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For the exploration of stable lead-free perovskites for solar cell applica-
tions, we propose a series of Dion—Jacobson (DJ) double perovskites
with the formula BDA,M M Xg (BDA = 1,4-butanediamine) by substitut-
ing two Pb?* in BDAPbI, with an M,* (Na*, K*, Rb*, Cu*, Ag*, and Au")
and M,** (Bi**, In®*, and Sb>*) pair. First-principles calculations demon-
strated the thermal stabilities of all the proposed BDA,M M Xg perovs-
kites. The electronic properties of BDA,M,MXg depend strongly on the
choice of M;* + M;;*>* and the structural archetype, and three out of 54
candidates with suitable solar band gaps and superior optoelectronic
properties were selected for photovoltaic application. A highest theore-
tical maximal efficiency of over 31.6% is predicted for BDA,AuBilg. The
DJ-structure-induced interlayer interaction of apical |- atoms is found
to play a crucial role in promoting the optoelectronic performance of
the selected candidates. This study provides a new concept for design-
ing lead-free perovskites for efficient solar cells.

Hybrid lead-halide perovskites have rapidly developed as the
most promising star materials for next-generation photovoltaic
and optoelectronic devices because of their tunable bandgaps,
balanced carrier effective masses, high absorption onset, small
exciton binding energies, long carrier diffusion length, and
high defect tolerance factor."”” However, stability issues and
the toxicity of lead have hindered their commercialization.®™?
A effective way to improve the stability of metal-halide perovs-
kites is through cation engineering, which can result in the
formation of low-dimensional perovskites with intrinsically
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Discovering layered lead-free perovskite solar
absorbers via cation transmutationf
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New concepts

Double perovskites have the benefits of being environmentally friendly
and stable. However, the majority of the synthesized bulk double per-
ovskites have large indirect bandgaps, large carrier effective masses, and
parity-forbidden transitions, which make them wunsuitable for
photovoltaic applications. Previous studies have demonstrated that
indirect-to-direct bandgap transitions are induced by dimensionality
reduction, as demonstrated in Cs,AgBiBrs and BA,AgBiBrg, because of
the avoidance of hybridization of Ag and Bi frontier orbitals. However, the
large spacer cation results in suppressed carrier transportation along the
interlayer direction. In this work, we construct Dion-Jacobson (DJ) double
perovskites BDA,M;M;Xs (BDA = 1,4-butanediamine; M;" = monovalent
cation; My;®" = trivalent cation). Unlike the transition mechanism in
BA,AgBiBrg, the indirect-to-direct bandgap transition in selected
BDA,(Cu/Ag/Au)Bilg is mainly due to interlayer apical I-I-interaction-
induced band broadening, as the smaller spacer divalent cation BDA*"
is used. This band broadening can induce further-reduced bandgaps and
more-dispersive band edges along the interlayer direction, which is
beneficial for carrier transportation. High absorption coefficients and
transition probabilities are also established in BDA,(Cu/Ag/Au)Bilg. This
work indicates that the combination of a DJ archetype and double
substitution provide a new approach for designing stable lead-free
perovskites for high-performance solar cells.

improved stability. Layered Dion-Jacobson (DJ) perovskites
have attracted substantial attention because of their enhanced
stability and improved carrier transportation along the inter-
layer direction induced by effective interlayer interaction."*™*®

One effective way to solve the toxicity issue of lead-halide
perovskites is through cation transmutation, in which two Pb>*
cations are replaced by one M" cation (e.g., Na', K', Cu", Ag",
Au') and one M*" cation (e.g., Y**, Gd**, Au**, In**, TI**, Sb**,
Bi*") to form double-perovskite structures.'”>* However, the
majority of the synthesized bulk double perovskites are chlor-
ide and bromide perovskites, normally with large indirect band
gaps (> 1.9 eV) and large carrier effective masses because of
the mismatch in angular momentum of the frontier atomic
orbitals.” Moreover, many reported double perovskites
with direct band gaps have been proven to show inversion-
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symmetry-induced parity-forbidden transitions.'” These char-
acteristics of most halide double perovskites make them unsui-
table for photovoltaic applications. To date, Cs,AgBiBrs has
been widely investigated for solar cell application, and the
record efficiency has only reached 6.37% because of the rela-
tively large band gap of 2.19 ev.>*™’

Early studies have shown that reduction of dimensionality
can lead to enhanced stability of double perovskites and
indirect-to-direct band gap transition because of the avoidance
of frontier orbital hybridization.”* > Additionally, the influence
of interlayer coupling on the band gap feature in layered double
perovskites has also been mentioned.*® Particularly, the synthe-
sized perovskites (C¢H;6N,),AgBilg and (CeH46N,),CuBilg have
measured optical band gaps of 1.93 eV and 1.68 eV, and the
CuBil system shows promising use in photovoltaic applica-
tions. Therefore, in order to obtain stable lead-free perovskites
with suitable band gaps and good optical properties for solar
cell applications, the use of DJ double perovskites may be an
efficient strategy.

In this communication, we theoretically studied the stability
and optoelectronic properties of a series of environmentally
friendly DJ double perovskites proposed through the cation
transmutation strategy. Potential solar cell absorber candidates
with good stability, a suitable band gap, superior carrier trans-
port properties, and good optical properties are selected for
photovoltaic application, and the influences of the cation pair
and structural archetype on their optoelectronic properties are
thoroughly explored. Among the selected candidates, a theore-
tical maximum efficiency comparable with that of CH;NH,PbI;
is obtained for BDA,AuBilg. The calculation details are given in
the ESI.{

The basic concept of the proposed lead-free layered double
perovskites is the replacement of two Pb>" cations in the DJ
perovskite APbX, with a monovalent M;" and trivalent My;>*
cation to give the double DJ perovskite A,M;M;;Xg, as shown in
Fig. 1a. Here, the A>* cation is 1,4-butanediamine (BDA>"). The
optimized structural parameters of 54 BDA,MM;Xs (M;" = Na",
K, Rb*, Cu*, Ag", and Au™; M*" =In’*", Sb**, and Bi**; X~ =CI~,
Br, and I") compounds are shown in Tables S1-S3 (ESIt), and
all possess a triclinic symmetry. The doubly protonated cation
BDA”" is inserted between inorganic octahedron layers along
the [001] direction, and the -NH;" ends intrude deep into the
cavity formed by the apical I atoms and can interact with the
bridging I atoms through hydrogen bonds. The interlayer
distance is much reduced compared to that of the RP counter-
part, which could induce effective interlayer coupling and
promote charge transfer between the inorganic layers.*?

To evaluate the thermodynamic stability of the BDA,M;-
M Xg compounds, their decomposition energies with respect
to possible decomposition pathways were considered. Since no
ternary option is available, the most possible decomposition
path of BDA,MM;;Xg is into the corresponding common
binary compounds (BDA,MM;;Xg — 2BDAX, + M{X + M;1X;),
and the perovskites can be synthesized via the inverse reaction.
The decomposition enthalpy (AHy), which is defined via the
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Fig. 1 (a) Structural configurations of the 2D perovskites BDAPbl, and 2D
double perovskites BDA,M M Xg, and illustration of the cation transmuta-
tion strategy to design Pb-free halide 2D double perovskites. (b) Decom-
position enthalpies (AH) of 2D double BDA,MM;;Xg perovskites.

free energy difference after and before the above decomposition
path, is calculated as follows:
AHy4 = (2E[BDAX,] + E[M;X] + E[M1X;] — E[BDA,MM;Xs])/Neo
The calculated values of AH for all compounds are positive,
as shown in Fig. 1b. Here, positive values of AH; mean the
decomposition process is endothermic, resulting in suppressed
decomposition of BDA,M;M;;Xg, demonstrating that all the
BDA,MM;Xg have good thermodynamic stability. This
enhanced stability can be ascribed to the above-mentioned
hydrogen bonds normally found in DJ perovskites.**** As an
example, the case of BDAAgBIl; is considered. The closest H
and bridging I atoms have separation distances of 2.53 and
2.55 A and an interaction integrated crystal orbital Hamilton
population (iCOHP) value of 0.53 eV and 0.51 eV, and the
nearest H and apical I atoms have a distance of 2.52 A and
an interaction iCOHP value of 0.58 eV, validating the strong
hydrogen bonding between NH;" and I atoms. These extra

This journal is © The Royal Society of Chemistry 2023
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hydrogen bonds can promote the rigidity of the structure.
Moreover, the divalent organic cation can induce fewer degrees
of freedom in the structures because of the elimination of van
der Waals gap.*®

The band gaps of the 54 compounds calculated using the
generalized gradient approximation (GGA)-Perdew-Burke-
Ernzerhof (PBE) method are listed in Tables S1-S3 (ESIT).
However, due to the strong relativistic effect in heavy elements,
the spin-orbit coupling (SOC) effect cannot be neglected. A
severe band gap reduction in Bi-based compounds is induced
with the inclusion of the SOC effect because of the splitting of
the Bi-6p-derived conduction bands. Detailed analysis of the
band edges indicates that the locations of the valence band
maximum (VBM) and conduction band minimum (CBM) of
many compounds are altered when the SOC effect is consid-
ered. A comparison of band structures calculated using the PBE
and PBE + SOC schemes for several representative compounds
is given in Fig. S1 (ESI{) for illustration. Additionally, we also
performed band structure calculations using the hybrid HSE +
SOC functional, which can provide more precise band gap
estimation for most semiconductors.

The variations in the band gaps for different compositions
calculated using the HSE + SOC method are shown in Fig. 2.
The band gaps for BDA,M;Bi/In/SbXg are found to decrease
with decreasing halogen electronegativity. Furthermore, the
band gaps are also closely connected with the M; cation. The
band gaps of alkali compounds are larger than those of noble
metal compounds with the same halide because of their strong
ionic characteristics. The alkali compounds all show indirect
characteristics except for BDA,RbInly and BDA,KSbBrg. The
projected band structures in Fig. S2-S4 (ESIT) indicate that the
alkali elements have negligible contributions to the VBM and
CBM, which are instead dominated by the halide p-states and
In 5s/Bi 6p/Sb 5p-halide p-hybridization states in BDA,MIn/Bi/
SbXs, respectively. The projected density of states (PDOS) and
COHP analysis of BDA,KInBrg and BDA,KBiBr; in Fig. S5 and
S6 (ESIt), as representatives of the alkali BDA,MInXg
and BDA,MBiXg/BDA,MSbXs compounds, indicate that the
VBMs and CBMs mainly originate from the antibonding
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coupling of interlayer Br 4p-Br 4p states on the K sites and
the antibonding coupling of In 5s/Bi 6p-Br 4p states, respec-
tively. The decomposed charge densities of the VBMs and CBMs
of BDA,KInBrg and BDA,KBiBrg in Fig. S7 (ESIt) indicate that
the VBMs mainly originate from the antibonding coupling of
interlayer Br 4p-Br 4p states on the K sites, and have negligible
contribution from in-plane interactions. These features of the
alkali compounds are also reasons for the less-dispersive band
edges and large band gaps in these structures, which are very
undesirable for solar cell applications.

For the noble-metal BDA,MInX, perovskites, the projected
band structures of BDA,MInXg in Fig. S8-S10 (ESIt) all show
indirect band gaps. Therefore, despite the fact that BDA,(Cu/
Ag/Au)Inlg have band gaps suitable for solar cells, their indirect
band gap feature makes them unsuitable for thin-film solar cell
application. The PDOS and CHOP analysis of BDA,AgInBrg in
Fig. S11 (ESIYt), as a representative of the noble-metal BDA,.
MInX; compounds, indicates that the VBM and CBM of BDA,
AgInBrg mainly originate from the antibonding coupling of Ag
4d-Br 4p states and In 5s-Br 4p states, respectively. The
decomposed charge densities of the VBM and CBM are shown
in Fig. S12 (ESIt) for intuitive illustration of the bonding
characteristics. This bonding behavior is also the reason for
the indirect band gaps of the BDA,M;InXs compounds.

For the noble-metal perovskites BDA,MBiXg and BDA,
MSbXg, the projected band structures in Fig. S8-S10 (ESIt) all
exhibit direct band gaps, except for those of BDA,AgSblg and
BDA,AuSbl;. The projected band structures indicate that the
VBMs and CBMs are dominated by the hybridization between
metal d-halide p states and Bi 6p/Sb 5p-halide p hybridization
states in the BDA,MBiXg/BDA,MSbXg perovskites, respectively.
Among these structures, BDA,(Cu/Ag/Au)Bilg possess suitable
band gaps for solar photovoltaic application. The PDOS and
COHP analysis of BDA,(Cu/Ag/Au)Bily in Fig. S13 and S14-516
(ESIt), as representatives of the noble-metal BDA,MBiXgz and
BDA,MSbX; compounds, indicates that the hybridization of Bi
6p-I1 5p states and interlayer I 5p-1 5p states on Bi sites near the
CBM has mainly antibonding and bonding characteristics,
respectively. In contrast, the VBM is dominated by antibonding
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Fig. 2 Variation in the band gaps for (a) BDA,M;BiXg, (b) BDA;MINXg, and (c) BDA,M;SbXg (M, = Cu, Ag, Au, Na, K, and Rb; X = Cl, Br, and )
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Cu 3d/Ag 4d/Au 5d-1 5p states, along with weak interlayer
antibonding I 5p-1 5p states on the noble metal sites. The
coupling strength between apical I-I atoms is mainly deter-
mined by their distance. It is found the apical I-I distances in
BDA,AgBilg are smaller than those in BDA,(Cu/Au)Bilg; this is
mainly because of the stronger coupling of Cu/Au-I bonds than
that of Ag-I bonds, as discussed in the next paragraph. There-
fore, the COHP of apical I-I near the VBM in BDA,CuBil; and
BDA,AuBilg are almost negligible, while a stronger apical I-I
COHP is observed in BDA,AgBilg. The antibonding character-
istics ensure relatively small and balanced in-plane carrier
effective masses in BDA,(Cu/Ag/Au)Bilg. The charge density
distributions of BDA,AuBilg at the VBM and CBM points in
Fig. S17 (ESI{) show good consistency with the PDOS and COHP
analysis. To further demonstrate the thermodynamic stability
of BDA,(Cu/Ag/Au)Bilg, the formation energies and phonon
band structures of BDA,(Cu/Ag/Au)Bilg are calculated. Here,
the formation energies of BDA,(Cu/Ag/Au)Bil, are calculated as
Ef = (E[BDA,MM;;Xg] — Nppattepa — Nvtvn — Nvmbvin —
Nxpix)/Niot, where y; is the chemical potential of the constituent
element referred to its most stable phase. The calculated values
for BDA,(Cu/Ag/Au)Bilg are —0.320/—0.327/—0.317 eV/atom,
respectively, indicating their thermodynamic stability. The
phonon band structures of BDA,(Cu/Ag/Au)Bilg are shown in
Fig. S18 (ESIt) with no imaginary branches, indicating their
dynamic stability.

Since the energy level of the Au 5d orbital is higher than that
of the Ag 4d orbital because of the relativistic-effect-induced
expansion of 5d states in Au, the Au 5d-I 5p antibonding
coupling is stronger than the Ag 4d-I 5p antibonding coupling,
resulting in a higher VBM in BDA,AuBil;. Therefore, the band
gap of BDA,AuBIlg is smaller than that of BDA,AgBilg. Because
the energy level of Cu 3d orbital is located closer to the Au 5d
orbital, BDA,CuBilg has a band gap almost equivalent to that of
BDA,AuBiIlg. The stronger couplings of the Au 5d-I 5p and Cu
3d-1 5p interactions than of Ag 4d-1 5p interactions were also
verified by COHP analysis, as shown in Fig. S14-S16 (ESIt).
Based on the above bonding analysis, an estimated molecular
orbital bonding diagram of BDA,(Cu/Ag/Au)Bilg is given in
Fig. S19 (ESIT), which provides an intuitive way to understand
the unique electronic properties of BDA,(Cu/Ag/Au)Bils.

Notably, previous studies have demonstrated that the pri-
mitive cell of the bulk double perovskites Cs,M;(Cu, Ag,
Au)My(Sb, Bi)Xs possess indirect band gaps.'® However,
indirect-to-direct band gap transition can be induced by dimen-
sionality reduction, as demonstrated in BA;AgBiBrg.”® The large
spacer cation also results in a strong quantum confinement
effect and thereby induces nearly flat band edges along the I'-Z
direction. Unlike the transition mechanism in BA,AgBiBrg, the
direct band gaps in BDA,(Cu/Ag/Au)Bilg are mainly due to the
interlayer I-I-interaction-induced band-broadening as the
smaller spacer divalent cation BDA*" is used, which would
induce a further-reduced band gap and more-dispersive band
edges along the I'-Z direction. This indicates that the construc-
tion of the structure archetype is also an effective way to tune
the band gap type.
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Fig. 3 Calculated (a) effective masses of the electron (m¢*) and holes
(mp*), and (b) exciton binding energies, E,, (meV), of BDA,Cu/Ag/AuBilg in
different directions.

The effective masses of all structures were estimated by
quadratic fitting of the PBE + SOC-calculated band edges, and
are displayed in Tables S4-S6 (ESIt). The effective masses of
BDA,(Cu/Ag/Au)Bilg were also examined using the HSE + SOC
functional, as shown in Fig. 3a. Slight differences can be
noticed between the PBE + SOC and HSE + SOC functionals.
Balanced electron and hole effective masses along the in-plane
directions were obtained for three candidates due to the anti-
bonding characteristic near the CBM and VBM. Low effective
electron masses of 0.32-0.68 m, and effective hole masses of
0.27-0.48 my, which are comparable to the values for MAPbI;,
ensure superior carrier transport properties in these candi-
dates. Much heavier electron and hole effective masses are
obtained along the out-of-plane direction owing to the quan-
tum confinement effect. Despite the relatively large effective
masses along the out-of-plane direction, they are still much
improved compared to those of RP perovskites due to the more
dispersive edges along the I'-Z direction.®® As shown in
Tables S4-S6 (ESIt), the carrier properties of the candidates
are superior to those of others. Next, the Wannier-Mott exciton
binding energies (E,) were estimated using a modified
hydrogen-atom-like Bohr model of Ey, = ue*/2h**, where &, u,
and e are the high-frequency-limit dielectric constant, reduced
effective mass, and charge of an electron, respectively. The
results for BDA,(Cu/Ag/Au)Bilg are displayed in Fig. 3b. Ej
values as low as ~70 meV were estimated for BDA,CuBilg
and BDA,AuBil; for the in-plane directions, which are compar-
able with that of MAPDI;. The relatively small Ej, values further
establish their superior carrier transport properties. These
carrier features ensure good photovoltaic performance of the
selected candidates.

In order to evaluate the photovoltaic performance of the
selected absorber candidates, their absorption spectra are also

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Calculated absorption spectra of BDA,Cu/Ag/AuBilg and
MAPbDIs; (b) simulated spectroscopic limited maximum efficiency (SLME)
of BDA,Cu/Ag/AuBilg and MAPblIs.

calculated, along with that of MAPbI; for comparison. Fig. 4a
shows that BDA,(Cu/Ag/Au)Bilg possess relatively high absorp-
tion edges, which are mainly contributed by the optical transi-
tion channels from the Cu 3d/Ag 4d/Au 5d-1 5p orbitals to the
Bi 6p-1 5p orbitals. In addition, inversion-symmetry-induced
parity-forbidden transitions in bulk double perovskites are not
observed in these layered structures, as shown in Fig. S13
(ESIt). High transition probabilities are found at the Z point.
Therefore, BDA,(Cu/Ag/Au)Bil; are suitable candidates for solar
cells with favorable optical absorption. Their ‘“‘spectroscopic
limited maximum efficiency (SLME)” was then calculated to
evaluate their theoretical maximum efficiency. Fig. 4b shows
the calculated SLMEs of BDA,(Cu/Ag/Au)Bilg, along with that of
MAPDI; for comparison. For the first 200 nm of film thickness,
the SLME of MAPDI; is higher than that of BDA,(Cu/Ag/Au)Bilg
because of its higher absorption intensity near the absorption
edge. At a film thickness of 200 nm, the SLMEs of BDA,AuBilg,
BDA,CuBilg, and MAPbDI; are almost equivalent and can reach a
value of ~23%. The SLME values of BDA,(Cu/Ag)Bilg reach
their theoretical limit value of about 30.8%/27.0% at a film
thickness of ~1 pm. The SLME of BDA,AuBil; is higher than
even that of MAPbI; from 200 nm to 1 pm, and achieved its
limit value of 31.6% at ~1 pm. Hence, it is believed that
BDA,AuBIIz and BDA,CuBilg may be promising as good solar
absorbers that can obtain high efficiency using a low film
thickness. The absorption spectra and SLMEs of BDA,(Cu/Ag/
Au)Inlg, which have proper indirect solar band gaps, were also
calculated for comparison, as shown in Fig. S20 (ESIT). Much
weaker absorption intensities are observed compared to that of
BDA,(Cu/Ag/Au)Bilg. Therefore, slow increase in the SLMEs
with film thickness and lower theoretical limits are obtained
for BDA,(Cu/Ag/Au)Inlg, indicating a much thicker film is
needed for achieving suitable efficiencies.

In summary, DJ-type double perovskite BDA,M;M;;Xg solar
cell absorber candidates were selected and showed good stabi-
lity, suitable band gaps, superior carrier transport properties,
and good optical properties. Improved interlayer carrier trans-
portation in BDA,Cu/Ag/AuBilg is observed because of the

This journal is © The Royal Society of Chemistry 2023
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DJ-structure-induced interlayer I-I interaction. The crucial role
of the structure archetype in their superior optoelectronic
properties is revealed. Finally, theoretical maximal efficiencies
of about 30.8%/27.0%/31.6% were predicted for BDA,Cu/Ag/
AuBilg. This work indicates that the combination of a DJ
archetype and double substitution represents a new approach
for designing stable lead-free perovskites for high-performance
solar cells.
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