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Lead-halide perovskites have demonstrated outstanding optical, elec-
trical, and spintronic properties and have made significant break-
throughs in many fields, especially in solar cells. Although substantial
efforts have been devoted to developing novel 3D perovskites with a
lower band gap towards the application in perovskite solar cells, none
of them succeeded. Here we propose three novel 3D lead iodide
perovskites with complex ions, Cu(NHz),Pbls;, Ag(NHs),Pbl; and
Au(NHs),Pbl;. Based on the optimized structures, formation and dis-
sociation energies, phonon spectra, and ab initio molecular dynamics
simulations, it is found that Ag(NH3),Pbls and Au(NHs),Pbls are kineti-
cally and thermodynamically stable. Furthermore, Ag(NH:),Pbl; and
Au(NH:3),Pbl; exhibit large absorption coefficients, suitable optical band
gaps and small electron effective masses, which are very promising
towards application in perovskite solar cells.

Introduction

The lead-halide perovskites with ABX; structures have attracted
attention owing to their unique optical, electrical, and spintronic
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properties towards applications in solar cells,"™* light-emitting
diodes,”** photodetectors,>™® field-effect transistors,"®
lasers,”®*" etc. The power conversion efficiency (PCE) of lead-
halide perovskite solar cells has exceeded 25%,”> which is
comparable to that of the commercialized silicon-based solar
cells. Taking the crystal structure into account, perovskites
can be categorized by the arrangement of metal halide octahe-
dra into different dimensionalities such as three-dimensional
(3D),”*** two-dimensional (2D),***?® one-dimensional (1D),>**°
and zero-dimensional (0D).>'** The dimensionality can be
tuned by the size of the A-site cations. The cations can also
influence the electronic properties of perovskite through dis-
tortions and symmetry breaking.>*** To understand the
unique optical and charge transport properties of 3D perovs-
kites, not only structural but also electronic dimensionality —
the connectivity of the conduction band (CB) and valence band
(VB),** is important. Structural 3D does not always lead to
electronic 3D (such as Cs,AgBiBrs"?), while electronic 3D can
only be achieved in 3D perovskites. The electronic dimension-
ality is determined by complex factors, such as the structural
dimensionality, structural distortion, and the contribution of
the A-site cations and inorganic framework to the VBM and
CBM."*® The 3D electronic structure could ensure the isotropic
charge transport in the crystal lattice. For 3D perovskites with
3D electronic connectivity, the charges can freely move along
three dimensions since both the VB and CB are dispersive
along all directions rather than restricted to one or two direc-
tions in electronically low-dimensional perovskites. Consider-
ing the randomly oriented grains in the perovskite thin film
and the need for effective hole and electron transport between
electrodes, the excellent isotropic transport of electronic 3D
perovskites could ensure effective charge transport and hence
high power conversion efficiency.

For solar cell applications, there are three types of widely
investigated 3D lead iodide perovskites: CH;NH;PbI; (MAPDI;),
NH,CHNH,PbI; (FAPbI;) and CsPbl;, with band gaps of
1.57 eV, 1.48 eV and 1.73 eV, respectively.** But according to
the Shockley—Queisser limit, a 1.34 eV band gap leads to the
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Fig. 1 Summary of the important milestones of 3D hybrid halide perovskites.

best performing solar cells;*® therefore, it is highly needed to
develop novel 3D perovskites with a lower band gap. However,
such an ideal 3D lead iodide perovskite has not been developed
although various novel 3D perovskites have been proposed, as
shown in Fig. 1. For example, double perovskites like Cs,Ag-
BiBre'®*® and (CH;NH;),BiKCls" were reported, but they have
indirect band gaps (2.19 eV and 3.04 eV) and 0D electronic
structure,”® and the highest power conversion efficiency is only
2.5% for these double perovskite-based solar cells.’® Later,
Xiong et al. synthesized methylphosphonium (CH;PH;", MP")-
based hybrid organic-inorganic perovskites (MPSnBr;, with a
large band gap of 2.62 eV), which were proven to be structural
3D based on single crystal X-ray diffraction.”® Maczka et al.
reported novel 3D lead chloride and bromide perovskites with
large band gaps of 3.40 eV and 2.58 eV based on 2-
methylhydrazin-1-ium (CH;NHNH;").”> Long et al. proposed
the 3D chiral lead iodide perovskite (CHFCINH;PbI;), which
was proven to be both kinetically and thermodynamically stable
based on theoretical calculations.* Zhong et al. experimentally
reported the first halogenated-methylammonium-based 3D
lead halide perovskite (FMAPbBr;) with a band gap of 2.03 ev.”
Recently, a series of unique 3D lead halide perovskites based
on diammonium and edge-shared (Pb,X;0)°” octahedra dimers
were also reported.>™° For example, Xiong et al developed
a 3D ferroelectric lead-based perovskite ((TMAEA]Pb,Cls, TMAEA =
2-trimethylammonioethylammonium), which exhibits a large
band gap of 3.43 eV and spontaneous polarization of
1 uC em™2>* Kanatzidis et al. reported 3D lead-based perovskites
((xAMPY)Pb,ls, x = 3 or 4, AMPY = aminomethylpyridinium)
with indirect band gaps of 2.05 eV (x = 3) and 2.12 eV (x = 4).>®
However, all these experimentally reported novel 3D lead halide
perovskites exhibit large band gaps (>2.0 eV), which could not
harvest enough photons towards high-performance perovskite
solar cells.

In this work, we introduce three complex ions, [Cu(NHj;),]",
[Ag(NH;),]" and [Au(NHj;),]%, to construct novel 3D lead-based
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perovskites. Based on the optimized structures, formation and
dissociation energies, phonon spectra, and ab initio molecular
dynamics simulations (AIMD), it is found that Ag(NH;),Pbl;
and Au(NH;3),Pbl; are both kinetically and thermodynamically
stable. Most importantly, these two perovskites are not only
structural 3D but also electronic 3D. With high absorption
coefficients, low band gaps, and small hole and electron
effective masses, Ag(NH;),PbI; and Au(NHj;),Pbl; are very pro-
mising towards potential applications in perovskite solar cells.

Results and discussion

The geometric structures of the proposed lead-based perovs-
kites with complex ions, [Cu(NHj;),], [Ag(NH;),]" and
[Au(NH;),]", are optimized and shown in Fig. 2. The 3D
structures are not destroyed after the introduction of complex
ions, indicating that [Cu(NHj3),]", [Ag(NH;),]" and [Au(NH;),]"
are successfully embedded into the perovskite lattice frame-
work without destroying the 3D structure. In order to further
confirm this, the new tolerance factors (t,,) proposed by
Bartel et al. were calculated.®®®" As shown in Table S1 (ESIY),
the calculated 7,, is 3.57, 3.58 and 3.57 for Cu(NHj),Pbl;,
Ag(NH;),Pbl; and Au(NHj;),Pbl;, respectively, which is almost
the same as that of FAPbI; (3.64), further confirming that the
proposed lead iodide perovskites could maintain their 3D
structures. The average Pb-I bond lengths of Cu(NHj;),Pbl;,
Ag(NH,),Pbl; and Au(NH,),Pbl; are 3.28, 3.24 and 3.26 A,
respectively, which is comparable with that of 3.22 A in y-
MAPbI,.* To further estimate the distortion of the three perovskites
with complex ions, the bond length distortion index (D), the bond
angle variance (6*) and the angle of the Pb-I-Pb bond (in-plane
of (010)) were calculated. D and ¢* estimate the distortion
degree of the [Pblg]*~ octahedra, and the Pb-I-Pb bond angle
(in-plane of (010)) estimates the degree of octahedral tilting in the
perovskites. As shown in Table S4 and Fig. S1 (ESIt), the D values of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The optimized geometric structures of Cu(NHs),Pbls (a), Ag(NHs),Pbls (b) and Au(NHs),Pbls (c).

Cu(NH,),Pbl;, Ag(NH;),Pbl; and Au(NH;),Pbl; are much larger than
that of y-MAPbI;, while ¢* is in the order of Cu(NH;),Pbl; <
Ag(NH;),Pbl; < y-MAPbI; < Au(NHj;),Pbl;. The tilting distor-
tions of Cu(NHj;),Pbl;, Ag(NH3),Pbl; and Au(NH;),Pbl; are
much smaller than that of y-MAPDbI;. The stability of these
proposed 3D perovskites with complex ions is further investi-
gated by the phonon spectra, formation and dissociation
energies, and ab initio molecular dynamics simulations, as
shown below.

As shown in Fig. 3a-c, all these perovskites exhibit a similar
phonon spectrum, and only very small imaginary frequencies
(<2 THz) are found. These small imaginary modes are a
very common feature for lead-based perovskites®® and have
been confirmed by the soft mode in experiments (e.g,
MAPDBr;)* and theoretical calculations (e.g., a-MAPbI;).%*"°
The origin of the imaginary frequencies is potentially due to the
anharmonicity,®*®® which is caused by the rotations and tilting
of the octahedra,®*°® or dynamic stabilization.®”””?> The vibra-
tion modes that arise from the imaginary phonon frequencies
were also analyzed. As shown in Fig. S2 (ESI}), the I(5) atom of

Cu(NHj;),Pbl; vibrates along the y-direction, the I(7) atom of
Ag(NH3;),Pbl; vibrates along the y-direction, and the I(10) atom
of Au(NH;),Pbl; vibrates along the z-direction. The three zero
frequency translation modes at the I' point could also be
observed. Therefore, the proposed 3D lead iodide perovskites
with complex ions are basically thermodynamically stable.
Then, the formation and dissociation energies of these lead
iodide perovskites were calculated based on eqn (1) and (2),

3
Eformation = Eperovskite - ECu/Ag/Au - 2ENH3 — Epp — z Elz (1)

Edissociation = EPbIZ + ECuI/AgI/AuI + 2E‘NH3 - Eperovskite (2)

where Eperovskite7 EPblz’ Epy, ECu/Ag/Au; and ECuI/AgI/AuI are the
energies of the 3D lead iodide perovskite, Pbl,, Pb atom, Cu
(or Ag, or Au) atom, and Cul (or Agl, or Aul), respectively (Pbl,
and Cul/Agl/Aul were simulated as solid). Ey, and Enp, are the
energies of the isolated I, and NH; molecules, respectively. As
shown in Table S2 (ESIT), all the lead iodide perovskites exhibit
negative formation energies and positive dissociation energies,
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Fig. 3 The thermodynamic and kinetic stability of the proposed lead iodide perovskites. The phonon spectra of Cu(NHs),Pbls (a), Ag(NH=),Pbls (b) and
Au(NH=),Pbls (c) at 0 K. The energy fluctuation of Cu(NH=),Pbls (d), Ag(NH3),Pbls (e) and Au(NH3),Pbls (f) supercells in the ab initio molecular dynamics
simulations. The insets of (d)-(f) are the structures of Cu(NH3),Pbls (d), Ag(NH=z),Pbls (e) and Au(NHs),Pbls (f) during ab initio molecular dynamics

simulations (AIMD) at 2.0, 3.5 and 5.0 ps.
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which are similar in magnitude to those of a-phase MAPbI;,>*
confirming the thermodynamic stability of the proposed lead
iodide perovskites.

In order to further confirm the kinetic stability of these lead
iodide perovskites, ab initio molecular dynamics simulations
were then performed at 300 K for 5 ps. As shown in Fig. 3d-f,
the energies of these 3D lead iodide perovskites fluctuate
significantly in the first 2 ps but remain stable in the next
3 ps. The octahedral frameworks are not destroyed during the
AIMD simulations for Ag(NH;),Pbl; and Au(NH;),Pbl;, which
indicates that these two perovskites are dynamically stable.
However, the structure of Cu(NHj;),Pbl; during AIMD simulation is
destroyed, and Cu-I bonds are formed (Fig. S3, ESIt), which
indicates that Cu(NH;),Pbl; is not kinetically stable. Based on
the above discussions, Ag(NH;),Pbl; and Au(NHj;),Pbl; are both
thermodynamically and kinetically stable. Nevertheless, their suit-
ability as a material platform for solar cells still needs further
investigation.

Excellent solar cell materials should have an appropriate
band gap, a high carrier mobility and a large optical absorption
coefficient. Therefore, the electronic and optical properties of
these lead iodide perovskites were further investigated. Accord-
ing to the Shockley-Queisser limit, the band gap of the best
absorber should be in the optimal range of 0.85-1.85 eV;
thus, the theoretical power conversion efficiency of solar cells
could exceed 25%.* The band structures of these 3D perovs-
kites are calculated based on the Perdew-Burke-Ernzerhof
(PBE) functional” together with spin polarization and shown
in Fig. 4 and Fig. S4-S7 (ESIt). The conduction band minimum
(CBM) and valence band maximum (VBM) of Ag(NH;),PbI; and
Au(NH;),Pbl; are all located at the I' point, which indicates that
they exhibit direct band gaps. In contrast, Cu(NHj3),PbI; exhi-
bits an indirect band gap with the CBM located at the I" point
and the VBM located at the X point. These three perovskites
exhibit almost the same conduction bands with three degen-
erate conduction band minima near the I" point (CB1, CB2 and

View Article Online
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CB3) but different valence bands. The valence band of
Cu(NH;),Pbl; is almost flat, which could not facilitate hole
transport. Among these perovskites, Cu(NH;),PbI; exhibits the
smallest band gap of 1.34 eV, while Ag(NH;),Pbl; and
Au(NH;),Pbl; exhibit slightly larger band gaps of 1.65 eV and
1.70 eV, respectively. Since the energy of the Cu 3d orbit is
distinctly lower than that of the Ag 4d and Au 5d orbits (Fig. S8,
ESIY), it contributes mainly to the VBM of Cu(NH;),Pbl;. Thus,
Cu(NHj;),Pbl; exhibits a different valence band compared with
Ag(NH;),Pbl; and Au(NH;),Pbl;. In order to ensure the relia-
bility of our calculation, the electronic structures of these
perovskites were also calculated by the Plane-Wave self-
consistent field (PWscf) with the PBE functional considering
the spin-orbit coupling (SOC) and the scalar relativistic (SR)
effect,’*’> and almost the same band gaps were obtained
(1.33 eV, 1.62 eV and 1.64 eV for Cu(NHj3),Pbl;, Ag(NH;),Pbl;
and Au(NH;),Pbl;, respectively, Fig. S5, ESIt). However, while
calculating the band structures with the PBE functional and
considering the SOC only, the proposed perovskite exhibits a
much smaller band gap (0.54 eV, 0.73 eV and 0.70 eV for
Cu(NH;),Pbl;, Ag(NH;),Pbl; and Au(NHj;),Pbl;, respectively,
Fig. S6, ESIT) which may be due to the error compensation
between the SOC and SR is transformed into the bandgap. On
the other hand, the absorption coefficient is another important
parameter for solar cells, and a direct band gap in the optimal
absorption range does not always guarantee that it has a larger
absorption coefficient. The absorption spectra of these three
perovskites were then calculated and are shown in Fig. S9
(ESIt). Cu(NHj;),Pbl;, Ag(NH;),Pbl; and Au(NH;),PbI; all
have much larger absorption coefficients than that of o- and
B-MAPDI; in the visible range, which indicates that these
proposed 3D perovskites exhibit much stronger photon harvest-
ing ability towards solar cell applications.”® Moreover, the
optical transition of these three perovskites was also estimated
through calculating the transition dipole moment (TDM).””""®
As shown in Fig. S10 (ESIf), the direct VB-CB transitions of
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Fig. 4 The calculated band structures of the 3D perovskite with complex ions based on the PBE functional: Cu(NH3),Pbls (a), Ag(NH3),Pbls (b) and

Au(NHz),Pblz (c).
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Ag(NH;),Pbl; and Au(NHj3),Pbl; are more favorable than that of
Cu(NHj;),Pbl;. Given the discussion of stability, band structures,
absorption coefficients and optical transition, Ag(NH;),Pbl; and
Au(NH;,3),Pbl; are good candidates towards high-performance per-
ovskite solar cells.

The projected density of states (PDOS) of these 3D perovs-
kites are further calculated and shown in Fig. S11 (ESIt). The
VBM of Cu(NHj;),Pbl; is mainly contributed by the Cu 3d orbit,
while the CBM consists of the Pb 6p orbit and I 5p orbit. In
contrast, the VBM of Ag(NH;),Pbl; is mainly contributed by
both the I 5p orbit and Ag 4d orbit, while it is mainly
contributed by the I 5p orbit for Au(NH;),Pbl;. The CBM
compositions of Ag(NH;),Pbl; and Au(NH;),Pbl; are similar
to that of Cu(NH;),Pbl;. Thus, the electronic transition of
Ag(NH;3),PbI; should displace the electronic density from the
A-site cation and I to Pb. For the electronic transition from the
A-site cation to Pb, it is widely observed in low-dimensional
perovskite with large conjugated cations.?” This depends on the
energy discrepancy between the VB (or HOMO) of the cation
and the inorganic framework (as shown in Fig. 513, ESI{).”® In
order to further confirm the PDOS distribution of these per-
ovskites, the electron densities at the VBM and CBM are
calculated and shown in Fig. 5 and Fig. S15-S19 (ESIf). Con-
sistent with the PDOS discussed above, the electron density at
the VBM of Cu(NH3;),Pbl; is mainly localized on the Cu atom,
which is mainly located on the I atom and Ag atom for
Ag(NH;),Pbl;, and only on the I atom for Au(NHj;),Pbl,

View Article Online
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respectively. Meanwhile, the electron densities of Ag(NH;),Pbl;
and Au(NH;),Pbl; at CBM1, CBM2 and CBM3 consist of the Pb
6p orbit and I 5p orbit (Fig. S15-5S17, ESIt). As shown in Fig. 5d-f,
the electron densities (the planes sliced for the electron den-
sities are shown in Fig. S14, ESIt) at the CBM of Ag(NH;),Pbl;
and Au(NH;),Pbl; demonstrate that the electron clouds indeed
disperse along the Pb-I skeleton in three directions, which
indicates an isotropic electron transport feature and 3D elec-
tronic connectivity. Different from the transport of electrons,
holes are moving along the halide — complex ion — halide
direction. Therefore, Ag(NH;),Pbl; and Au(NHj;),Pbl; are not
only structural 3D but also electronic 3D, which is further
confirmed by the effective electron and hole masses discussed
below. The spin polarization was also considered while calcu-
lating the band structure and DOS, and the same results were
obtained for spin-up and spin-down (as shown in Fig. S7 and
S10, ESIY).

The electron and hole effective masses of these 3D lead
iodide perovskites are then calculated based on eqn (3),

1 10E

w i ok @)
where m* is the effective mass and 7 is the reduced Planck
constant. Since these perovskites have three almost degener-
ated CBMs near the I’ point, three electron effective masses
(m?) and their harmonic mean values are calculated from I to
T, I' to W and I' to X corresponding to the three directions of

Fig. 5 Sum of the electron density of the degenerated CBMs of the proposed 3D perovskites with complex ions. Isosurface plot of the 3D CBM electron
density (isovalue = 0.0008 e Bohr~3) of Cu(NH3),Pbls (a), Ag(NHz),Pbls (b), and Au(NHz),Pbls (c). 2D CBM charge density maps on the (101) plane of

CU(NH3)2Pb|3 (d), Ag(NH3)2Pb|3 (e) and AU(NH3)2Pb|3 (f)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the inorganic perovskite framework (Table S5 and Fig. S21-524,
ESIt). Among these three directions, the minimal electron
effective masses among the degenerated CBs (0.25 m,,
0.26 m, and 0.27 m.) as well as their harmonic mean
electron effective masses are of the same magnitude (0.66 m,,
0.72 m. and 0.69 m.) for Cu(NH;),Pbl;, Ag(NH;),Pbl; and
Au(NH;),Pbl;, respectively, which further confirms the isotro-
pic electron transport feature and 3D electronic connectivity of
these three perovskites. The hole effective masses and their
harmonic mean values of these perovskites along the inorganic
perovskite framework (from I' to T, I' to W and I’ to X for
Ag(NH;),Pbl; and Au(NH;),Pbl;, respectively, and from X to V,
X to R and X to I' for Cu(NH;),PblI;) were also calculated. The
hole effective masses along the I'-X direction of Ag(NH;),Pbl;
(31.63 m,) and Au(NH;),Pbl; (23.64 m.) are much larger
than other directions (~2.90 m, for Ag(NH;),Pbl; and 2.55 m,
for Ag(NH;3),Pbl;), which is similar to that of y-MAPbI;
(11.98 m, for [010] vs. 1.18 m, for [100] and 1.05 m,. for [001]
direction).”®®° In contrast, Cu(NH;),Pbl; shows large harmonic
mean hole effective masses along all three directions, I'-T
(19.59 m.), I'-W (19.62 m,) and I'-X (9.7 m.).”® Therefore, based
on the hole effective masses (Table S5 and Fig. S21, ESIt) and
charge density mapping as discussed above, it is confirmed
that Ag(NH;),PbI; and Au(NHj;),Pbl; exhibit a 2D hole trans-
port feature, while Cu(NH;),PbI; could not facilitate hole
transport in all three directions. This is also consistent with
the flat valence band of Cu(NHj;),Pbl;, as shown in Fig. 4a. The
2D hole transport feature of Ag(NH;),Pbl; and Au(NHj;),Pbl;
may originate from the linear profile of the cations. The cations
are arranging in the xz plane (Fig. 2) and holes are moving
along the halide — complex ion — halide direction. Thus,
Ag(NH;),Pbl; and Au(NHj3),Pbl; exhibit anisotropic hole
transport (Fig. S23, ESIt). Based on the above discussion,
Cu(NH;),PbI; could not be adopted as the light absorber of
solar cells owing to both poorer stability and slower hole
transport. Meanwhile, Ag(NH;),Pbl; and Au(NHj;),Pbl; exhibit
a modest harmonic mean hole and electron effective mass
together with optimized band gaps and large absorption coeffi-
cients, which is promising towards application in high-
performance perovskite solar cells.”®

Conclusions

In summary, 3D lead iodide perovskites based on complex ions,
Cu(NHj;),Pbl;, Ag(NH;),Pbl; and Au(NH;),Pbl;, are demon-
strated for the first time in this work. Ag(NH;),Pbl; and
Au(NH;),Pbl; are found to be both kinetically and thermody-
namically stable based on structural optimization, phonon
spectra, ab initio molecular dynamics simulations, formation
and dissociation energies. In particular, Ag(NH;),Pbl; and
Au(NH;),Pbl; are not only structural 3D but also electronic
3D. Moreover, these two perovskites exhibit large absorption
coefficients, suitable band gaps, and small hole and electron
masses, which are very promising towards application in per-
ovskite solar cells. These findings could throw light on the

128 | Mater. Adv., 2024, 5,123-130
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development of novel electronic 3D perovskites with superior
optical and electrical properties.
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