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ABSTRACT: Recently, layered halide double perovskites (A,M'M™Xj)
have attracted growing interest and provided a wide range of basic building
blocks for fabricating vertical and lateral heterostructures (LHs). Here, we ; ;
take Cs,AgInl; and Cs,CuBil; as the representative compounds of 4 ' 3 ' 2 ' ] o ] 2 3 4 "
monolayer double perovskites to design suitable LHs for optoelectronic
applications using first-principles calculations. Our results reveal that the Pre-contact Contact
constructed (Cs,CuBilg);/(Cs,AgInlg); LH could possess the desired o[\ £~ | | ==~ ~""""77 E L0
direct band gap and type-II band alignment. The electronic properties such

= >

> o

as band gap and effective mass can be further tuned by applying strain or £ 054, csi| csaan. | &
gap 'y applying w0 Cs.CuBily_Cs,Agin, L% .I II

adjusting components. More importantly, we find that the transition dipole oo

moments between the band edges can be modulated effectively by tensile ' >=Ov<

strain and components, providing new insights for the rational utilization 5 S\ /==
. - - o X r MX

of double perovskites that possess partially forbidden transitions for

optoelectronic devices. Our studies propose stable atomic structures for

optoelectronic devices based on double perovskite LHs with desired electronic and optical properties.

ead (Pb) halide perovskites that include three-dimen- as (C,HoNH;),AgBiBr;, PA,AgInCl; (PA = propylammo-

I sional (3D) (e.g, CH;NH;Pbl;) and layered two- nium), [AE2T],AgBily (AE2T = S,5'-diylbis(aminoethyl)-

dimensional (2D) structures (e.g., (C,H,NH,),Pbl,) [2,2/-bithiophene]), and (CAA),CuBily (CAA = cyclohexyl-

have recently attracted considerable attention because of their amine). Indeed, some layered double perovskites are reported

successful applications in photovoltaic devices.'”” In addition to exhibit potential optoelectronic properties with direct band

to solar cells, they have also been widely exploited in other gapsb and can be used as basic building blocks for novel

optoelectronic fields, such as light-emitting diodes,” lasers,® heterojunction devices, similar to the conventional 2D
and photodetectors.” However, despite the superior perform- materials.

ance of Pb halide perovskite-based devices, the toxicity of Pb Recently, van der Waals (vertical) heterostructure devices

has become an increasing concern for their commercializa- based on halide perovskites/2D materials (e.g,, CH;NH;PbI,/

tion.? WSe,) and halide perovskites/halide perovskites (e.g., (n-
An eflicient method to solve this problem is to replace two CH3(CHZ)3NH3)2PbI4/(”'CH3(CH2)3NH3)_2_(CH3NH3)‘
Pb(II) with a couple of B(I)/B(III) cations to form halide Pb,I,)) have been demonstrated to show promising optoelec-

double perovskites A,B(I)B(II)X, (A = monovalent cation; tronic performances 51210CP2 as high photoresponsivity and good
B(I) = Ag", Cu*; B(III) = Sb*, Bi**, In*; X = halogen) 7,914 rectification behavior. However, there are difficulties in
- ) ) - ) ) ) - .

controlling the stacking orientation and sample size, as those
revealed in 2D materials.”*** On the other hand, lateral
heterostructures (LHs) with atomically clean and sharp

However, most of the reported double perovskites have wide
indirect band gaps (>1.9 eV) and large carrier effective masses
due to the mismatch in angular momentum of the frontier
atomic orbitals,"* and the synthesized Cs,AgInCl with direct
band gap has been proven to show inversion symmetry- Received: May 14, 2020
induced parity-forbidden transitions.” The relatively large band Accepted: June 2, 2020
gap and parity-forbidden transition in halide double perovskite Published: June 2, 2020
are not desired for ideal photovoltaic applications. One way to

modify the electronic and optical properties of double

perovskites is to form their layered counterparts,">~" such
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. . 24,26 . .
interfaces have been introduced,”*® and their electronic and

optical properties are different from their counterparts formed
in vertical heterostructures. These reports are mainly
experimental contributions,””*’ ™" and a first fabrication of
various lateral heterostructures and superlattices of 2D halide
perovskites by the solution-phase sequential growth has been
reported very recently.’® To our knowledge, theoretical studies
on the LHs of halide perovskites are still absent in the
literature.

In this work, we take Cs,Aglnl; and Cs,CuBily as the
representative compounds of monolayer double perovskites to
study their LHs based on first-principles calculations. We focus
mainly on the properties related to their optoelectronic
applications and try to provide valuable guidance for their
experimental realizations. We will find out how the electronic
properties, such as the band gap and band alignment, are
modulated by the atomic structures in (Cs,CuBily),,/
(Cs,Aglnlg), (where m and n are integers) LHs. Importantly,
we find that the direct band gap appears only in the case of m
> 3, and the type-II band alignment can be found in other LHs
formed by Cu-VA and Ag-IITA double perovskites. The effects
of strain and modification of block size in perovskites will be
studied. In particular, the transition dipole moments between
the band edges which are highly related to optoelectronic
applications will be investigated. We finally study the
mechanical properties of LHs, including the Young’s modulus
and Poisson’s ratios. Our studies will provide guidance for
experimentally achieving double perovskite LHs with tunable
optoelectronic properties in the future.

Figure 1a shows the crystal structure of layered near Dion—
Jacobson type halide double perovskites A,B(I)B(III)Xg,*"
formed by the incorporation of organic spacer cations A" into
3D double perovskites. In terms of specific electron
configuration, the B* cations in A,B(I)B(II)X; can be
classified into three classes: (i) the group IA elements (Na*,
K*, Rb*, and Cs*) that have empty s and d outermost orbitals,
(ii) the group IB elements (Cu’, Ag*, and Au’) that have
empty s but full d outermost orbitals, and (iii) the group IIIA
elements (In* and TI*) that have full s outermost orbitals. The
B** cations can be divided into two categories: (i) the group
IIIA elements (In*" and TI**) that have empty s orbitals, (ii)
the group VA elements (Sb®* and Bi**) that have full s
outermost orbitals. According to recent theoretical and
experimental studies,'”" "> Na*-based double perovskites are
electronically zero-dimensional (0D) because of the [NaX;]
octahedra, which do not contribute to the conduction band
minimum (CBM) and valence band maximum (VBM). In*-
and TI"-based double perovskites are thermodynamically
unstable and toxic, respectively. Therefore, only the group IB
elements are highly desired for B cations. Here we focus only
on the study of double perovskites consisting of the group IB
elements and IIIA elements or the group IB elements and VA
elements.

Because the electronic structure of halide perovskites is
mainly determined by [BX] inorganic networks, while A-site
organic cations have only an indirect effect on electronic states
around the Fermi level by distorting the inorganic net-
works,">?* we thus use Cs atom to replace the A-site long-
chain organic molecule (e.g,, C,H;NHS;) in this work to reduce
the computational cost. On the basis of the above
consideration, here, we select monolayer Cs,Aglnlg and
Cs,CuBil; (see Figure 1b,c) as the representative compounds
to design halide double perovskite LHs for optoelectronic
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Figure 1. (a) Ilustration of metal cation choice strategy to design
layered Pb-free halide double perovskites. Side (b) and top (c)
views of atomic configurations of undistorted monolayer A,B(I)-
B(III)X. The green spheres in panel c represent Cs atoms, which
disappear in panel b for clarity. Band structures (d and e) and
corresponding square of transition dipole moments between the
top valence band and the bottom conduction band (f and g) for
monolayer Cs,AgInl; (d and f) and Cs,CuBilg (e and g) without
(with) SOC included, respectively. The valence band maximum is
set to zero.

applications. The calculated lattice constant for monolayer
Cs,Aglnl; (Cs,CuBily) is 8.30 (8.37) A (see Table 1), which is
much smaller than the value of 11.96 (10.37) A in its
corresponding undistorted bulk phase.”*** On the other hand,
the lattice constant of monolayer Cs,Aglnlg (Cs,CuBilg) is
comparable to that of monolayer Cs,AgBiBry (8.16 A)."”
Among B(I)—I and B(III)—I bond lengths (see Table S1), the
Bi—I bond length is the largest, and the Cu—I bond length is
the smallest.

First, we calculate the band structures of monolayer
Cs,Aglnlg and Cs,CuBilg along high-symmetry direction in
the first Brillouin zone, as shown in Figure 1d,e. Unlike the
direct band gap of bulk Cs,AgInCl,'® for monolayer
Cs,Aglnlg, the VBM is at the M point, while CBM is at the
X point, indicating an indirect band gap of 1.09 eV by the
Perdew, Burke, and Ernzerhof (PBE) method (the band
structure calculated by other method can be found in Figure
S1). The predicted electron and hole effective masses are 2.01
(X-T') and 0.65 (M-X) my,, respectively (see Table 1). The
large electron effective mass results from the flat lowest
conduction band along the X-I' direction. The calculated
squares of the dipole transition matrix elements,”*® P?, at T
and M points are zero in Figure 1f, indicating forbidden
transitions. These parity-forbidden transitions also appear in
the bulk CszAgInClé,9 not an ideal condition for solar cell
applications. However, monolayer Cs,CuBilg shows the
desired direct band gap of 1.54 eV by PBE method, with
both VBM and CBM located at the I" point. This is different
from the indirect band gap of bulk Cs,CuBiBrs.** The direct—
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Table 1. Calculated Effective Mass, Band Gap, and Lattice Constants for Monolayer Cs,AgInI;, Cs,CuBilg, and Their Related

Lateral Heterostructures”

effective mass (1)

electron hole

X M I-x r-M band gap (eV) a (A) b (A)
Cs,Aglnl, 0.24 (X-M) 2.01 (X-I') 0.65 (M-X) 0.84 (M-I 1.09 (1.09) 8.30 8.30
Cs,CuBilg 0.24 0.26 027 0.30 1.54 (0.79) 8.37 8.37
(Cs4CuBilg),/(Cs,Aglny)y 0.33 0.38 6.24 7.63 0.81 (0.81) 50.02 8.33
(Cs,CuBily),/(Cs,Aglnly), 0.52 0.55 0.90 0.95 0.79 50.12 8.35
(Cs,CuBily);/(Cs,Aglnly), 0.95 0.92 0.76 0.82 0.82 50.22 8.36
(Cs,CuBilg),/(Cs,Aglnly), 0.36 0.35 0.45 0.51 0.78 66.72 8.34

“The band directions for effective masses are given in parentheses for monolayer Cs,Aglnl;. We also list the band gap calculated by the PBE+SOC

method in parentheses for comparison.

indirect (indirect—direct) band gap transition for Ag—In (Cu—
Bi) double perovskite is attributed to the reduction in
dimensionality, which has been observed in Ag—Bi systems."”
The dispersive valence band along the band edges give a small
hole effective mass of 0.27 (0.30) m, along I-X (I'-M) in
Table 1. Moreover, Cs,CuBily exhibits allowed and strong
transitions between band edges. Further, we investigate the
effect of spin—orbit coupling (SOC) on the band structures. It
is shown that the inclusion of SOC does not modify the band
edges of Cs,Aglnlg (see Figure 1d) but induces a lower
conduction band and reduces the band gap to 0.79 eV in
Cs,CuBilg (see Figure le). The strong SOC effects associated
with the heavy Bi atom also appear in other halide double
perovskites containing Bi atoms.'> The induced lower
conduction band is rather dispersive, giving rise to small
electron effective mass of 0.24 (0.26) mj, along I'-X (I-M) in
Table 1. In addition, the SOC effect does not change the
forbidden or allowed transition characteristics (see Figure
1fg).

To combine the advantages of two materials into a single
system to achieve new physics, we construct a series of lateral
heterostructures using monolayer Cs,CuBilg and Cs,AgInlg,
ie. (Cs,CuBily),,/(Cs4Aglnlg),, where m and n indicate the
number of different building blocks, as shown in Figure 2a.
Similar to the square lattice of monolayer sample,
(Cs,CuBily),,/(Cs,Aglnlg), LHs also own an ideal square
lattice from the top view of the atomic configurations, with the
stitched direction along the x axis. According to previous
studies,”*” the building block size has significant effects on the
electronic properties of the stitched lateral heterostructures.
Thus, we compare the band structures of
(Cs4CuBilg),,(Cs4Aglnlg),, LHs in Figure S2 and find that
there is a transition from indirect (m < 2) to direct (m > 3)
band gap in the lateral heterostructures. The gap value
decreases monotonically from 1.00 to 0.78 eV with increasing
block width m and changes a little from m = 3 to 4. This direct-
gap feature would be preferred for optoelectronics and
photocatalysis.*® Therefore, we take (Cs4CuBilg);(Cs,Aglnlg),
as a case for the following discussions.

We first examine the stability of the considered
(Cs4CuBilg);(Cs,Aglnlg); LH. The calculated binding energy
is 13 meV, indicating that the LH can be stable.’” Then, we
present the projected band structure of (Cs,CuBilg);/
(Cs4AgInlg); LH in Figure 2b. It is shown that
(Cs4CuBilg);/(Cs,Aglnlg); is a direct-gap semiconductor,
with a band gap (0.81 eV) located at the I' point. The
direct-gap feature is totally different from the indirect gap of
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Figure 2. (a) Top view of atomic configurations of (Cs,CuBily),,/
(Cs4Aglnlg), LHs. (b) Projected band structure of (Cs,CuBilg);/
(Cs,Aglnlg); LH. The valence band maximum is set to zero. Band-
decomposed charge density for (c) VBM and CBM of
(Cs,CuBily),/(Cs,Aglnlg); LH.

pristine monolayer Cs,AgInlg in Figure 1d. However, the less
dispersive VBM demonstrates a heavy hole effective mass of
7.63 my (Table 1), much larger than the hole effective mass of
0.30 (0.84) my in pristine Cs,CuBil; (Cs;AgInlg) monolayers.
On the other hand, we can see that the VBM and CBM of
(Cs4CuBilg);/(Cs,Aglnlg); LH are contributed by Cs,CuBilg
and Cs,Aglnly, respectively, demonstrating the desired type-II
heterostructure. Interestingly, we note that [Cu,Cl]*" and
[InClg]>~ clusters also align in a type-II arrangement in
experimentally synthesized Cs;Cu,In,Cl;; structure.”® The
separate distributions are more clearly in band-decomposed
charge density for VBM and CBM in Figure 2c. The VBM is
dominated by Cu d,? orbitals, while CBM mainly consists of In
s orbitals, accompanied by I p orbitals. On the basis of the
orbital analysis, we can infer that Cu-VA and Ag-IIIA double
perovskite could form type-II heterostructures, such as
(Cs,CuBilg);/(Cs,AgTllg); and (Cs,CuSblg);/(Cs,Inlnlg),
LHs in Figure S3. Moreover, we note that the (Cs,AgBilg),/
(CsyInlnlg); LH forms type-I band alignment in Figure S4,
with the dis]persive band edges all dominated by a Cs,InInlg
component, 34041 yhich could be very interesting in some
special solar electronic applications. We also use the PBE
+SOC method to calculate the band structure of
(Cs4CuBilg);/(Cs,Aglnlg); LH in Figure SS. It can be seen
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that SOC does not alter the direct band edge dispersion and
type-II band alignment. This is because the Bi-dominated
states are far from the band edges in the projected density of
states in Figures S6 and S7. For type-II lateral heterostructures,
the photon-generated electrons and holes are confined at
opposite components, thereby decreasing the recombination
rate and facilitating the quantum efficiency. Thus, the type-II
band alignment of (Cs,CuBilg);/(CssAglnlg); LH has
potential applications in optoelectronic devices.

In order to analyze the charge transfer in the type-II
(Cs,CuBilg),/(Cs,Aglnlg); LH, we plot plane-averaged charge
density difference Ap(x) along the stitched direction (x-axis)
in Figure 3a. Here, a positive Ap(x) indicates the electron
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Figure 3. (a) Plane-averaged charge density difference Ap(x) of
(Cs,CuBil);/(Cs,AgInlg); LH. The inset shows a three-dimen-
sional charge density difference, and the isosurface value is 2 X
107 e/A3. The purple and yellow areas represent electron
accumulation and depletion, respectively. (b) Schematic energy
level diagrams of (Cs,CuBilg),/(Cs,Aglnlg); LH in the precontact
and contact states without and with SOC effects. The top and
bottom of the rectangles represent the values of VBM and CBM.
The red and blue rectangles represent the energy levels of
Cs,CuBilg and Cs,Aglnly, respectively.

accumulating at this point, while a negative value means the
depletions of electrons. Our results show that the plane-
averaged density is zero when x is far enough from the
heterostructure interface, while near the interface, charge
redistribution occurs, and few electrons (~1073¢) flow from
Cs,CuBil, to Cs,AglInlg. This is more evident in the 3D charge
density difference plotted in the insets, which clearly presents
the electron accumulating in the Cs,Aglnl; region. Further-
more, the charge-transfer path agrees with the band edge
analysis of type-II (Cs,CuBilg);/(Cs,Aglnlg); LH. Meanwhile,
no significant charge transfer suggests chemical bonds between
the building blocks, different from the weak van der Waals
forces in vertical heterostructures. The chemical bonds can be
further verified by electron localization functions (ELFs) of the
bonds in the lateral heterostructures in Figure S8, where
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bonding type across the interface is very similar to the cases of
pristine Cs,CuBilg and Cs,AgInlg monolayers. Because of the
charge transfer and chemical bonds at the interface, the
seamless (Cs,CuBilg);/(Cs,Aglnlg); LH is potentially used for
optoelectronic transport devices.

Energy level shift is another important parameter to describe
the interfacial characteristics of heterostructures. We thus plot
the energy levels of monolayer Cs,CuBil; and Cs,Aglnly in the
precontact and contact states without and with SOC effects in
Figure 3b. The energy levels are aligned with the vacuum level
(E,), and E, is set to zero. In the precontact state, the values of
CBM and VBM in Cs,CuBily are higher than those of
Cs,Aglnlg. When they contact with each other, the electrons
spontaneously move from Cs,CuBilg to Cs,Aglnlg, and the
holes flow in the opposite direction. Therefore, the electrons
accumulate in the Cs,AgInlg interface and the holes
accumulate in the Cs,CuBilg side, leading to the decrease
(increase) of interface electric potential in the Cs,CuBilg
(Cs,Aglnlg). This confirms again the charge-transfer path in
Figure 3a. In terms of dynamics, the electron flow is driven by
the work function, defined as the energy difference between
the vacuum level and the Fermi level. The calculated work
functions of Cs,CuBilg and Cs,Aglnlg are 4.30 and 4.51 eV,
respectively. In the contact state, the Fermi level of Cs,CuBilg
will be pulled down and the Fermi level of Cs,AgInlg will be
pushed up until the Fermi levels are at the same energy. The
energy level diagram of (Cs,CuBilg);/(Cs,Aglnlg); LH is thus
type-II level arrangement, which is consistent with previous
projected band structure analysis. With the inclusion of SOC
effects, the conduction band offset is reduced, but the type-II
level arrangement does not change for (Cs,CuBilg),/
(Cs4Aglnlg); LH.

Apart from the direct gap nature and interfacial character-
istics, a large transition dipole matrix element (P*) between
band edges for constructed LHs is also highly desirable for
optoelectronic applications. Because the optical absorption of a
semiconductor is fundamentally determined by the transition
matrix and the joint density of states (JDOS),*” we calculate P?
for (Cs,CuBilg);/(Cs,Aglnlg); LH as shown in Figure S9 and
find that P* is zero between VBM and CBM. This indicates the
partially forbidden transitions between band edges in
(Cs4CuBilg);/(Cs,Aglnlg);. In addition to the heavy hole
effective mass and partially forbidden transitions, the above
discussions reveal that the constructed (Cs,CuBilg);/
(Cs,Aglnlg); LH exhibits potential optoelectronic applications.
In the following discussion, we will continue the search for
effective strategies for further improvements of these two
issues.

Applying strain is a simple and powerful way to modify the
electronic properties of semiconductors.*”** We further
explore the electronic structures of (Cs,CuBilg);/(CssAglnlg),
LH under external biaxial strains from —4% to 4% in Figure 4a.
With the increasing of the strain, the position of CBM is driven
continuously to shift away from the Fermi level, resulting in a
broadening of the band gap. The band gap of (Cs,CuBilg),/
(Cs,Aglnlg); LH increases by 45.5%, from 0.66 to 0.96 eV,
while the top of the valence band position is retained. Thus,
the strain is an effective way to modulate the band gap close to
the suitable value of 1.5 eV for solar cells. To explore the origin
of the band variation tendency of the CBM as the applied
biaxial strains, we present its charge density under different
biaxial strains in the insets. It is shown that the CBM is
dominated by In s orbitals for compressive strain, while it is
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Figure 4. (a) Band structures of the (Cs,CuBily),;/(Cs,Aglnly),
LH for biaxial strains from —4% to 4%. All bands are shifted to
align the deep Cs Ss states. The insets show charge density for
CBM of the strained (Cs,CuBilg);/(Cs4AgInlg); LH, and the
isosurface value is 1.5 X 1073 e¢/A3. Three conduction band states
at I point have been labeled. (b) Electron and hole effective
masses (in units of m,), and (c) transition dipole matrix element
between VBM and different conduction bands at I' point for
unstrained and strained (Cs,CuBilg);/(Cs,AgInlg); LH.

contributed by In s and I p orbitals for other cases, and the In—
I s—p orbital hybridizations are weakened by the biaxial strain,
leading to an increase of the energy of CBM and a larger band
gap. When we apply a uniaxial strain along the x or y direction,
the change of the band structures follows a similar tendency as
the one observed in biaxial strains. In fact, the variation of the
band structure in a biaxial strain is a superimposition of two
individual uniaxial strains, and the strain along the y direction
plays the dominant role in determining the band gap.

On the other hand, although the direct band nature is
retained for tensile strain (positive strain), the band gap
becomes indirect for compressive strain (negative strain). As
an indirect band gap is unfavored for solar cell applications, in
the following we will focus only on the cases with direct band
gaps. We summarize the electron and hole effective masses and
transition dipole matrix elements between VBM and labeled
conduction bands for the tensile strain cases in Figure 4b,c.
The heavy hole effective mass is reduced by an order of
magnitude, from 6.24 (7.63) m, to 0.77 (0.83) m, along I-X
(I'-M). Compared with the change of hole effective mass with
the tensile strain, the electron effective mass nearly does not
depend on the strain, increasing from 0.33 (0.38) m, to 0.48
(0.52) mq along I'"X (I-M). Therefore, the strain is an
effective way to tune the band gap and carrier effective mass at
the same time. Besides the increased band gap and reduced
carrier effective mass, more interesting, the strain can also tune
the transition dipole matrix elements in Figure 4c. For
unstrained (Cs,CuBilg);/(Cs,Aglnlg); LH, the transition
between CB1 and VBM states is partially forbidden, but the
transitions from CB2 and CB3 to VBM are allowed with a
considerable P* value (6—17 D?) at " point. As the photon
excited electrons in the conduction bands follow the Fermi—
Dirac distribution, at room temperature (kzT = 26 meV), the
electron populations occupied at the labeled three states (CB1
to CB3 in Figure 4a) can be estimated and listed in Table S3.
It is shown that most of the photon-generated electrons are at
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CBI1 states in the thermal equilibrium situation, and the
lifetime of the photon-generated carriers at CBM (CB1) is
quite long, as a result of the forbidden transition between CB1
and VBM. Furthermore, with 2% strain, the transition between
VBM and CBM is allowed (P* = 5.62 D?), while the transition
between VBM and CB2 is partially forbidden. Thus, applying a
strain can control the electron lifetime and recombination rate,
which are very useful for certain electronic designs.*’

Besides strain, adjusting components is another way to tune
the optoelectronic properties of lateral heterostructures. We
then emphasize the (Cs,CuBily),,/(Cs,Aglnlg), LHs with
different ratios of components, which may further possess
certain guiding significance for the subsequent experimental
work. Here, we propose a series of consecutive (Cs,CuBily),,/
(Cs,Aglnlg), with m from 1 to S and keep structure width
constant (m + n = 6). The corresponding band structures are
illustrated in Figure 5. The type-II band alignment and
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Figure S. (a) Evolution of band structures of (Cs,CuBilg),/
(Cs4AgInlg);, (Cs,CuBilg),/(Cs,AgInlg),, (Cs,CuBilg),/
(Cs,Aglnly),, and (Cs,CuBily),/(Cs,AgInlg), LHs. For simplicity,
we label the corresponding indices (m, n) here. All bands are
shifted to align the deep Cs Ss states. The inset shows the charge
density corresponding to the state VB1. The values of valence
band splitting between VB1 and VB2 at the I' point are given in
the band structures for all direct band gap LHs. Transition dipole
matrix elements between band edges for (b) (Cs,CuBilg),/
(Cs4AgInlg), and (c) (Cs,CuBilg)s/(Cs,AgInlg), LHs. (d)
Electron and hole effective mass for (Cs,CuBily),,/(Cs,;AgInly),
LHs.

semiconducting nature in all considered (Cs,CuBily),,/
(Cs,Aglnlg), LHs are maintained, with similar band gap
~0.80 eV, as presented in Table 1. This is very different from
the cases of As,,/Sb, heterostructures,” whose band gap and
band nature depend on the building block width. When m is
smaller than 3, (Cs,CuBily),,/(Cs,Aglnlg), LHs show an
undesired indirect-gap feature. For (Cs,CuBilg),/
(Cs4Aglnly),, ie. (2, 4), the indirect band dispersion is similar
to that of monolayer InSe,* especially with the similar
Mexican hat valence band of 15 meV. For the cases of m > 3,
the VB at I" point shifts toward the Fermi level, leading to an
intriguing indirect-to-direct band gap transition. Moreover, the
VBM is mainly derived from the Cu d,” and I p orbitals in the
inset of Figure Sa, and the values of valence band splitting at
the I" point decreasing from 0.29 to 0.12 eV, when m increases
from 3 to 5. The reduced valence band splitting indicates that
the interaction between VB1 and VB2 is weakened by the
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length of the Cs,CuBily constituent. On the basis of the
discussions above, we have demonstrated that the
(Cs,CuBilg),,/(Cs,Aglnlg), LHs can possess the direct band
gap only if the condition of m > 3 is satisfied. For application
in optoelectronic devices, (Cs,CuBilg),,/(Cs,Aglnlg), LHs
should follow this criteria to ensure the integral light emission
efficiency.

Next, we focus on the cases of m > 3 to discuss the carrier
effective mass in Figure 5d, which is crucial for optoelectronic
application. It is found that the hole effective mass, dominated
by the Cs,CuBily component, decreases significantly with the
increasing m value. For example, the hole effective mass is 0.76
my for (5, 1) LH along the I'-X direction, much smaller than
the heavy hole for (3, 3) LH (7.63 m,). This means that the
hole mobility can be enhanced substantially. However, the
electron effective mass, contributed by the Cs,Aglnlg
component, shows the opposite tendency, increasing with
the increasing m value. At this point, the feature of carrier
effective mass becomes apparent, i.e., both the electron and
hole effective mass of (Cs,CuBily),,/(Cs,Aglnlg), decrease
with larger m and n. This can be verified by much smaller
effective electron and hole masses in (Cs,CuBilg),/
(Cs4Aglnlg), LH, which are 0.36 (0.35) and 0.45 (0.51) m,
along the I'-X (I"-M) direction (see Table 1). Therefore, high
charge carrier mobility can be realized in the seamless
(Cs,CuBily),,/(Cs4Aglnlg), LHs by enlarging the width m
and n values.

We also investigate the transition dipole matrix elements
(P*) between band edges for (Cs,CuBily),,/(Cs,AgInlg), (m >
3) LHs with direct gaps and focus on the P value at I point in
Figure Sb,c. Fortunately, the P* value can be modified by the
component length. For example, the (Cs,CuBilg),/
(Cs4Aglnlg), and (Cs,CuBilg)s/(Cs,Aglnlg); LHs have
considerable P* between the band edges at I" point, which is
beneficial for the solar absorption. Compared with the partially
forbidden transitions at the I point for (Cs,CuBily);/
(Cs4Aglnlg); LH, the optical transitions in (Cs,CuBily),,/
(Cs4Aglnlg), (m > n) are allowed. This is another criterion to
design suitable (Cs,CuBily),,/(Cs,Aglnlg), LHs for solar cell
applications.

For the practical fabrication and device applications, it is
important to study the mechanical properties of halide
perovskites. In the last part of our Letter, we take
(Cs,CuBilg);/(Cs,AgInlg); LH as an example to study the
mechanical properties of these 2D LHs. The calculated elastic
constants of this component are C;; = 15.70, C,, = 14.53, Cy,
= 4.08, and Cg = 9.60 N/m (for details see Table S4), which
satisfy the Born criteria C;;C,, — C;,> > 0 and Cg > 0. Hence,
the seamless (Cs,CuBilg);/(Cs,Aglnlg); LH is mechanically
stable, in line with the previous results of binding energy
analysis. The derived Young’s modulus (~14 N/m) and shear
modulus (~10 N/m) in lateral heterostructures indicate that
its stiffness is much smaller than that of monolayer graphene
(340 N/m) and borophene (380 N/m).*” The Young’s
modulus is also smaller than that of the monolayer
(CH,(CH,);NH,),(CH;-NH,),Pb,l,, (29.4 + 3.6 N/m).*
This difference may mainly result from the effect of A-site
cation. The Poisson’s ratio (~0.27) is greater than that of
graphene (0.18) and borophene (0.02)."” Therefore,
(Cs4CuBilg);/(Cs,Aglnlg); LH is more flexible than graphene,
similar to other typical inorganic halide perovskites. This is
attributed to the soft metal-halide bond in halide perovskites
compared to those covalently bonded 2D materials."’
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Furthermore, the directional Young’s modulus Y,,(6) and
Poisson’s ratio v,p(6) of (Cs,CuBilg);/(Cs,Aglnlg); LH are
displayed in Figure 6. It is shown that (Cs,CuBilg);/
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Figure 6. Orientational-dependence of (a) Young’s modulus and
(b) Poisson’s ratio of (Cs,CuBilg);/(Cs,AgInlg); LH.

(Cs4Aglnlg); LH exhibits anisotropic Young’s modulus and
Poisson’s ratios with a clear angle-dependent feature. The
minimum (maximum) Young’s modulus (Poisson’s ratio) is
13.47 (0.28) along the direction of 0°, 90°, 180°, and 270°,
and the maximum (minimum) Young’s modulus (Poisson’s
ratio) is 19.21 (0.00) along the direction of 45°, 135°, 225°,
and 315° In fact, the nature of anisotropic mechanical
properties can be explained by analyzing the distribution of
charge densities.”” The charge densities of (Cs,CuBilg);/
(Cs,Aglnlg); LH are not uniformly distributed but form
patterns continuing along the diagonal direction in Figure S11.
This is, indeed, consistent with the calculated Young’s
modulus, in which the maximum values appear in a continuous
pattern. The electron orbitals are hybridized more strongly
along these directions, leading to a larger overlap of wave
functions and stronger bonding strength, and subsequently
higher stiffness. On the other hand, the charge densities of
(Cs4CuBilg);/(Cs,Aglnlg); LH have the lowest value along
the x and y directions, resulting in the minimum values of
Young’s modulus. The anisotropic mechanical properties in
(Cs4CuBilg),/(Cs,Aglnlg); LH make it useful in the field of
special flexible electronic devices.

In summary, we have investigated the electronic, optical, and
mechanical properties of (Cs,CuBilg),,/(Cs,Aglnlg), LHs
using first-principles calculations. Our results reveal that
(Cs4CuBilg);/(Cs,Aglnlg); LH has favored direct band gap
and type-II alignment, but with undesired heavy hole and
partially forbidden transition between band edges. Fortunately,
the undesired properties can be modulated effectively by
applying strain or changing the block size. The hole effective
mass can be reduced by 1 order of magnitude via tensile strain
or enlarging the block size of the Cs,CuBilg component. The
partially forbidden transitions can also be tuned by applying
strain or adjusting components in perovskites. For the
mechanical properties of (Cs,CuBily),/(Cs,Aglnlg); LH, the
calculated Young’s modulus and Poisson’s ratios are both
anisotropic, and its mechanical flexibility is comparable to
typical double perovskites. Our studies provide possible
structures for experimentally achieving double perovskite
LHs with tunable optoelectronic properties. Furthermore, we
note that the conjugated organic ligands are the critical points
to realize monolayer halide double perovskites in experiments.
The role of the long-chain organic molecule on the chemical
stability and optoelectronic properties of the lateral hetero-
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structures thus deserves deeper attention. On the other hand,
there are two kinds of halide double perovskites structures, i.e.,
Ruddlesden—Popper (near Dion—Jacobson) and Dion—
Jacobson. It is also interesting to investigate the interfacial
properties of Dion—Jacobson halide double perovskite lateral
heterostructures.

During the revision of our manuscript, we became aware of a
related joint experiment—theory study by Dou et al.,*® which
demonstrated the epitaxial growth of atomically sharp lateral
heterostructures of 2D halide perovskites. Their study reported
the modulation of the optical and electronic properties of 2D
halide perovskite heterostructures by varying the inorganic
composition and demonstrated the possibility of tuning the
optoelectronic properties via lattice-strain engineering at the
interfaces of the heterostructures. In our theoretical work, we
revealed that the optoelectronic properties of lateral hetero-
structures of monolayer halide double perovskites can be
effectively modified by applying epitaxial strain or adjusting
inorganic components, in good agreement with this exper-
imental work.
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