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ABSTRACT: Motivated from the recent success in synthesizing
bismuth-based double perovskites (J. Am. Chem. Soc. 2016, 138,
2138—2141), we perform a comprehensive study of interfacial
properties of bismuth-based double perovskites Cs,AgBiXy (X =
Br, Cl) and TiO, interfaces. The bismuth-based double
perovskites possess desirable electronic and optical properties as
excellent light absorber and thus may serve as lead-free
alternatives to the organic—inorganic perovskites. On the basis
of density functional theory computation, we systematically study
the Cs,BBiX; (B = Ag, Cu; X = Br, Cl)/TiO, interfaces and
analyze the trend of charge transfer across the interfaces. We find
that the Cs,X, (X = Br and Cl)/TiO,-mediated interfaces are
prospective interfaces for charge extraction and separation due

largely to the withdrawn trap states for the TiO, part when in contact with the Cs,X, termination. Moreover, the ionic
interaction and charge redistribution across the specific interfaces can lead to the appropriate band alignment, reduced band gap
for the rock-salt double perovskite part, and smooth gradient distribution for the locally projected density of states along the
normal direction to the interfaces, further facilitating the charge transfer. Overall, we predict that bismuth-based double
perovskites Cs,AgBiX, (X = Br, Cl) and TiO, interfaces are highly efficient for charge extraction, suggesting high potential for

interfacial engineering optoelectronic devices.

1. INTRODUCTION

Organometal halide hybrid perovskites, AMX; [A= CH;NH;",
HC(NH,),"; M = Pb*, Sn*; X = CI7, Br~, and I7], have
become highly interested materials for photovoltaic solar cells
because of their excellent visible-light absorption,’”* lon

diffusion length for the photogenerated electron—hole pairs,”~

high carrier mobilities and lifetime,” as well as capability in
recycling of the carriers within a relatively large area of the
samples.9’10 In particular, methylammonium lead trihalide
perovskites possess a lower bound value of ~10 cm®* V™! 57!
for the high-frequency charge mobility.” Even in polycrystalline
thin films, the diffusion length can reach one micron, while the
carrier lifetime can be longer than 1 ys."'"* The relatively long
lifetime and modest carrier mobilities are likely attributed to the
electron—phonon scattering of the carriers rather than the
impurity or defect scattering.'> Both features were proposed to
be attributed to the strong polaron effect, owing to the
interaction between the organic part and the trapped
electrons.'* The strong optical absorption is associated with
the p orbital transition between halide ion 4p/Sp and Pb** 6p
states. Moreover, the conduction band minimum (CBM) is
mainly contributed by the lead 6p states, while the valence band
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maximum (VBM) mainly stems from the halide p and lead 6s
states. Although the physical mechanism underlying the visible-
light absorption and carrier dynamics is partially understood,
several critical issues still need to be resolved for wide
applications of the perovskites in solar cells.

The first critical issue is to find alternatives to the toxic lead
element in the organolead halide perovskites. Tin halide
perovskites were considered as suitable candidates due to their
desirable band gap. However, the tin counterparts are much less
stable in air and not necessarily less toxic.'"”~'” Photo-
stability,'®~*° moisture stability,”' ~** and thermal stability**~>"

are other critical issues that prevent the organometal halide
perovskites from commercialization. Recently, bismuth-based
halide double perovskites, that is, Cs,AgBiXy (X = Br, Cl), have
been synthesized and have received increasing attention due to
their potential in addressing some of the critical issues
mentioned above® ~° as lead-free perovskites. Snaith et al.
suggested potential application of the double perovskites for
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solar cells in view of the peculiar electronic properties of the
perovskites as light absorber.”* Besides desired optical band gap
and visible-light absorption, their stabilities under light, humid
environment, and heat are improved significantly compared
with the organolead halide perovskites. Moreover, the bismuth-
based halide double perovskites also exhibit very long carrier
recombination lifetime of ca. 660 ns, as determined from the
room-temperature time-resolved photoluminescence decay
measurement. Exposure to light and humidity for 30 days
and heating at 100 °C for 72 h did not show evidence of
decomposition of the double perovskites. The high stability and
the relatively long carrier lifetime render the double perovskites
as good candidates for photovoltaic applications.

In typical perovskite solar cells, electron transport layer
(ETL) like TiO,***” and hole transport layer (HTL) like spiro-
MeOTAD [2,2,7,7'-tetrakis (N,N-di-p-methox- yphenyl-
amine)-9,9-spirobifluorene]***” are used to extract photo-
induced electrons and holes toward the corresponding
electrodes. Understanding the charge separation and the
recombination mechanism at the interfaces of the solar cell
devices is important to the design and fabrication of more
efficient solar cells. On the basis of density functional theory
(DFT) computations, we previously studied charge transport in
AMX;/TiO, heterojunctions and demonstrated that the charge
accumulation at the interfaces and the interfacial structures
determine the direction of charge transfer in the perovskite
heterojunctions.””*" For consideration of the double perov-
skites like Cs,AgBiXs (X = Br, Cl) as light absorber in solar
cells, it is important to examine whether the Cs,AgBiX; (X =
Br, Cl) materials possess good charge extraction capability and
band alignment with the TiO, ETL. Note that because the
calculated band gap of Cs,AuBily is quite small, it is unlikely
suitable as a light-absorbing material in solar cells. Here we
systematically study the structures, photoinduced carrier
distribution, charge transport, and band alignment of the
Cs,AgBiBry/TiO,, Cs,AgBiCls/TiO,, Cs,CuBiBrs/TiO,, and
Cs,CuBiCly/TiO, heterojunctions. The aim of this study is to
have a better understanding of the interfacial properties of the
double perovskite-based solar devices.

2. COMPUTATIONAL METHODS

Quantum ESPRESSO package has been utilized to perform the
computations.””~** Perdew—Burke—Ernzerhof (PBE) para-
metrization of the generalized gradient approximation for
solid (PBEsol) was adopted to treat the exchange correlation
interactions.”> The GBRV ultrasoft pseudopotential was used
to describe the interactions between valence electrons and
atomic cores.” In Table 1, we list lattice parameters of
Cs,AgBiBrs and CsAgBiCls based on structure optimization
with PBEsol exchange functional. The computed lattice
parameters are close to the experimental values (Table 1),
suggesting that the selection of PBEsol exchange functional is
reasonable for these systems. Although the HSEO06 hybrid
functional is more accurate in computing the electronic
structure, the large system size of the heterostructure
considered (with 148 atoms) is beyond our computing
capability. To make the lattice mismatch as small as possible,
a’3 X b'3 X ¢’ supercell of anatase TiO, is in contact with the
double perovskite to build the interfacial heterostructure. The
lattice mismatch between Cs,AgBiBrs and 4’3 X b'3 X (¢
supercell of TiO, is merely ~0.7%. The lattice constants for the
bulk double perovskites’”>* and TiO,"” are taken from the
experiments. Two different surface cuttings of the double

4472

Table 1. Lattice Constants of Bi-Based Double Perovskites,
That Is, Cs,AgBiBr,, Cs,AgBiClg, Cs,CuBiBrg, and
Cs,CuBiCl”

a (A) b (A) c(A)  a=p=y (deg)
Cs,AgBiBrg(Exp.)™> 11.271 11.250 11.250 90
Cs,AgBiClg(Exp.)” 10777 10777 10777 90
Cs,AgBiBry(Opt.) 11169 11169  11.169 90
Cs,AgBiClg(Opt.) 10.655 10655  10.655 90
Cs,CuBiBrg(Opt.) 10.895  10.895  10.895 90
Cs,CuBiClg(Opt.) 10366 10366  10.366 90
TiO,(Exp.)" 11347 11347 11347 90

“Exp. and Opt. denote the experimental and optimized structures,
respectively. The lattice parameters of a’3 X b'3 X ¢’ supercell of
anatase TiO, are also given.

perovskites, that is, B,Bi,X; (B = Ag, Cu; X = Br, Cl) and Cs,X,
(X = Br, Cl) surfaces, are considered for building the Cs,BBiXg
(B = Ag, Cu; X = Br, Cl)/TiO, heterostructures. These
interfaces will be compared with the Pbl, and Al [A=
CH,NH," and HC(NH,),"] interfaces*”*' in the APbI-
based heterostructures. The B,Bi,Xs (B = Ag, Cu; X = Br,
Cl) and Cs,X, (X = Br, Cl) surfaces can be formed in the Ag-
or Cu- and Bi- and Cs-rich solution precursors, respectively.
The vacuum layer of 15 A*** is adopted to minimize the
interaction between the neighboring images due to the 3D
periodic arrangement of the system. The heterostructures are
fully optimized until the force on the ions is <0.001 Ry/au.

3. RESULTS AND DISCUSSION

3.1. Structures and Electronic Properties of the
Cs,BBiX¢ (B = Ag, Cu; X = Br, Cl) Double Perovskites.
The optimized lattice parameters of the Cs,AgBiBr,,
Cs,AgBiCl,, Cs,CuBiBrg, and Cs,CuBiCly are listed in Table
1. We also cite the lattice constants of Fm3m space group
double perovskites from experiments, as well as anatase TiO,,
in Table 1. The rock-salt structure of the Cs,BBiX4 double
perovskite is shown in Figure S1, where B*(B = Ag, Cu) and
Bi** alternatively occupy the octahedral center, while Cs* atoms
stand in the center of the cuboctahedron. To describe the
distribution of the photoinduced electron—hole pairs in the
bismuth-based halide double perovskites, the partial charge
densities of the CBM and VBM of the four double perovskites
are displayed in Figure 1. The CBM stems mainly from the Bi
6p and Ag Ss or Cu 4s states, while Bi 6s and Ag 4d or Cu 3d
states contribute significantly to the VBM, suggesting that the
stereochemical lone pair electrons of Bi 6s orbitals play an
important role in stabilization of the rock-salt perovskites, as for
the CH;NH,;Pbl;-like perovskites. The lone-pair behavior of Bi
6s orbitals is related to the unusual electronic and optical
properties of the double perovskites, as in the case of the
organolead halide hybrid perovskites, where Pb 6s plays the key
role in the unusual electronic and optical properties. Moreover,
the CBM of the Cl-based perovskites distributes more
uniformly than the Br-based one, corresponding to a higher
density of photoinduced electrons. Bi 6s, Ag 4d, Cu 3d, Br 4p,
and Cl 3p orbitals contribute to the formation of holes, as
indicated from the VBM charge distribution. There are some
interesting similarities between the CH;NH;Pbl;-like perov-
skites and the rock-salt double perovskites. Cs* is not involved
in the formation of the CBM and VBM, whereas Bi 6s and
halide p orbitals constitute the VBM states. This behavior
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Figure 1. Partial charge density plots for the CBM of (a) Cs,AgBiBr,, (b) Cs,AgBiCl, (c) Cs,CuBiBr, and (d) Cs,CuBiClg and the VBM of (e)

Cs,AgBiBry, (f) Cs,AgBiClg, (g) Cs,CuBiBrg, and (h) Cs,CuBiClg.

confirms that the Bi-halide rock-salt double perovskites might
be a suitable candidate as lead-free perovskites.

The effective mass (m*) of electrons and holes is calculated
by fitting the curvature of energy dispersion curve around the
bottom of the conduction bands and the top of the valence

ox*
effective mass, where (k) is the band-edge eigenvalues and « is
the wave vector. The band structures of the four double
perovskites are illustrated in Figure S2. The band gap and the
effective mass of electrons (m,) and holes (m;,) of the bismuth-
halide double perovskite are listed in Table 2. Here we calculate

-1
bands. We use the equation m* = hz[ ] to compute the

Table 2. Computed Band Gaps and Effective Masses of the
Double Perovskites”

effective mass

*

band gap (eV) m, my m* my
Cs,AgBiBr, 1.10 0.38 0.35 0.37% 0.14%
Cs,AgBiClg 171 0.43 0.44 0.53% 0.15*
Cs,CuBiBry 0.51 0.35 0.42
Cs,CuBiClg 0.83 0.47 0.56

“Effective masses from ref 33 are also given. m, and my, denote the
effective mass for electrons and holes, respectively.

m, and my, along L — T in k space, as shown in Figure S2. Ag-
based halide perovskites possess larger band gap compared with
the Cu-based counterparts, while Cl-based materials exhibit
larger band gap than the Br-based analogues. The Cu 3d or Ag
4d orbitals, hybridized with the Bi 6s orbitals, give rise to an
indirect band gap. The largest band gap is 1.71 eV among the
four structures. The smallest effective electron mass is 0.35 for
Cs,Cu,BiBry, while the largest one is 0.47 for Cs,CuBiCly. The
smallest effective hole mass is 0.35 for Cs,AgBiBr, for which
the highest carrier mobility can be realized because of the
smaller effective electron and hole masses compared with other
analogues. Note that the PBEsol functional gives rise to smaller
dispersion at VBM compared with the HSE06 hybrid
functional, thereby leading to a larger effective hole mass
than that reported in ref 33. In summary, Br-based double
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perovskites, that is, Cs,AgBiBrs and Cs,CuBiBry, are predicted
to have the pronounced electron mobility owing to the smaller
effective masses for the photoinduced carriers. The smaller
band gaps of Cs,CuBiXy; (X = Br, Cl) can lead to optical
absorption in a wider spectral range, making the double
perovskites suitable as light-absorbing materials in optoelec-
tronic devices.

3.2. Structures of Cs,BBiX (B = Ag, Cu; X = Br, Cl)/TiO,
Heterojunctions. The optimized lattice parameters for the
eight interfaces, that is, B,Bi,X/TiO, (B = Ag, Cu; X = Br, Cl)
and Cs,X,/TiO, (X = Br, Cl) interfaces for Ag and Cu-based
heterojunctions, are listed in Table 3. The bond length of the

Table 3. Lattice Parameters for the Eight Interfaces after
Optimization

ad) bv@A) @A) a=p=y(deg)

Ag,Bi,Bry/TiO, 10809 11309  35.476 90
(Cs,AgBiBre/TiO,)

Cs,Br,/TiO, 10.771 11.332 35.460 90
(Cs,AgBiBr/TiO,)

Ag,Bi,Cly/TiO, 10762 11261 35227 90
(Cs,AgBiCly/TiO,)

Cs,Cl,/TiO, 10.706 11.277 35.860 90
(Cs,AgBiCly/TiO,)

Cu,Bi,Bry/TiO, 10782 11322 35.526 90
(Cs,CuBiBrg/TiO,)

Cs,Br,/TiO, 10.742 11.322 35.645 90
(Cs,CuBiBrg/TiO,)

Cu,Bi,Cly/TiO, 10772 11286  34.883 90
(Cs,CuBiClg/TiO,)

Cs,CL/TiO, 10688 11311 35296 90
(Cs,CuBiCly/TiO,)

ions in the interfaces are shown in Table S1. The atomic labels
in Table S1 are drawn in Figures S3 and S4. For B,Bi,Xs/TiO,
(B = Ag, Cu; X = Br, Cl) interfaces, the bonding length
between Ag or Cu and O is shorter than that between Ag or Cu
and the halide ions, indicating stronger interaction and atomic
distortions across the interfaces. On the TiO, side, the Ti—O
bonding length is shorter than that between Ti and the halide
ions in perovskites, reflecting the fact that the TiO, is much
more rigid than the double perovskites. For Cs,X,/TiO, (X =
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Figure 2. Plane-averaged charge difference and charge displacement curve (CDC) of (a) Ag,Bi,Br,/TiO,, (b) Cs,Br,/TiO,, (c) Ag,Bi,Cly/TiO,,
and (d) Cs,Cl,/TiO, interfaces in Cs,AgBiX; (X = Br and Cl)/TiO, heterostructures. The upper and the lower panels in (a)—(d) show the plane-

averaged charge difference and the CDC, respectively.
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Figure 3. Charge accumulation at (a) Ag,Bi,Brg/TiO,, (b) Cs,Br,/TiO,, (c) Ag,Bi,Cly/TiO,, and (d) Cs,Cl,/TiO, interfaces and the charge
depletion of (e) Ag,Bi,Brg/TiO,, (f) CsBr,/TiO,, (g) Ag,Bi,Cls/TiO,, and (h) Cs,Cl,/TiO, interfaces in Cs,AgBiX, (X = Br and CI)/TiO,

heterojunctions. The charge difference is kept at 0.007 electron/A.
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Figure 4. CDC of (a) Cu,Bi,Brg/TiO,, (b) Cs,Br,/TiO,, (c) Cu,Bi,Cly/TiO,, and (d) Cs,Cl,/TiO, interfaces in Cs,CuBiX4 (X = Br and CI)/TiO,
heterojunctions. The upper and lower panels show the plane-averaged charge difference and the CDC, respectively.

Br, Cl) interfaces in Ag- and Cu-based heterojunctions, the
bonding length between Cs* and O*” is shorter than the Cs—X
(X = Br, Cl) bond length, while the Ti—O bonding length is
still shorter than Ti—X (X = Br, CI) bond length. By comparing
the bonding length of anions and cations across the eight
interfaces, we find that Ag, Cu, and Cs tend to bond with the
oxygen of TiO, slab, rather than the halide ions of double
perovskites slab. The bonding between the oxygen and the
cations in the perovskite side takes place because of position
distortion of the cations like Ag, Cu, and Cs ions in the double
perovskite side, resulting in strong activity of the Bi-based rock-
salt double perovskite surfaces.

3.3. Charge Transport in Cs,BBiX¢ (B = Ag, Cu; X = Br,
Cl)/TiO, Heterojunctions. The charge displacement curve
(CDC) is a useful way for characterizing charge transport
across the interfaces. The CDC across the interfaces can be
computed from the charge difference between the hetero-
junction and two bulk components. The charge difference Ag
between the heterojunction and the two components,
integrated over the xy plane, has the form

[So] o0
Aq = / / (pCs,_BB'LXG/TiOZ ~ PcspBix, pTiO,_) dx dy
—0o0 — 0
(1)
where pc, ppix, and prio, denote charge density at Cs,BBiX; and

TiO, component of the heterojunction, respectively. The CDC,
AQ(z), can be computed by integrating the charge difference
Agq(z) along the normal direction (z direction) to the interface

AQ = [m Aq dz o
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The plane-averaged charge difference and the CDC for Ag-
based heterojunction, that is, Ag,Bi,Brg/TiO,, Cs,Br,/TiO,,
Ag,Bi,Cly/TiO,, and Cs,Cl,/TiO, interfaces, are shown in
Figure 2. The CDC of Ag,Bi,Bry/TiO, and Ag,Bi,Cl/TiO,
interfaces changes signs in the vicinity of the interface (marked
by yellow bar in Figure 2), while the halide-based interfaces,
that is, Cs,Br,/TiO, and Cs,Cl,/TiO, interfaces, give positive
values over the whole heterojunctions. A positive value of the
CDC at a point indicates that the charges transfer from the
right to the left part across the normal plane passing through
that point. The positive gradient implies that the charge is
accumulating in that region while the negative gradient
indicates the depletion of the charges in the corresponding
region. The positive value of CDC in the whole region of the
halide-based interfaces, that is, Cs,Br,/TiO, and Cs,Cl,/TiO,
interfaces, shows that the charges are transported from the
bismuth-based double perovskites to the TiO, side. Both
Cs,Br,/TiO, and Cs,Cl,/TiO, interfaces seem preferable to
the Ag,Bi,Bry/TiO, and Ag,Bi,Cl,/TiO, interfaces in terms of
charge separation and transport in photovoltaic solar devices.
To see the charge transfer in the interfaces more clearly, we
present the charge accumulation and depletion of the four
interfaces, Ag,Bi,Brg/TiO,, Cs,Br,/TiO,, Ag,Bi,Cly/TiO,, and
Cs,Cl,/TiO, interfaces, respectively, in Figure 3. More charge
is transported from the perovskites to TiO, part in Cs,Br,/
TiO, and Cs,Cl,/TiO, interfaces than in Ag,Bi,Brs/TiO, and
Ag,Bi,Cl,/TiO, interfaces, consistent with the CDC results.

To gain more insights into the charge transport in the Bi-
based double perovskites, we substitute the Ag by Cu in the
heterojunctions, that is, Cs,CuBiBrs and Cs,CuBiCl hetero-
junctions. Two interfaces are constructed for each hetero-
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of (e) Cu,Bi,Brg/TiO,, (f) Cs,Br,/TiO,, (g) Cu,Bi,Clg/TiO,, and (h) Cs,Cl,/TiO, interfaces in Cs,CuBiX, (X = Br and Cl)/TiO, heterojunctions.

The charge difference is kept at 0.007 electron/A®,

junction. Therefore, there are totally four possible interfaces for
the two heterojunctions, that is, Cu,Bi,Brg/TiO,, Cs,Br,/TiO,,
Cu,Bi,Clg/TiO,, and Cs,Cl,/TiO, interfaces. The CDCs of
these interfaces are given in Figure 4. The charge accumulation
and depletion are shown in Figure 5. For Cs,CuBiBrs/TiO,
and Cs,CuBiClg/TiO, heterojunctions, we obtain similar
results that more charge transfer is seen for the halide-based
interfaces, that is, Cs,Br,/TiO, and Cs,Cl,/TiO, interfaces,
while the Cu,Bi,Brg/TiO, and Cu,Bi,Clg/TiO, interfaces
exhibit less charge transfer across the interfaces. The maximum
value of CDC for Cs,Br,/TiO, and Cs,CL,/TiO, interfaces in
Cs,CuBiX4 (X = Br and Cl)/TiO, heterojunctions is 0.33 and
0.35 electrons, respectively. The transported charges across the
Cs,Br,/TiO, and Cs,Cl,/TiO, interfaces for Cs,AgBiXs (X =
Br and Cl)/TiO, heterojunctions are 0.24 and 0.21 electrons,
respectively. The more transported electrons across the
interfaces render more transfer and separation of pronounced
photoinduced electron—hole pairs and are thereby more
effective for photovoltaic applications. Compared with the
charge transfer in FAPbI;/TiO, (FA HC(NH,),")
heterojunction,*’ enhanced electron transfer is seen from
double perovskites layer to TiO, layer at the Cs,X,/TiO,
interfaces of Ag and Cu-based heterojunctions and thereby
enhanced the separation of carriers.

To have a better understanding of the mechanism underlying
the charge transfer across the interfaces, we plot the charge-
density distribution, corresponding to the CBM and VBM of
the Bi-based double perovskite slabs (taken directly from the
optimized heterojunctions) in Figures S5 and S6, respectively.
The charge density of the CBM is mainly confined in some
special region of B,Bi,X; (B = Ag, Cu; X = Br, Cl)-terminated
interface, while the photoinduced electrons are distributed
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uniformly over the region of Cs,X, (X = Br and Cl)/TiO,
interface, and they can penetrate deeply along the z direction, a
clear indication of high density of photogenerated electrons and
high charge transfer ability. There are also some trap states for
the B,Bi,X; (B = Ag,Cu; X = Br,Cl)/TiO, interfaces, while for
the Cs,X, (X = Br and Cl)/TiO, interfaces the states within the
band gap disappear. The band structures of the Ag,Bi,Brg-,
Cs,Br,-, Ag,Bi,Cly-, and Cs,Cl-terminated slabs, and the
corresponding TiO, slabs taken from the optimized
Cs,Ag,BiBry/TiO, and Cs,Ag,BiCls/TiO, heterojunctions are
given in Figures S7 and S8, respectively. The trap states due to
the TiO, part for the Ag,Bi,X; (X = Br and Cl)/TiO, interfaces
hinder the charge transfer and separation. These trap states
stem mainly from the 2p states of position-distorted oxygen
atoms of TiO, in the interfacial region due to the stronger
chemical bonding with the metal ions in the double perovskite
side. It is interesting to see that no band gap states exist from
the TiO, side of Cs,X, (X = Br and Cl)/TiO, interfaces, which
is consistent with the pronounced charge transfer and the
smooth charge pathway across the Cs, X, (X = Br and Cl)
terminations.

3.4. Electronic Characteristics for Cs,BBiX; (B = Ag,
Cu; X = Br, CI)/TiO, Heterojunctions. To elucidate the
charge flow pathway in the interfaces, we plot in Figures 6 and
7 the locally projected density of states (PDOS) in the normal
direction to the Ag- and Cu-based bismuth double perovskite
interfaces, respectively. The qualitative band alignment, for
example, the relatively higher conduction band energy level of
Cs,BBiX, (B = Ag, Cu; X = Br, Cl) over that of TiO, is seen for
all heterojunctions, implying either interface charge extraction
or electrons injection. For the Ag,Bi,Brg/TiO, interfaces in the
Cs,AgBiBrs/TiO, heterojunction, large densities of states
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Figure 6. Locally projected DOS along the normal direction (z direction) to (a) Ag,Bi,Brg/TiO,, (b) Cs,Br,/TiO,, (c) Ag,Bi,Cly/TiO,, and (d)
Cs,Cl,/TiO, interfaces in the Cs,AgBiXy (X = Br and Cl)/TiO, heterojunctions. The solid yellow arrows mark charge extraction. The yellow dashed
arrows denote possible optical transition (absorption) within the band gap in perovskites side. The upper and lower red bars denote the CBM:s for

Cs,AgBiXy (X = Br and Cl) and TiO,.

Figure 7. Locally projected DOS along the normal direction (z direction) to (a) Cu,Bi,Bry/TiO,, (b) Cs,Br,/TiO,, (c) Cu,Bi,Clg/TiO,, and (d)
Cs,Cl,/TiO, interfaces in the Cs,CuBiX4 (X = Br and Cl)/TiO, heterojunctions. The solid yellow arrows mark charge extraction. The yellow dashed
arrows denote possible optical transition (absorption) within the band gap in perovskites side. The upper and lower vertical red bars denote the

CBMs for Cs,CuBiX; (X = Br and Cl) and TiO,.

(DOS) above the CBM of Cs,AgBiBr, are seen, which are
positioned about 1.6 eV higher than the conduction band edge
of TiO, (see Figure 6a, the energy difference between two
vertical red bars) while the double perovskite conduction band
edge extends further to the same level as the TiO, with less
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DOS distributed at the bottom region. For the Cs,Br,/TiO,
interfaces in the Cs,AgBiBry/TiO, heterojunction, the energy
barrier between the conduction band edge of Cs,AgBiBrs and
TiO, (see the energy difference between two red bars in Figure
6b) as well as the band gap of the double perovskite decreases,
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facilitating absorption of light and charge transfer from the
perovskite to the ETL, that is, the TiO, side, leading to
pronounced photogenerated electron—hole pair extraction and
separation. This result can account well for the charge-transfer
effect in Cs,Br,/TiO, interfaces from the CDC and the charge
accumulation and depletion analysis shown in Figures 2 and 3,
respectively. For Ag,Bi,Clg/TiO, and Cs,Cl,/TiO, interfaces in
Cs,AgBiClg heterojunction, the band alignment and the charge
flow pathway are seen from the distribution of local PDOS of
Cs,AgBiCly and TiO, (see Figure 6). The difference of the
major PDOS for the conduction band of the two components
for the Ag,Bi,Clg/TiO, interface increases further, which
hinders the photogenerated electrons passing from the light
absorber, that is, Cs,AgBiCly, to the ETL side. It is worth
mentioning that the band gap of the Cs,AgBiClg decreases
when combined with TiO, at the Cs,Cl,/TiO, interface, as in
the case of Cs,AgBiBr,/TiO, heterojunction with Cs,Br,/TiO,
interface. The reduced band gap of the double perovskite
extends the light absorption from the visible light to the
infrared region, making this rock-salt perovskite a good light
absorber. We take the band gap of the double perovskites
several layers away from the contact interface. Therefore, the
band gap is more for bulk than for just the interface. The band
gap is bigger than the energy difference between the CBM of
the double perovskites and TiO,. As the photon is absorbed,
the valence band electron will be excited to the conduction
band, and the carrier will flow easily from the conduction band
of the double perovskites to the conduction band of TiO,
rather than come back to the valence band. Moreover, the
enhanced photoinduced electrons can flow from the perovskite
to TiO, side smoothly due to the gradient distribution of
PDOS at perovskite side and the small energy barrier between
the CBM of the rock-salt perovskite and TiO,.

The Cu-based analogs exhibit similar electronic character-
istics as the Cs,AgBiXy (X = Br, Cl)-based heterojunctions (see
Figure 7). The energy difference between the dominant states
in conduction band and valence band of perovskites is
decreased in Cs,Cl,/TiO,-mediated interfaces, as compared
with that of Cu,Bi,Clg/TiO, interfaces. The conduction band
edge of Cs,CuBiBry is located approximately at the same level
as TiO, for the Cu,Bi,Brg/TiO,-mediated interface. Some
states in the vicinity of the CBM of double perovskites are at an
even lower energy level than that of TiO,, which hinders
photoinduced electron transfer across the interface. The
smooth extension of the locally PDOS at the Cs,CuBiBr4 or
Cs,CuBiCly side with Cs,Br,/TiO,- and Cs,Cl,/TiO,-medi-
ated interfaces where the gradient distribution of PDOS
decreases from the double perovskite to TiO, side is good
for photoinduced charge extraction and separation. For
Cs,CuBiCly/TiO, heterojunction, the Cu,Bi,Cly/TiO,-medi-
ated interface results in a relatively wider band gap than the
Cs,Cl,/TiO, interface, hampering the photon absorption in the
perovskite. Cs,CuBiBrg- and Cs,CuBiCly-based heterojunctions
exhibit a decreased band gap in the perovskite side compared
with Cs,AgBiBrs- and Cs,AgBiCl-based heterojunctions due
mainly to the intrinsic electronic properties of the double
perovskites rather than the interfacial effect. It is worth
mentioning that the band alignment between Cs,CuBiBrg and
TiO, with the Cu,Bi,Brg/TiO,-mediated interface is not
feasible for charge transfer across the interfaces. Fortunately,
the lowered energy difference between the dominant DOS in
the conduction band and the valence band is still seen, which
can be attributed to the interfacial effect (Cs,Cl,/TiO,-
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mediated interfaces). The appropriate band gap and band
alignment for Cs,Br,/TiO,- and Cs,Cl,/TiO,-mediated inter-
faces together with the gradient distribution of conduction
band edge over the perovskite side enable efficient charge
extraction for possible interface engineering of solar cells.

4. CONCLUSIONS

Motivated by the recent successful synthesis of Pb-free
Cs,AgBiBrs, and Cs,AgBiCly double perovskites, we have
investigated the structure and the charge transfer properties
in the Cs,BBiX, (B = Ag,Cu; X = Br,Cl)/TiO, heterojunctions
on the basis of DFT computations. We found that Cs, Ag, and
Bi tend to bond with the oxygen from TiO, side with a shorter
bond length compared with that of metal-halide ions. From the
CDC analysis, we found pronounced charge transfer from the
double perovskite side to TiO, side for the Cs,X, (X = Br and
Cl)-/TiO,-mediated interfaces, while the B,Bi,X; (B = Ag,Cu;
X = Br,Cl)/TiO, interfaces do not give continuous charge
transfer across the interfaces. We also analyzed the locally
projected DOS of the two components in the normal direction
to the interfaces and identified the band alignment and charge
extraction across the interfaces. A clear charge flow pathway is
seen for the Cs,X, (X = Br and Cl)/TiO,-mediated interfaces
with a reduced band gap in double perovskite side, together
with a lower energy barrier between the bottom of conduction
band of Cs,BBiX; (B = AgCu; X = Br,Cl) and TiO,.
Meanwhile, the reduced band gap and gradient distribution of
PDOS from perovskite side can facilitate the photo absorption
and charge transfer/separation. The theoretical calculations
provide a better understanding of the mechanism underlying in
the interfacial effect of double perovskite-based lead-free
photovoltaics and suggest high potential for interfacial
engineering optoelectronic devices.
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