant factor. Herein, the Takagi model is used to
determine carrier mobility based on Bardeen and Shockley’s
deformation potential theory.®* The calculated carrier mobility
of the heterostructure is summarized in Table 1. It finds that
the electron mobility shows a remarkable anisotropy, with the
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Figure 6. (a) Plane-averaged DCD of the (PEA),Pbl,/BP heterostructure as well as z-direction side views of the isosurfaces of DCD with an
isosurface of 0.0001 e A™>. The gain of electrons is shown by the yellow zone, while the loss of electrons is indicated by the cyan region. (b)
Electrostatic potential of the (PEA),Pbl,/BP heterostructure as a function of z-direction.

Table 1. Calculated Carrier Mobility of the (PEA),Pbl,/BP Heterostructure for the Electron (e) and Hole (h) along the x- and
y-Direction”

carrier type Direction Cyp (J m™2) m* (mg) E, (eV) m, (mg) Hop (10° cm? V7! s71h)
e x 269.65 1.247 5.186 0.486 0.356 (0.088)
y 163.72 0.190 1.872 0.486 10.864 (1.123)
h x 269.65 6.149 0.858 1.031 1.231 (15.518)
y 163.72 0.173 4.892 1.031 1.345 (0.674)

“The cited carrier mobility of BP calculated by Qiao et al.*® in brackets.

electron mobility in the y-direction being an order of where m* is the reduced exciton mass derived from the
magnitude larger than that in the x-direction. Moreover, the equation L* = 1* + L* and e, is the static dielectric
m. me my

electron mobility of the heterostructure is extremely enhanced

] constant contributed from electrons, which can be evaluated
compared to that of free BP. The main reason for the large

by using density functional perturbation theory.”>*"~"* n is the
increase in electron mobility is that the total energy of the exciton energy level. The calculated results are shown in Table
(PEA),Pbl,/BP heterostructure has remarkably changed when 2. As the dimensionality of the system decreases, the Coulomb
subjected to lattice deformation; hence, the value of the in-
plane elastic modulus (in both x- and y-directions) also Table 2. Calculated Reduced Exciton Mass (m¥) Static
becomes very large. It also exhibits high hole mobility up to Dielectric Constants in Direction x and y, (€5, and €%,),
Average Static Dielectric Constants (€,,), and Exciton
Binding Energies (E,;,)

10* cm®* V7' 57! in both x- and y-directions. Compared with
the monolayer BP, the hole carrier mobility for the

heterojunction in the y-direction is larger, whereas the hole structure mE (mg) &, e, €0 E,, (meV)

carrier mobility in the x-direction is smaller. (PEA),Pb, 0.14 2.87 2.78 2.82 239
Because the exciton is one of the most crucial physical BP 0.58 273 428 3.50 642

entities in the performance of optoelectronic and photonic (PEA),PbL,/BP 0.58 418 483 4.51 386

devices, we calculated exciton binding energies (E,) of the
(PEA),Pbl, monolayer, BP monolayer, and (PEA),Pbl,/BP shielding effect will also weaken, resulting in a stronger exciton

heterostructure based on the Wannier exciton model; the effect. For (PEA),Pbl,, the exciton energy 239 meV in this
work agrees well with the exciton energy 272 meV calculated

exciton binding energies are given as the formula®® = < :
by Zhao et al.”” In addition, for monolayer BP, the exciton

mee4 mr* 11 mr* 11 binding energy is calculated to be 642 ;IgeV, which is
Epy=—"—"F55—""—55 R~ 1356——— comparable with other reported values.”” As for the
2dmeg) h” m, g7 n Me €o 1 (PEA),Pbl,/BP heterostructures, it was found that the exciton
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Figure 7. (a) Evolution of the band edges of BP and (PEA),Pbl, in the (PEA),PbL,/BP heterostructure as a function of the field. (b) Evolution of
the band gap and band offsets of the (PEA),Pbl,/BP heterostructure as a function of the external field. Ec p(s) and Ey p(g) are the CBM and VBM
of (PEA),PbL,(BP) in the (PEA),Pbl,/BP heterostructure. The Fermi level is set as zero. The regions labeled M, T-I, and T-II are metal range,
type-I band arrangement range, and type-II band arrangement range, respectively.
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Figure 8. Calculated projected band structure under the electric field of (a) 0.2 and (b) —0.3 V/A, respectively. The bands projected onto
(PEA),Pbl, and BP are rendered blue and red, respectively. The dot size reflects the weight of each species in the bands. The Fermi level (the

dotted line) is set to zero.

binding energy is 386 meV, which is larger than that in 2D
perovskite (PEA),Pbl,. Larger exciton binding energy may
provide better application prospects in luminescence and laser.

Electric fields can be employed to control the electrical
characteristics of vertical heterojunctions. We ran simulations
in the (PEA),Pbl,/BP heterojunction with electric fields
ranging from —0.4 to 0.35 V/A in the vertical direction (z-
direction). A positive electric field is applied with an interval
step of 0.1 V/A from the bottom (PEA),Pbl, layer to the top
BP layer, while the negative electric field is applied from the
opposite direction. The plots in Figure 7 illustrate how an
applied external perpendicular electric field (E,) affects the
electrical characteristics of the (PEA),Pbl,/BP heterostructure.
The band edges of BP or (PEA),Pbl, under various electric
fields are calculated and shown in Figure 7a. First of all, the
corresponding band gaps of (PEA),Pbl, and BP are affected
little by the external electric field. Second, the CBM and VBM
of (PEA),Pbl, both increase when the electric field increases,
whereas the CBM and VBM of BP show a declining trend.
Additionally, when E, is ~—0.28 V/A, the (PEA),Pbl,/BP
heterojunction transitions from type-II to type-I, and when E;
is ~0.08 V/A, it transitions from type-I to type-II, resulting in
distinct spatial distributions of the lowest energy electrons and
holes. When E; > 0.31 V/A or E; < —0.37 V/A, the band gap
decreased to zero, which means the electronic property of the
heterostructure is transferred from semiconductor to metal. To
gain further insights, Figure 7b shows the evolution of the band

20882

gap (E,) as a function of the external electric field. It has been
discovered that when the electric fields increase, the band gap
increases initially and then changes slowly. Our findings
demonstrate that when the electric field is greater than 0.1 V/
A, the band gap decreases fast. Furthermore, AE; and AE,
show similar variation trends and decrease linearly with E |, as
shown in Figure 7b. Due to the transition of the (PEA),Pbl,/
BP heterostructure from metal to semiconductor under
different vertical electric fields, field-effect transistors based
on (PEA),Pbl,/BP with a super large current rectification
effect can be designed, which reveals the great potential of
logic device application. In addition, for medium electric fields
from —0.3 to 0.15 V/A, a large band gap of about 0.8—0.9 eV
is found, which leads to obvious optical absorption character-
istics of semiconductors, which is suitable for photovoltaic
device application.

In order to give further support that the (PEA),Pbl,/BP
heterostructure experiences a transition from type-I to type-II
by applying the electric field, the band structures under the
electric fields of 0.2 and —0.3 V/A are shown in Figure 8a)b,
respectively. Under an electric field of 0.2 V/A, the CBM state
of the (PEA),PBI,/BP heterostructure is mostly contributed
by BP, whereas the VBM state is mostly contributed by
(PEA),PBL,. In contrast, the CBM state was mainly provided
by (PEA),PBI,, while the VBM state was mostly provided by
BP under an electric field of —0.3 V/A. Therefore, the band
type can be changed from type-I to type-II by an applied
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Figure 9. Absorption coefficient of monolayer BP, monolayer (PEA),Pbl,, and the (PEA),PbL,/BP heterostructure in the (a) x-direction and (b)

y-direction.

suitable electric field, which agrees with the results shown in
Figure 7. Free electrons and holes will be spontaneously
separated in the type-II heterostructure, preventing photo-
generated electron and hole pairs from recombining. This is
favorable to the separation and collection of electrons and
holes in photovoltaic devices. The energy band structure of the
(PEA),PBL,/BP heterostructure can be effectively manipulated
by the external electric field, which also provides more
possibilities for the design of new optoelectronic devices.

The interlayer charge transfer and redistribution behaviors
induced by the external electric field can be characterized by
employing the plane-averaged DCD Ap(z) along the z-
direction perpendicular to the heterostructure surface. As
depicted in Figure S4, it can be clearly seen that the charge
transfer between the (PEA),PBI, and BP layer can be
remarkably enhanced with the increase of the external electric
field. By applying a positive electric field across the interface,
electrons from the (PEA),Pbl, layer are injected into the BP
layer. Furthermore, when an electric field with the opposite
direction is applied, the direction of charge transfer will shift.

3.3. Optical Properties. The optical absorption curves of
monolayer BP, monolayer (PEA),Pbl,, and their hetero-
structure, as shown in Figure 9, are calculated to analyze the
optical absorption properties of the 2D perovskite hetero-
structure and investigate the shift of the absorption spectrum.
The absorption coefficient of monolayer BP is clearly larger
than that of monolayer (PEA),Pbl, perovskite materials,
according to the results. The light absorptions of the
heterostructure are due to the combination of monolayer
(PEA),PBI, and BP, which exhibits a great potential
application in solar cells. Therefore, combining BP and 2D
perovskites to build heterostructures is an effective strategy for
improving the light absorption of 2D perovskite devices, which
shows a lot of potential in photovoltaic cells. Additionally,
significant and anisotropic optical absorption is observed
especially for monolayer BP and the heterostructure. For
monolayer BP and the heterostructure, the absorption
coefficient at the x-direction is larger than the absorption
coefficient at the y-direction in the wavelength range 0—450
nm, while the absorption curves at the y-direction show a
larger absorption coefficient in the wavelength range >450 nm
and a longer absorption edge wavelength than the absorption
curves at the x-direction.

4. CONCLUSIONS

In summary, using first-principles calculations, the equilibrium
structure, electrical characteristics, and optical properties of the
(PEA),Pbl,/BP heterostructure are explored. According to our
results, the (PEA),Pbl,/BP heterostructure is very stable at
room temperature. The type-I band arrangement and excellent
carrier mobility of the (PEA),Pbl,/BP heterostructure are
both present. Our results also demonstrated that the
synergistic impact on carrier transport caused by the
electrostatic potential drop in the PN junction produced
between these two layers could improve transport performance
in practical applications. More importantly, an external electric
field can effectively modulate the band offset and band gap of
the heterostructure, with the transition from semiconductor to
metal. The changes in band edges of (PEA),Pbl, and BP in
(PEA),Pbl,/BP, which appear to vary with the external electric
field, provide further insights. As for (PEA),Pbl,/BP
heterostructures, the larger exciton binding energy may have
better application prospects in luminescence and laser. Besides,
we also found that we can effectively enhance the intensity of
the light absorptions by building a (PEA),PBIL,/BP hetero-
structure compared to the pure 2D perovskite. Our theoretical
results may inspire much interest in experimental research of
the (PEA),PBI,/BP vdW heterostructure and will present
abundant opportunities for the application in future optoelec-
tronics such as a photodetector, photovoltaic cell, and
luminescent device.
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