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Inorganic gold halide perovskites, owing to their excellent stability and tunable bandgaps, are poised to
serve as environmentally benign alternatives to lead halide perovskites in the field of photovoltaics. In this
study, we successfully synthesized two inorganic auric—aurous halide perovskites, Rb,Auslg and RbAuCly,
using a straightforward and efficient hydrothermal method, achieving millimeter-sized single crystals.
Single-crystal structural analysis revealed that Rb,Au,lg exhibits a three-dimensional (3D) double perovs-
kite structure, whereas RbAuCl, shows a two-dimensional (2D) Dion—-Jacobson (DJ)-type perovskite
structure. We further analyzed their crystallographic information and elucidated the reasons behind the
structural differences between them. Moreover, first-principles calculations ascertained their high optical
absorption coefficients within the visible light spectrum and indirect bandgap properties. Utilizing theore-
tical models, we discovered that Rb,Au,lg and RbAuCl, exhibit spectroscopic limited maximum efficiency
(SLME) of 30.12% and 22.30%, respectively, in films of 500 nm thickness, signifying their potential candi-
dacy as solar cell absorbers. Theoretical calculations related to thermoelectric properties illustrate high ZT
(thermoelectric figure of merit) values of about 1.4 and 1.2 at 500 K for RbyAu,lg and RbAuCl,, respect-
ively. Based on the significantly shortened synthesis of Rb,Auslg and RbAuCly, our study demonstrated
their potential in the field of optoelectronics and thermoelectric materials, which could lay a solid foun-
dation for future applications in energy-conversion devices.
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Introduction

Over the past two decades, lead halide perovskite (LHP)
materials have emerged as a focal point for next-generation
energy-conversion semiconductor materials due to their
advantageous economic characteristics, high quantum
efficiencies, defect tolerance, high absorption coefficients,
facile solution processability, and adjustable band gaps.'™
Furthermore, LHPs offer extensive application prospects span-
ning photon detectors,* light-emitting diodes,” memristors,®
solar cells,”® and semiconductor lasers,” garnering consider-
able research attention in recent years.'”'' However, their
promising performance as semiconductor materials is hin-
dered by two significant challenges: stability and toxicity.**"?
Toxicity concerns primarily stem from the environmental and
health risks associated with lead.'* Long-term instability arises
from the susceptibility of ionic LHPs to degradation upon
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exposure to light, oxygen, moisture, or heat.”
Gold elements exhibit diverse oxidation states, enabling the
synthesis of a wide range of auric-aurous halide perovskites
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(AAHPs) and derivatives through the manipulation of A-site
cations and X-site halide anions'®'” Moreover, the significant
light absorption coefficients and relatively narrow bandgaps
manifest AAHPs as potential candidates for photovoltaic appli-
cations. Notably, recent advancements made by Fan et al. sig-
nificantly improved the synthesis of hybrid AAHPs using a
highly efficient hydrothermal method,'® in contrast to the
tedious volatilization protocol.’® In the realm of inorganic
AAHPs, researchers have primarily focused on Cs-based
double perovskites: Cs,Au'Au™X, (X = Cl7, Br, 1),"
Cs,Au"Au™Cl;,,%° and CsgAul'MgX,; (M = In**, Sb**, Bi**, X =
Cl7, Br~, I),*' focusing on their crystal structure, chemical
properties, and formation mechanisms. Theoretical calcu-
lations by Debbichi et al. suggest that Cs,Au’Au™I, possesses
an optimal band gap close to the Shockley—Queisser limit,
potentially achieving over 20% photo-conversion efficiency
(PCE).>®> Additionally, Li et al predicted three novel
Cs,AuSbCls, Cs,AulnClg, and Cs,AuBiClgs double perovskites as
promising solar cell absorbers, exhibiting a spectroscopic
limited maximum efficiency (SLME) of approximately 30% in a
500 nm thick film.**

Another significant series of all-inorganic AAHPs, featuring
RDb as the A-site cation, has been reported since the previous
century.”® However, research on these materials has remained
scarce, mainly due to the interminable preparation process. In
this study, two inorganic AAHPs, Rb,Au,ls and RbAuCl,, were
successfully obtained as millimeter-scale single crystals via an
elegantly simple yet highly efficient hydrothermal approach.
Based on the single crystals of two AAHPs, we conducted struc-
tural analysis and, for the first time, elucidated the mecha-
nisms underlying their dimensional variances. The optical
band gaps of Rb,Au,ls and RbAuCl, determined through
UV-Vis absorption spectroscopy were found to be 1.11 eV and
2.37 eV, respectively. Leveraging first-principles calculations,
we explored the optical properties of these perovskites, reveal-
ing the robust light absorption coefficients of two perovskites
within the visible spectrum. Notably, these materials exhibit
exceptionally high SLME values of 30.12% and 22.30%,
respectively, within 500 nm thick films. Additionally, based on
theoretical modeling, both perovskites hold promise for ther-
moelectric applications. Specifically, at a temperature of 500 K,
we anticipate achieving high thermoelectric figure of merit
(zT) values of 1.4 and 1.2 for Rb,Au,ls and RbAuCl,, respect-
ively. Our findings significantly improved the synthesis of
Rb,Au,ls and RbAuCl, while providing predictions for their
outstanding performance in photoelectric and thermoelectric
devices. We believe that our research could shed light on the
future applications of inorganic AAHP materials.

Experimental
Materials and methods

All initial precursor materials and solvents were obtained from
commercial sources and employed without subsequent purifi-
cation processes. Rubidium iodide (RbI, 99.0%), rubidium
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chloride (RbCl, 99.0%), and gold(m) chloride hydrate
(HAuCl,-XH,0, 98.0%) were purchased from Innochem. HI
(57 wt% in H,O) solution was purchased from Aladdin.

Preparation process of single crystals

637 mg (3 mmol) of rubidium iodide (RbI) and 412 mg
(1 mmol) of gold(m) chloride hydrate (HAuCl,-XH,0) were
mixed in 10 ml of deionized water and stirred for 5 minutes.
After that, 0.5 ml of hydroiodic acid (48%) was added to the
mixed solution and then transferred into a Teflon-lined hydro-
thermal reactor. After the hydrothermal reaction at 80 °C for
24 h with a cooling rate of 2 °C h™", black, shiny, and cuboid-
shaped square crystals were successfully obtained. Afterwards,
we kept the obtained single crystals and the reaction residue
in a refrigerator for further crystallization at 5 °C to increase
the single-crystal production rate.

The process of preparing RbAuCl, is similar to that used for
Rb,Au,l, except that the reactants are replaced with 726 mg
(6 mmol) of rubidium chloride (RbCl) and 412 mg (1 mmol) of
gold(m) chloride hydrate (HAuCl,-XH,O). It is noteworthy that
the reaction was able to proceed without the addition of hydro-
chloric acid, as enough chloride ions were already present in
the solution. With the same hydrothermal reaction conditions,
we can get yellow, shiny, and cuboid-shaped square crystals.

Photovoltaic property calculations

First-principles density functional theory (DFT) simulations
were performed with the Vienna ab initio simulation package
(VASP) to study the geometric and electronic structures of the
Au-based perovskites. We adopted the Perdew-Burke-
Ernzerhof (PBE) functional in the generalized gradient
approximation (GGA) to optimize their geometrical structures.

The spin-orbit coupling (SOC) effect is taken into account
in the electronic structure calculations. The electronic con-
stituents are 5d 6s 6p for Au, 5s 5p 6s for I, 55 5p for Cl, and
3p 3d for Rb. For geometric optimization, the Monkhorst-Pack
k-point grid was set as 2 x 9 x 3, while for self-consistent calcu-
lations, it was adjusted to 4 x 6 x 7. We adopted the PBE + SOC
(spin-orbit coupling) function to calculate the band structures
in our investigations. Projector augmented wave pseudopoten-
tials with a cut-off energy of 520 eV were employed.

Thermoelectric property calculations

All the calculations based on density functional theory (DFT)
and the Projector Augmented Wave (PAW) potential were per-
formed using the Device Studio,?® which provides a number of
functions for performing visualization, modeling, and simu-
lation. Structural optimization was performed using DS-PAW
code®® integrated into the Device Studio program. The general-
ized gradient approximation in the Perdew-Burke-Ernzerhof
(PBE) format was used to compute exchange and correlation
energies, and a plane wave basis set cut-off energy of 600 eV
was adopted. Grimme’s DFT-D3 was used for dispersion cor-
rection. To avoid imaginary frequency, a mesh of 16 x 16 x
14 gamma-centered k-points was used for Brillouin-zone inte-
gration. The criterion of electron self-consistent iteration was
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set as 1.0 x 107 eV, and the maximum force was relaxed down
t01.0x10™* eVA™.

Thermoelectric properties were simulated using Nanodcal
code?, which is based on non-equilibrium Green’s function
density functional theory (NEGF-DFT). We used 2 x 2 x 2
supercells to calculate the phonon part. LDA-PZ81 was
employed as the exchange-correlation functional, and the cut-
off energy was set to 80 Hartee. The criterion of electron self-
consistent iteration was set as 1.0 X 10”2 eV.

Results and discussion
Crystal structure analysis

We successfully prepared millimeter-scale single crystals of
3D Rb,Au,l¢ and 2D DJ RbAuCl, using a straightforward
and efficient hydrothermal reaction. After cooling at 5 °C
for 24 hours, black cuboid-shaped crystals of Rb,Au,ls and
yellow cuboid-shaped crystals of RbAuCl, were obtained, as
depicted in the insets of Fig. 1a and b. To further determine
the microstructure of the crystals, scanning electron
microscopy (SEM) images were obtained from these samples,
revealing a regular polyhedron morphology at a magnification
of 2500x (Fig. S1, ESIT). It is worth noting that the single crys-
tals are prone to humidity and should be stored in a vacuum
environment.

The crystal structures of Rb,Au,ls and RbAuCl, were deter-
mined and refined through single-crystal X-ray diffraction at
200 K, as presented in Fig. 1a and b. Analysis of the two single-
crystal structures revealed that Rb,Au,ls and RbAuCl, adopt
perovskite structures composed of corner-sharing octahedra.
Besides different halogen atoms at the X position, the primary
distinction between them lies in that Rb,Au,l¢ crystallizes into
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Fig. 1 Single-crystal X-ray diffraction analysis of (a) RboAu,lg and (b)
RbAuCl,. The blue, orange, gold, red, purple, and green spheres rep-
resent Rb, Au', Au'", I, and Cl atoms, respectively. The insets show the
photographs of the crystals. (c and d) Bond lengths and angles of
Rb,Au,lg and RbAuCly. Rb atoms are omitted in the schematic diagram
for the ease of structural description.
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a 3D double perovskite structure, while RbAuCl, adopts a 2D
layered perovskite configuration. Details of the crystal structure
can be found in Table S1 of the ESL}

Fig. 1a illustrates the structure of Rb,Au,Is, which, at room
temperature, crystallizes in a distorted tetragonal mixed-
valence perovskite structure with a monoclinic phase (space
group C2/m (12)), consistent with the previous reports.””
During the formation of the double perovskite, the Au™ ions
were reduced by iodides, leading to the formation of elemental
iodine and monovalent gold ions (Au®* + 21" — I, + Au®),
resulting in the dualvalent (I and III) B-site auric-aurous
cations. Both Au' and Au™ are coordinated by six iodide ions,
with Au™ directly linked to four iodide ions forming a square
plane [Au™1,]", while Au' is connected to two I” anions to
form linear [Au'l,]”. Therefore, in the structure of Rb,Au,lq,
square-planar [Au™1,]” and linear [Au'l,]” alternate in three
dimensions, forming a 3D corner-shared octahedron network,
with Rb" ions occupying the octahedral voids within the frame-
work. Upon further analyzing the crystal structure, we observed
significant distortion of the octahedra within Rb,Au,I.

According to Corréa et al., the tolerance factor of the double
perovskite can be expressed as:

Ry +R
Y R A+Rx )
V2 (%+ 2 +Rx)

2

where R,, Ry, and Ry~ are the ionic radii of Rb*, Au®, and Au**
and Ry is the ionic radius of iodide ions, respectively.”® The
tolerance factor (¢) must fall within the range of 0.8-1.11 to
support a stable 3D perovskite. A perfect perovskite structure
has ¢t = 1.0, while a distorted structure may form within the
range of 0.8-0.9. The calculated tolerance factor for Rb,Au,l¢
is 0.837, indicating a lower symmetry structure, as supported
by the crystal structure analysis. Fig. 1c illustrates the bond
lengths and angles of the square-planar [Au™I,]” and linear
[Au',]” units. The linear [Au',]” units in Rb,Au,l, are
oriented perpendicularly to the plane of the [Au""I,]” centers
connected through long-range Au---X bonds. Notably, the
equatorial Au---X bonds (3.32 A) in the [Au'I,]” octahedron are
significantly longer than the axial Au-X bonds (2.57 A), result-
ing in a compressed octahedral geometry. In contrast, the
[Au™I,]” centers exhibit elongated octahedra with axial Au---X
bond lengths (3.52 A) much longer than the equatorial Au-X
bond lengths (2.64 A), contributing to a larger octahedral
volume compared to that of [Au'l,]”. Furthermore, the angle of
Au"™-1...Au" between adjacent octahedra was found to be
161.27° (Fig. 1c), inducing a slight twist in the framework. In
summary, these variations in bond lengths and angles
between the octahedra directly result in a distorted perovskite
structure.

Based on a previous study, we assumed that the underlying
cause of such twisted perovskite structures could be elucidated
through the Jahn-Teller effect.”® This phenomenon, also
observed in other AAHPs, involves the distortion of octahedra
by stretching or compressing.’® Due to the splitting of Au-5d
orbitals, lattice distortion occurs spontaneously when Au
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atoms with differing degenerate energy levels are present in
the lattice, aiming to reduce degeneracy. This reduction in
degeneracy leads to symmetry and energy reduction within the
system, facilitating the spontaneous progression of the Jahn-
Teller effect during the formation of the crystal structure.*'*?

The single-crystal structure of 2D DJ AAHP RbAuCl, is illus-
trated in Fig. 1b, exhibiting an ABX,-type perovskite structure
with a monoclinic space group of C2/c (15).*** Within the
RbAuCl, structure, the B-site cations comprise only trivalent
gold ions arranged in a continuous square-planar [Au™Cl,]”
orientation along the horizontal direction. The [AuClg]*~ octa-
hedra are connected by neighboring CI™ anions, forming con-
tinuous octahedron layers horizontally. Furthermore, these
octahedron layers extend uniformly in the vertical (001) direc-
tion, with Rb" cations occupying the interlayer spaces, serving
to balance the charge. A schematic representation of the 2 x 2
x 2 single-crystal structure of RbAuCl, is presented in Fig. S2t
to enhance our comprehension of its layered structure.

In RbAuCl,, there are two types of chemical bonds within
the [AuClg]>~ octahedron centered around Au®*: vertical Au'"-
Cl (2.28 A) and horizontal Au™.--CI (3.63 A) (Fig. 1b). The bond
length along the vertical direction of the [AuClg]’~ octahedron
(2.28 A) is shorter than that along the horizontal axis (3.63 A),
resulting in a compressed octahedral structure. The substi-
tution of halide ions from I" to Cl~ leads to reduced anion
radii in the [AuClg]*~ octahedron, resulting in decreased lattice
constants and volumes compared to those of [Aulg]>".
Consequently, significant gaps between different octahedral
layers are created due to the reduced octahedral volume,
causing increased inter-layer distances. Unlike the arrange-
ment in Rb,Au,l,, the B-site elements in RbAuCl, exclusively
consist of Au®" instead of alternating Au” and Au®" configur-
ations. This deviation is believed to be attributed to the
limited reducibility of C1~, preventing the reduction of Au®" to
Au’ during hydrothermal reactions.

Furthermore, in the RbAuCl, structure, the [AuCls]*~ octa-
hedron within different layers is unable to connect through
shared CI™ ions along the (001) direction, such as between
linear [Au'l,]” and square planar [Au™1,]” units. These factors
ultimately contribute to the distinctive 2D DJ-type perovskite
structure of RbAuCl,, in contrast to the 3D double perovskite
structure of Rb,Au,l,. It is worth noting that, according to eqn
(1), the double perovskite structure of Rb,Au,Clg is theoreti-
cally stable (¢ = 0.875). However, experimental synthesis has so
far been unable to produce single crystals of Rb,Au,Clg, poss-
ibly due to the absence of stable Au" ions in the reaction
system.

Phase identification and optical bandgaps

Fig. 2a and b show the powder X-ray diffraction (PXRD) pat-
terns of Rb,Au,ls and RbAuCl, along with the calculated XRD
patterns of single crystals. The excellent agreement between all
diffraction peaks and the calculated patterns confirms the
phase purity of Rb,Au,ls and RbAuCl, powders. Subsequent
characterization studies were conducted based on the syn-
thesized pure-phase single crystals or powders. The UV-vis
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Fig. 2 (a and b) PXRD patterns of Rb,Au,le and RbAuCl, with the calcu-
lated XRD patterns of the single crystals; (c and e) powder absorption
spectra of RbAu,le and RbAuUCly; (d and f) optical bandgaps determined
using the Tauc plot formula; and (g and h) XPS spectra in the Au 4f
region of Rb,Au,lg and RbAuCl,. The oxidation state of Au and the posi-
tion of the fitting peak are indicated in the figure.

absorption spectra of both compounds are presented in Fig. 2¢c
and e. Rb,Au,ls demonstrates extensive absorption ranging
from approximately 200 to 1200 nm, which is characteristic of
3D narrow bandgap perovskites. In contrast, RbAuCl, exhibits
a narrow absorption peak at 300-550 nm. The optical band-
gaps of the two compounds, calculated precisely from Tauc
plots, are 1.11 and 2.37 eV, as shown in Fig. 2d and f. The 3D
double perovskite Rb,Au,ls shows red-shifted absorption
edges and reduced bandgaps compared to the 2D D] perovs-
kite RbAuCl,, consistent with the trend observed in ABX;-type
perovskites, where the bandgap decreases with increasing
dimensionality. Previous studies have shown that the bandgap
of halide perovskites decreases as the X-site halide radius
increases (from Cl™ to I7), a trend mirrored in our experi-
mental results.

Upon a comprehensive literature review, we attribute the
remarkably low bandgap of Rb,Au,l, to the metal-ligand inter-
valence charge transfer (MLIVCT) between the linear [Au'l,]”
and square [Au'"I,]” units.>® This narrow bandgap character-
istic has also been observed in hybrid AAHPs
((CH3NH;3),Au,X,, X = Br, I), with bandgaps of 1.38 and 1.22
eV, respectively."® Through crystal structure analysis, we
observed a metal-halide-metal bond angle of 161.27° (Au™-
I---Au") in Rb,Au,ls compared to 148.47° (Au™-Cl---Au™) in
RbAuCly, as illustrated in Fig. 1c and d. The smaller bond
angles in RbAuCl, result in more pronounced octahedral dis-
tortion, leading to a larger bandgap (2.37 eV). This trend
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aligns with prior research, suggesting that reductions in the
metal-halide-metal bond angles may lead to an increase in
the bandgap.*® The bandgap of RbAuCl, closely resembles that
of (CH3;NH;)AuCly, a compound with analogous structural fea-
tures, exhibiting a bandgap of 2.50 eV.*” It is noteworthy that
the bandgap of RbAuCl, is significantly lower than those of
lead chloride-based 2D perovskites with similar structures,
with a difference exceeding 1 eV; the latter typically exhibit
bandgaps exceeding 3.5 eV.*® The significantly lower bandgap
of Rb,Au,Is than those of conventional halide perovskites indi-
cates that Rb,Au,ls can function effectively as a light absorber
layer, facilitating the generation of electron-hole pairs
throughout the entire visible spectrum, demonstrating its
potential application in single-junction solar cells.***°
Conversely, the wider bandgap of RbAuCl, (approximately 2.4
eV) indicates its potential use as a semi-transparent upper
absorber in tandem solar cells.*™*?

X-ray photoelectron spectroscopy (XPS), known for its high
surface sensitivity, is widely employed to determine the chemi-
cal composition and valence states of compounds. We con-
ducted a qualitative analysis via XPS on slice samples prepared
from single-crystal powder to confirm the elemental compo-
sition of the two perovskites. The full scan results of the XPS
spectra in Fig. S27 illustrate characteristic peaks of Rb, Au, Cl,
and I, validating the composition of perovskites under investi-
gation. Fig. 2g and h present the valence state of the Au
element. XPS analysis of the two compounds, Rb,Au,ls and
RbAuCl,, revealed the binding energies of the Au 4f regions
fitted using Voigt functions. In Fig. 2g, the Au 4f core level dis-
plays four components at 83.4, 84.2, 86.9, and 87.1 eV, indicat-
ing two distinct chemical environments for the gold ions in
the compound, corresponding to Au” and Au®* states. Fig. 2h
shows XPS spectra for 4f;, and 4f;,, with single peaks, posi-
tioning the 4fs,, peak at 87.1 eV and the 4f;, peak at 84.2 eV,
confirming the exclusive Au®" oxidation state of gold in
RbAuCl,.

Thermal stability is crucial for viable applications in opto-
electronics, and TGA/DTG (thermogravimetric analysis/deriva-
tive thermogravimetry) analysis was conducted on two perovs-
kite powders to understand their thermal decomposition path-
ways. In Fig. S4a,T Rb,Au,ls exhibits a single-step degradation
behavior (P1) in its TGA curve. The DTG curve shows this
decomposition process more intuitively, with the decompo-
sition initiated at 110 °C (7y) and concluding at 260 °C (T5).
Following the decomposition stage, Rb,Au,ls experiences a
37% mass loss, attributed to the release of I,, with metal Au
and RbI being identified as the primary decomposition pro-
ducts. In Fig. S4b,T the TGA curve of RbAuCl, reveals a two-
stage thermal decomposition process: phase 1 (P1) and phase
2 (P2). Similarly, the accurate temperature of the enthalpy
change peak was obtained by analyzing the DTG curve. Phase
1 commences at an onset temperature (7,) of 280 °C, resulting
in a gradual weight loss, with a 10% mass reduction at Tg =
360 °C, corresponding to the weight of Cl,. Subsequently, as
the temperature rises to T = 470 °C, a further 25% mass loss
occurs, completing Phase 2, with the remaining mass corres-
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ponding to Au and RbCl. Our analysis indicates that Rb,Au,Is
exhibits comparable thermal stability (above 100 °C) with
MAPDX; (X = Cl/Br/I), while RbAuCl, shows superior thermal
resistance, initiating decomposition at 280 °C. Previous
studies have shown that Ruddlesden-Popper perovskites con-
taining CI~ as the halide component tend to exhibit enhanced
thermal stability, potentially explaining the different thermal
behaviors of Rb,Au,ls and RbAuCl,.****

For elucidating the electronic structures and semiconductor
properties of Rb,Au,ls and RbAuCl,, we employed the Vienna
Ab initio Simulation Package (VASP) with the Perdew-Burke—
Ernzerhof (PBE) functional incorporating spin-orbit coupling
(SOC) to compute the band structures and density of states
(DOS).***” Fig. 3a illustrates the electronic band structure of
Rb,Au,ls across high-symmetry points, revealing an electronic
bandgap of 0.68 eV. Similarly, the bandgap of RbAuCl, was
determined to be 1.95 eV (Fig. 3b). The calculated bandgaps,
though slightly smaller by 0.43 eV and 0.42 eV for the 3D and
2D perovskites, respectively, than the experimental values, are
consistent with DFT calculations usually underestimating
results due to artificial self-interaction and the exchange-cor-
relation potential discontinuity from the valence to conduction
bands. This trend has been observed in the bandgap calcu-
lations of other AAHPs,'®'*** confirming the reliability of our
computational results. Despite prior reports*® suggesting a
direct bandgap for Rb,Au,ls, our single-crystal-based calcu-
lations demonstrate an indirect bandgap for this compound
with the conduction band minimum (CBM) at G and the
valence band maximum (VBM) at Y (Fig. 3a). Similarly,
RbAuCl, also exhibits an indirect bandgap nature.

-
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Fig. 3 Electronic band structures and PDOS of compounds (a and c)
Rb,Auslg and (b and d) RbAuCl,. Electron localization function contour
plots of (e) Rb,Au,le and (f) RbAuCl, (displayed on the (1, 1, —1) lattice
plane).

This journal is © the Partner Organisations 2024


https://doi.org/10.1039/d4qi00816b

Published on 28 2024. Downloaded on 08/01/2026 10:52:56.

Inorganic Chemistry Frontiers

To qualitatively comprehend the bonding characteristics
and identify the different atomic orbital contributions, the
normalized total and projected density of states (TDOS and
PDOS) for the perovskites are depicted in Fig. 3¢ and d, provid-
ing insights into their semiconductor properties. In the PDOS
of Rb,Au,ls, the VBM originates from Au-d and Cl-p orbitals
(Fig. 3(c)). The difference in angular momentum between the
Au'-d and Au’*-d orbitals, caused by Au-d orbital splitting,
leads to asymmetry in these double perovskites. Consequently,
the VBM shifts from the G point to the Y point, rendering
Rb,Au,]; an indirect bandgap material.’ In addition, the CBM
in Rb,Au,I consists mainly of I-p orbitals, with a minor contri-
bution from Au-d orbitals. The analysis of the PDOS reveals
that the Rb" cation does not significantly contribute to near
band edges, indicating its role primarily as a charge donor to
stabilize the perovskite structure, aligning with observations
from traditional halide perovskite compounds.

As illustrated in Fig. 3(d), the VBM and CBM of RbAuCl, are
formed by the hybridization of Au-d orbitals and Cl-p orbitals,
with Cl-p orbitals exerting a more substantial influence on
both the CBM and VBM. Similar to the findings in Fig. 3(c),
the Rb" cation does not contribute significantly to near band
edges. Subsequent analysis of the electronic band structure
reveals a significantly larger bandgap for RbAuCl, compared to
that for Rb,Au,ls. This augmentation is attributed to the
halogen atom substitution from I to Cl at the X position,
leading to a reduction in the energy levels of the halogen’s out-
ermost orbitals. This transition elevates the CBM, resulting in
a pronounced expansion of the bandgap.*®*® With a 2D per-
ovskite structure, RbAuCl, experiences quantum confinement
effects, such as the Rashba and Dresselhaus effects.>® These
effects restrict the movement of electrons and holes in specific
dimensions, leading to increased effective mass and decreased
carrier mobility. Additionally, quantum confinement in 2D
perovskites causes the effective mass of electrons and holes to
increase relative to their momentum space distribution, result-
ing in indirect bandgap characteristics.>® In summary, the 2D
structure and quantum effects of RbAuCl, contribute to its be-
havior characteristic of an indirect bandgap.

To further study the interatomic bonding and charge trans-
fer, we performed the electron localization function (ELF) ana-
lysis of the (1, 1, —1) lattice planes of Rb,Au,ls and RbAuCl,
(see Fig. 3(e and f)). Based on a second-order Taylor expansion
of sphere average pair density,>* the ELF can be used to visual-
ize atomic shell structures and the distribution of bond pairs,
thus monitoring the electron distribution change during the
formation and breaking of the bonds.”® The smaller ELF value
(approaching 0) implies that the electron has an ultra-low
density between two atoms with a typical ionic bond character.
Conversely, while the ELF approaches 1, electrons are highly
localized between two atoms, indicating the presence of an
ideal covalent bond.>**®

The ELF calculations clearly show the bonding properties
between the metal cations (e.g., Au" and Rb") and the X-site
halide ions (I” and CI7). As shown in Fig. 3(e and f), the elec-
tron sharing behavior between Au®, Au®**, and the X-site halide
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anions indicates a stronger covalent bond. The lower ELF
values between Rb" and other ions represent the interactions
between Rb" and [AuX]~ (X = Cl or I) units, corresponding to
ionic bonds. This convinced us that there is a strong charge
transfer between the ionic units in the perovskite structure,
enhancing the stability of the structure.

Optical and photovoltaic properties

Following a comprehensive analysis of the bandgap properties
of both materials, we proceeded with further investigation of
their band structures. The calculated carrier masses of
Rb,Au,Is and RbAuCl, were determined to be 0.58m, and
3.03my, respectively (Table S2%). The effective mass, derived
from fitting the CBM and VBM of the materials, is inversely
related to the curvature of the band edge: a steeper (flatter)
curvature signifies a smaller (larger) effective mass and a faster
(slower) carrier mobility. Consequently, the significant differ-
ence in CBM and VBM configurations between Rb,Au,ls and
RbAuCl, engenders a notable contrast in their effective carrier
masses. It is worth noting that Rb,Au,ls exhibits a relatively
lighter carrier mass (|meg| < 1), a characteristic that extends
the carrier lifetime and enhances photovoltaic performance.

To delve deeper into the potential applications of the two
materials in photovoltaics, we employed the PBE + SOC
method to calculate their dielectric constants (e) and exciton
binding energies (Ep). The dielectric constants were found to
be 6.83 and 3.21 for Rb,Au,ls and RbAuCly, respectively, with
Ey, values of 67 meV and 620 meV, as shown in Table S2.f
Notably, the exciton binding energy of Rb,Au,ls (67 meV)
closely approximates that of the -classic light-absorbing
material MAPbI; (48 meV).”® This relatively low Ej, signifies a
significant energy difference between electrons and holes,
thereby reducing the likelihood of recombination.®”
Consequently, excitons generated in Rb,Au,ls can readily dis-
sociate into free charge carriers, thereby achieving high photo-
voltaic conversion efficiency. Combining suitable bandgaps,
light carrier masses, and modest exciton binding energies,
Rb,Au,ls shows promise as a solar cell absorption layer.

On the other hand, in RbAuCl,, the presence of Rb* ion
spacing layers induces a low dielectric constant region
between the [AuClg]*~octahedron layers, resulting in quantum
confinement and dielectric confinement effects that increase
the Ep. However, higher E;, values typically hinder charge
carrier transport.>® Therefore, for the practical implementation
of RbAuCl, in photovoltaic cells, achieving a high-quality per-
ovskite film with vertical orientation to the substrate is
crucial.>*>®® It is noteworthy that semiconductors with high
exciton binding energies are more favorable in light-emitting
applications since the radiative recombination that occurs
through excitons can reach high quantum yields at relatively
lower carrier densities.®’ As RbAuCl, exhibits a high E,, it is
advantageous for achieving a higher photoluminescence
quantum yield (PLQY) and holds potential for applications in
the field of light-emitting devices.®®

The PBE method was then utilized to calculate the optical
absorption coefficients of the two compounds, aimed at evalu-
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Fig. 4 Optical properties of Rb,Au,lg and RbAuCl,. (a) Calculated absorption spectra of average optical directions and (b) different optical polariz-

ations. (c) SLME as a function of film thickness.

ating their potential as absorber layers in solar cells. A sharp
increase in the optical absorption coefficient is observed near
the bandgap edge for both Rb,Au,ls and RbAuCl,, with
absorption coefficients in the visible light region near the
bandgap reaching values as high as 10> cm™, as depicted in
Fig. 4a. The significant optical absorption coefficient is attrib-
uted to the flat and dense bands near the band edges (see
Fig. 3a and b), resulting in a well-defined joint density of states
(JDOS).>* This elevated density implies that more electrons
and holes can participate in transitions, thus increasing the
optical absorption coefficient even through an indirect tran-
sition mechanism. Furthermore, in materials with indirect
bandgaps, the relaxation of excited electron-hole pairs to the
VBM and CBM is influenced by the mismatch in crystal
momentum. This relaxation mechanism suppresses radiative
recombination, enhancing long-carrier diffusion. The pro-
longed diffusion length of charge carriers means that the gen-
erated electrons and holes can migrate longer distances within
the material, allowing for charge separation and collection
over a larger range, further enhancing the collection efficiency
of photogenerated charge carriers and improving device per-
formance. Comparatively, the light absorption coefficient of
RbAuCl, is lower than that of Rb,Au,ls, attributed to its
unique 2D structure. Within the crystal structure of RbAuCly,
the octahedral layers are separated by Rb cations along the
c-axis (001) direction, impeding carrier transfer along this axis
and consequently resulting in a reduced absorption coeffi-
cient. Overall, our calculations suggest that both perovskites
demonstrate high absorption efficiency.

We then calculated the absorption coefficients of the two
compounds in various light polarization directions, as illus-
trated in Fig. 4b. By comparing the optical absorption intensi-
ties in different directions, we observed significant optical an-
isotropy stemming from the distortion in their cubic crystal
structures. Further examination revealed that the absorption
coefficient strength (a,,) perpendicular to the ab plane in the
(001) direction is approximately equal to that in the (100) direc-
tion (ay,), with both values lower than the absorption coeffi-
cient (ayy) in the (010) direction. This disparity is more pro-
nounced in the absorption spectrum of Rb,Au,ls than in that

5216 | /norg. Chem. Front,, 2024, 1, 5210-5220

of RbAuCly, possibly due to transitions between different oxi-
dation states of Au atoms.>® Optical anisotropy plays an indis-
pensable role in diverse optical components and can be lever-
aged by aligning crystal growth orientation in thin films to
maximize light absorption, thereby enhancing the photovoltaic
performance of devices.>®

Furthermore, the anisotropic light absorption of perovskite
materials can also be exploited in photodetector fabrication.®®
By capitalizing on absorption direction variations, efficient
detection of light signals with specific orientations and polar-
ization states can be achieved, thereby heightening sensitivity
and enhancing the performance of photodetectors.’®°
Additionally, we evaluated the potential efficacy of the two
compounds as solar cell absorbers using the SLME metric,
which influences the optical absorption spectrum, the thick-
ness of the thin-film absorber, and the magnitude of band-
gaps.®® In Fig. 4c, it is evident that with an absorber layer
thickness of 500 nm, Rb,Au,ls and RbAuCl, show predicted
SLMEs of 30.12% and 22.30%, respectively. The significant
SLME of Rb,Au,l; is attributed to its superior light absorption
capability and appropriate bandgap. Moreover, the SLME of
the 2D DJ perovskite RbAuCl, slightly surpasses that of
Cs,Au,]g (21.50%), indicating that it is a promising lead-free
alternative.>® Despite the usual variations between theoretical
predictions and actual solar cell efficiencies due to various
factors like interfacial effects, surface defects, and incomplete
light absorption, the SLME metric remains valuable.
Therefore, considering the outstanding theoretical perform-
ance and actual bandgap values of Rb,Au,l,, it more effectively
fulfills the criteria of a single-junction solar absorber.
Meanwhile, the marginally larger optical bandgap of RbAuCl,
renders it better suited for application in tandem solar cells.

Thermoelectric properties

Semiconductive perovskites are considered suitable thermo-
electric materials because they efficiently convert heat differen-
tials into electrical energy.'® A narrow bandgap allows for a
higher density of states near the Fermi level, leading to an
increased electrical conductivity and Seebeck coefficient,
resulting in a higher power factor. Based on the crystal struc-
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tures of the two perovskites, we employed the linear combi-
nation atomic orbital basis set (LCAO) method within the
framework of Density Functional Theory (DFT) to calculate
their thermoelectric properties.

Initially, the phonon spectra of the two perovskites were
computed, as shown in Fig. S5(a and b),T revealing the
absence of imaginary frequencies, thus confirming the
thermodynamic stability of the crystal structures. The thermo-
electric performance of a material can be assessed using the
figure of merit (ZT = S>6T/x), where S represents the Seebeck
coefficient, o denotes the electrical conductivity, T signifies the
absolute temperature, and x encompasses both electronic ()
and lattice (k) thermal conductivity. From the figure of merit
calculation formula, it is evident that enhancing thermoelec-
tric efficiency requires simultaneous improvement of the
material’s Seebeck coefficient and electrical conductivity while
simultaneously reducing thermal conductivity.

The thermoelectric parameters were evaluated as a function
of the chemical potential m at temperatures of 300, 350, 400,
450, and 500 K for Rb,Au,l; and RbAuCl,. When the chemical
potential m > 0, S exhibits an n-type character, while with m <
0, it demonstrates a p-type character. Fig. 5(a and b) presents
the correlation between the S and the chemical potential, m,
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for Rb,Au,ly and RbAuCl,. First, it was observed that S
decreased with increasing temperature. By comparing S values
at the same temperature corresponding to identical chemical
potentials, the magnitude of S for RbAuCl, was found to be
greater than that of Rb,Au,ls. Taking 300 K as an example,
under identical chemical potential conditions, the S of
RbAuCl, surpassed that of Rb,Au,ls. Specifically, RbAuCl,
demonstrated a maximum S of 2584.3 mV K ', corresponding
to m = —0.05 eV, whereas Rb,Au,I exhibited a maximum S of
1136.0 mV K™, corresponding to m = 0.73 eV. Moreover, S
underwent rapid changes as m increased or decreased, as
shown in Fig. 5(a and b). When the band structures and scat-
tering mechanism remain unchanged, the S of a semi-
conductor material can be described using the following
equation:

8m2Kp? 2/3
§= gehf WT(%) (2)

where Ky represents the Boltzmann function, e denotes the
elementary charge, m* corresponds to the effective mass of
charge carriers, n signifies the carrier concentration, and # rep-
resents the reduced Planck constant. The disparity in S
between Rb,Au,ls and RbAuCl, can be elucidated through the
perspective of carrier mass. Based on our computed electronic
band diagrams, the carrier masses (m*) of Rb,Au,ls and
RDbAuCl, are recorded as 0.58m, and 3.03m,, respectively (as
shown in Table S2t). As per eqn (2), S exhibits a positive corre-
lation with the carrier mass m*. Consequently, the increased
carrier mass of RbAuCl, plausibly contributes to its elevated S.
The conductivity ¢ values of Rb,Au,ls; and RbAuCl, are
depicted in Fig. 5(c and d). The conductivities of both perovs-
kite materials decrease with increasing temperature. At 300 K,
Rb,Au,ls reaches its maximum conductivity in the p-type
region (m < 0), with a peak located at —1.56 eV, reaching 0.99 x
10* S em™. In the n-type region (m > 0), its maximum conduc-
tivity peaks at 1.27 eV with a value of 0.63 x 10* S cm™". In
comparison, the maximum conductivity of RbAuCl, in the
p-type region peaks at —1.05 eV, reaching 3.42 x 10* S ecm™,
while in the n-type region, its maximum conductivity peaks at
0.93 eV with a value of 1.35 x 10* S em™". Overall, RbAuCl,
exhibits higher conductivity compared to Rb,Au,ls.

Fig. 5(e and f) illustrates the electronic thermal conductivity
(xe) of the two perovskites. A noticeable increase in the elec-
tronic thermal conductivity is observed for both perovskite
materials with escalating temperatures. Specifically, the peak
thermal conductivities of Rb,Au,Is and RbAuCl, were observed
at m = —1.46 eV and m = 1.04 eV, respectively, yielding values
0of 9.31 W K m™" and 10.19 W K™* m™'. Then, the ZT values
of both perovskites were calculated based on the outcomes of
S, 0, and k.. Fig. 5(g and h) delineates the trend of ZT concern-
ing temperature and m. Notably, to mitigate the influence of
lattice thermal conductivity (k;), Density Functional
Perturbation Theory (DFPT) was employed for the compu-
tation, as depicted in Fig. S5 (c and d). Relative to «, the x of
both perovskites undergoes a reduction by an order of magni-
tude, aligning with the characteristic ultra-low lattice thermal
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conductivity ~ inherent in  perovskite = materials.®”’%®
Consequently, the impact of lattice thermal conductivity on
the thermoelectric performance of the investigated materials
is deemed negligible. Both perovskites exhibit sharp peaks in
the figure of merit. For Rb,Au,ls, the ZT peak is observed at m
= 1.13 eV, reaching approximately 1.44 at 500 K. The corres-
ponding values for S and electrical conductivity ¢ are
—-218.75 mV K™' and 800 S cm™", respectively. On the other
hand, RbAuCl, shows the highest ZT of 1.16 at 500 K, located
at m = —0.65 eV. The corresponding S and ¢ values are 440 mV
K" and 580 S cm™, respectively.

Subsequently, we proceed to elucidate the high thermoelec-
tric performance of two AAHPs from an electronic perspective.
It is well-established that the shape of the electronic band
structure and DOS play a crucial role in influencing the ther-
moelectric properties of semiconductor materials. As depicted
in Fig. 4(a and b), compared to Rb,Au,ls, RbAuCl, exhibits a
flatter band structure, implying a higher carrier mobility.
Notably, both Rb,Au,ls and RbAuCl, display significant asym-
metry in the DOS near the Fermi level, characterized primarily
by the resonant peaks in close proximity. These DOS peaks
near the Fermi level lead to a significant increase in electron
density at relevant energy levels, potentially boosting the
carrier concentration and thereby enhancing the electron
mobility and conductivity.®® Consequently, the increased
carrier mobility augments the thermoelectric effect near the
Fermi level, manifested by larger Seebeck coefficients, ulti-
mately reinforcing the thermoelectric performance of the
AAHPs.”’

Conclusion

In summary, we have successfully synthesized AAHPs,
Rb,Au,ls and RbAuCl,, through a modified efficient hydro-
thermal method, yielding millimeter-scale single -crystals.
Compared to previous synthesis approaches, the significantly
improved synthetic procedure could accelerate the practical
application of these materials. Subsequent analysis of their
crystal structures revealed that Rb,Au,ls features intercon-
nected octahedra in 3D space, constituting a 3D double perovs-
kite, while the octahedron layers of RbAuCl, are separated by
Rb ions, forming a 2D DJ-type perovskite. Furthermore, by
integrating experimental characterization with theoretical cal-
culations, both materials were found to have optical bandgaps
of 1.11 eV and 2.37 eV, respectively, along with high absorption
coefficients. Notably, with a film thickness of 500 nm,
Rb,Au,ls and RbAuCl,; showed high SLMEs of 30.12% and
22.30%, respectively, as absorber layers in thin-film solar cells,
rendering them promising light-absorbing materials.
Moreover, given the high exciton binding energy and inherent
optical anisotropy of RbAuCl,, we posit significant potential
for luminescence applications. Our theoretical predictions
indicate that both perovskites are excellent medium-tempera-
ture thermoelectric materials, with ZT values reaching approxi-
mately 1.4 and 1.2 at 500 K for Rb,Au,ls and RbAuCl,.
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Currently, the exploration of film fabrication techniques for
these two materials is progressing steadily in our laboratory,
with the anticipation of their imminent application in actual
photovoltaic or thermoelectric devices. This study lays a solid
foundation for the practical application of inorganic AAHP
materials in the field of energy conversion.
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