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ABSTRACT. Replacement of the toxic heavy element lead in metal halide perovskites has been
attracting a great interest because the high toxicity along with poor air stability are two of the major
barriers for their widespread utilization. Recently, mixed-cation double perovskite halides, also
known as elpasolites, were proposed as an alternative lead-free candidates for the design of non-
toxic perovskite solar cells. Herein, we report a new nontoxic and air stable lead-free all-inorganic
semiconductor RbsAg>BiBr9 prepared using the mixed-cation approach; however, RbsAg>BiBro
adopts a new structure type (Pearson’s code oP32) featuring BiBre¢ octahedra and AgBrs square
pyramids that share common edges and corners to form a unique 2D layered non-perovskite
structure. RbsAg:BiBry is also demonstrated to be thermally stable with the measured onset
decomposition temperature of To = 520 °C. Optical absorption measurements and density
functional theory (DFT) calculations suggest a nearly direct band gap for RbsAg:BiBro. Room
temperature photoluminescence (PL) measurements shows a broadband weak emission. Further,
temperature-dependent and power dependent PL measurements show a strong competition
between multiple emission centers and suggests the coexistence of defect-bound excitons and self-

trapped excitons in RbsAg2BiBro.



INTRODUCTION

Metal halide perovskites have been at the forefront of solid state materials research in the past
decade owing to their excellent optoelectronic, ferroelectric and semiconducting properties.!¢
Among them, lead-based halide perovskites have been successfully incorporated into
optoelectronic devices including solar cells with record efficiencies over 23%,’ light-emitting
diodes,*’ and ionizing radiation detectors.'’ The remarkable rise in power conversion efficiency
allows consideration of Pb-based halide perovskite solar cells for commercialization, however,
two obstacles remain: (i) the presence of the toxic heavy element Pb and (ii) poor stability of halide
perovskites in a moist outdoor environment. In principle, altering the chemical composition and
crystal structure of the absorber material should provide a solution to both of these critical
concerns. Thus, a number of alternative non-Pb metal systems have been considered including the
homovalent substitution of Pb** with Sn?* and Ge**.!!"!* Despite some early success with Sn- and
Ge-based compositions that resulted in fabrication of working solar cell devices based on MASnI3
(where MA = CH3NH3),!? the Sn- and Ge-based compositions are not actively considered for
commercialization due to their extreme sensitivity to ambient air.'*

The Bi*" ion is isoelectronic with Pb?*, therefore, a heterovalent substitution of Pb>" with Bi**
has also been explored in literature.'> To preserve the charge balance, this substitution must be
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accompanied by further compositional changes such as in the cases of MA3Bi2lo'™"’ which features

1819 3 double perovskite featuring Ag™ and

a one-third Bi-deficient composition, and Cs2AgBiBrs
Bi** instead of Pb?>". Metal deficient compositions such as MA3Bi2lo exhibit low-dimensional
crystal structures (e.g., zero-dimensional (0D) “molecular” or two-dimensional (2D) layered

perovskite structures depending on the metal and halide combinations) and therefore, generally

have larger band gaps and poorer electronic transport properties.?’ In comparison, the emergence



of the elpasolite-type double perovskites Cs2AgBiXes (X = Cl, Br) was a major breakthrough
because (i) the three-dimensional (3D) connectivity of metal halide network is preserved in these
compounds and (ii) the all-inorganic compositions are expected to be more stable.”?!>> However,
further experimental and computational investigations revealed that Cs2AgBiXe have larger
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indirect band gaps above 1.9 e making their implementation in solar cells challenging.

1.%7 investigated the excitons mechanisms on the halides

Moreover, very recently R. Kentsch et a
double perovskite Cs2AgBiBre using femtosecond laser spectroscopy. They reported the presence
of a very high exciton binding energy and strong electron-phonon coupling similarly to the case
of Cs3Bi2Bry and BiBr3, which induce unwanted electron-hole recombination and hamper carrier
transport, and thus clearly limit their applicability in perovskite solar cells. Therefore, a new
strategy is required for efficient carrier extraction at the interfaces of the double halide perovskite
with electron and hole transport layers. The over-arching conclusion from the work on Bi-based
Cs2AgBiXe double perovskites is that the search for nontoxic Bi compositions must expand to
other structure types.2

Despite the challenges associated with using Cs2AgBiXe in solar cells, these materials have
recently been incorporated into X-ray detectors with low detection limit and high X-ray stability.?"
2 Particularly advantageous properties of Cs2AgBiBrs for radiation detection applications include
the presence of heavy elements with the average Z value of 53.1,%° long carrier lifetimes due to the
indirect band gap and higher resistivity that yields reduced noise current.?-3

Here, we report a new nontoxic Bi-based all-inorganic semiconductor RbsAg>BiBr9. Similar to
the Pb-based halide perovskites, Rb4Ag:BiBro can be conveniently obtained as large crystals

measuring up to 1 cm in length using solution-based approaches. To the best of our knowledge,

RbsAg2BiBr9 is the first compound discovered in the quaternary Rb-Ag-Bi-Br phase diagram.



RbsAg2BiBr9 adopts a new structure type (Pearson’s code oP32) featuring BiBrs octahedra and
AgBrs square pyramids that share common edges and corners to form a 2D layered non-perovskite
structure. However, there are elongated interlayer Ag-Br contacts, which complete the octahedral
coordination around Ag atom, leading to a quasi-3D structure of the compound. Our thermal and
air stability tests revealed that RbsAg:BiBro is stable in ambient air for weeks and has also
improved thermal stability with an onset decomposition temperature of To = 520 °C.
Photoluminescence (PL) measurements show a broadband emission composed of several sub-
bands. Further, temperature-dependent and power-dependent PL. measurements show a strong
competition between multiple emission centers suggesting the coexistence of bound excitons and
self-trapped excitons. Density functional theory (DFT) calculations performed on this compound
show that it provides a nearly direct band gap of 1.69 eV (less than 0.01 eV difference between
the direct and indirect band gaps) and flat bands near the Fermi level consistent with its low
dimensional crystal structure. We discuss the potential of RbsAg:BiBro and its substitution
derivatives for optoelectronic applications based on our combined experimental and theoretical
results.
EXPERIMANTAL SECTION

Chemicals. All chemicals used in this study were either used as purchased or synthesized from
the starting materials listed: (i) rubidium bromide, 99.8%, Alfa Aesar; (i1) bismuth(III) bromide,
anhydrous, powder, 99.998% trace metals basis, Sigma Aldrich (iii) hydrobromic acid, 48 wt. %
in H20; (iv) silver nitrate, Sargent-Welch; (v) potassium bromide, Fisher Scientific.

Synthesis of RbsAg:BiBry. All synthetic preparations were carried out in air. Polycrystalline
AgBr was precipitated from stoichiometric amounts of as prepared aqueous solutions of

AgNOs(aq) and KBr(aq). The resulting solid was filtered out and then dried under vacuum



overnight under inert atmosphere. RbsAg2BiBro single crystals were grown through slow
evaporation of a stoichiometric solution containing a 4:2:1 molar ratio of RbBr:AgBr:BiBr3
reactants in hydrobromic acid, 48 wt. % in H20. The solution synthesis experiment was carried
out in a small vial (20 mL) at 90 °C for 1 hour. The RbsAg>BiBry single crystals formed as large
(up to 1 cm in length) yellow colored blocks in hours (see Figure S1(a) in the Supporting
Information file (SI)). Crystals were also grown at a higher temperature of 130 °C; however, the
quality of crystals produced were generally poorer compared to the low temperature growth
described above.

Microscopy. Single crystals of Rb4Ag2BiBro are shown in Figure S1(a), which was taken using
a Leica S6D microscope equipped with a EC4 camera. Energy Dispersive X-ray (EDX)
spectroscopy measurements were run on a Zeiss Neon EsB equipped with an Oxford Instruments
EDX system. Elemental analysis of RbaAg:BiBro crystals yields an average composition of
26.45% of Rb, 11.95% of Ag, 5.85% of Bi, and 55.75 % of Br, which present a good agreement
with the calculated values; 25% of Rb, 12.5% of Ag, 6.25% of Bi, and 56.25% of Br (see Figure
S1(b)).

Single crystal X-ray diffraction. Single crystal X-ray diffraction (SXRD) data were collected
on a Bruker D8 Quest with a Kappa-geometry goniometer, an Incoatec Imus X-ray source
(graphite-monochromated Mo-Ka (4 = 0.71073 A) radiation), and a Photon II detector. The data
were corrected for absorption using the semi-empirical method based on equivalent reflections and the
structure was solved by intrinsic phasing methods (ShelXT) as embedded in the APEX3 v2016.9.0
program.®! All atoms were refined with anisotropic displacement parameters. Site occupancy factors
were checked by freeing occupancies of each unique crystallographic site. In the last refinement cycle,

the unit cell axes and the atomic coordinates were standardized using the software STRUCTURE



TIDY .32 Details of the data collection and crystallographic parameters are given in Table 1. Atomic
coordinates, equivalent isotropic displacement parameters, and selected interatomic distances and bond
angles are provided in Tables S1 and S2 in the SI. Additional information on the crystal structure
investigations at room temperature can be obtained in the form of a CIF (Crystallographic Information
File), which was deposited in the Cambridge Crystallographic Data Centre (CCDC) database
(deposition number 1871838).

Powder X-ray diffraction. Powder X-ray diffraction (PXRD) measurements were carried out
at room temperature on a Rigaku MiniFlex600 system equipped with a D/tex detector using Ni-
filtered Cu-Ka radiation source. Typical PXRD scans were collected in the 3-90° (20) range, with
a step size of 0.2° to determine phase identity and purity. The collected data were fitted using the
decomposition method (also known as Pawley fitting) as embedded in Rigaku’s PDXL2 software
package.’® To study the air stability of the Rb4Ag2BiBro, the sample was left in ambient air on a
laboratory bench for 23 days and PXRD was measured periodically under the same conditions as

described above.

Table 1. Selected room temperature single crystal data and structure refinement parameters for

RbsAg2BiBro9

Formula RbsAg2BiBr9

Formula weight (g/mol) 1485.79

Temperature (K) 298(2)

Radiation, wavelength (A) Mo Ka, 0.71073

Crystal system Orthorhombic

Space group, Z Pnnm, 2

Unit cell parameters (A) a = 8.4426(6)
b=12.9149(8)
c=9.9572(7)



Volume (A%) 1085.69(13)

Density (pealc) (g/cm?) 4.545
Absorption coefficient (1) (mm™) 35.318
Omin — Omax (°) 2.58 —36.24
Reflections collected 14815
Independent reflections 1370
R* indices (I > 20(1)) R1=0.0277

wR2 = 0.0463
Goodness-of-fit on F? 1.088
Largest diff. peak and hole (e/A%) 1.141 and -1.688

R, = X|IE| = |||/ ZIF,|; wR, = |ZIw(FE — EX?|/ ZIw(FA?||M/?, where w = 1/|0%F} +
(AP)? + BP|, with P = (F? + 2F?)/3 and weight coefficients 4 and B.

Thermogravimetric Analyses. Thermogravimetric analysis (TGA) of the polycrystalline
powder of RbsAg2BiBr9 were performed using a TA Instruments SDT 650 thermal analyzer
system. The sample was heated at a rate of 10 °C/min from 25 °C to 1300 °C under an inert flow of
dry nitrogen gas.

Optical measurements. Room temperature diffuse reflectance spectrum was measured on a
polycrystalline powder sample of RbsaAg:BiBr9 using a high-resolution PerkinElmer LAMBDA
750 UV-Vis—NIR spectrometer equipped with a 100 mm InGaAs integrating sphere attachment.
Photoluminescence excitation (PLE) measurements were performed at ambient temperature using
a HORIBA Jobin Yvon Fluorolog-3 spectrofluorometer equipped with a Xenon lamp and Quanta-
¢ integrating sphere. Temperature dependence and power dependence PL measurements were
done on single crystals of RbsAg:BiBr9 under excitation by the 325 nm line of a HeCd laser

(Kimmon Electric HeCd dual-wavelength laser, model: IK552R-F). The sample was placed on the



cold finger of a helium closed-cycle cryostat and the measurements were performed from 4 to 295
K.

Electronic structure calculations. All calculations were based on density functional theory
(DFT) implemented in the VASP code.** The interaction between ions and electrons was described
by projector augmented wave method.* The kinetic energy cutoff of 350 eV for the plane-wave
basis was used. Experimental lattice parameters were used while the atomic positions were fully
relaxed until the residual forces were less than 0.01 eV/ A. The electronic band structure and
density of states (DOS) were calculated using Perdew—Burke—Ernzerhof (PBE) exchange-
correlation functional.*® Spin-orbit coupling (SOC) was included.

RESULTS AND DISCUSSION

Crystal structure description. RbsAg:BiBry crystallizes in the centrosymmetric space group
Pnnm (No. 58) with seven crystallographically unique atoms in the asymmetric unit. Following
the differences in electronegativity between the constituent elements, the structure of Rb4Ag2BiBro
can be rationalized as polyanionic [Ag2BiBro]* layers stacked along the a-axis and Rb* cations
filling the interlayer space (Figure 1). The alternating polyanionic [Ag2BiBro]* layers along the a-
axis are identical; neighboring anionic layers are inverted and shifted by half a unit cell along the
b- and c-axes with respect to each other. The polyanionic [Ag2BiBro]* layer itself is formed by
square pyramidal AgBrs and octahedral BiBrs building blocks. Thus, there are [Ag2Brs] chains
containing edge- and corner-shared AgBrs square pyramids extending along the b-axis, which are
stitched along the c-axis by corner sharing BiBrs octahedra to yield the polyanionic [Ag2BiBro]*

layers.



Figure 1. (a) A polyhedral representation of the crystal structure of RbsAg:BiBro showing
alternating polyanionic [Ag2BiBro]* layers stacked along the a-axis. (b) A top view of a segment
of a [Ag2BiBro]* layer, which is composed of alternating [ Ag2Brs] and [BiBr4] slabs. The [Ag2Brs]
chain contains edge- and corner-shared AgBrs square pyramids, and are stitched along the c-axis
by corner-shared BiBrs octahedra to yield the polyanionic [Ag2BiBro]* layers.

Coordination environments around metal cations are noticeably different in RbsAg2BiBro
compared to the ABXs perovskite structure that features large A cations in the cubooctahedral
environment (with coordination number (CN) of 12) and smaller B cations in the octahedral
environment (CN = 6). Here, the large interlayer cation Rb sits in a distorted square antiprism
made of Br atoms (CN = 8); whereas, Ag and Bi have square pyramidal (CN = 5) and octahedral
(CN = 6) environments, respectively (Figure 2). The BiBrs octahedra are almost regular with
measured Bi-Br bond distances of 2.8582(5) —2.8616(6) A and Br-Bi—Br bond angles of 89.08(2)
—90.92(2)°, which suggests that the lone pair on Bi** cations are stereochemically inactive.
Regular octahedra and a similar Bi-Br bond distance of 2.8678(14) A has also been reported for
the cubic hybrid organic-inorganic double perovskite MA2AgBiBrs. *’

In contrast, the all-inorganic double perovskite Cs2AgBiBre features a slightly shorter Bi—Br
bond distance of 2.813(5) — 2.8224(5) A.!'>3° However, the difference is more apparent in the
coordination environments of Ag in RbsAg:BiBro and double perovskites MA2AgBiBrs and

Cs2AgBiBrs; while cubic double perovskites feature regular AgBr¢ octahedra with Ag—Br bond
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distances of 2.8025(4) — 2.822(5) A in Cs2AgBiBrs!**° and 2.9507(14) A in MA2AgBiBre, the
AgBrs square pyramids in RbsAg:BiBro are noticeably distorted with Ag—Br bond distances
ranging from 2.7127(9) to 3.0145(6) A. The distortion of AgBrs square pyramids is also apparent

from the Br—Ag—Br bond angles that include 83.57(2), 92.65 (2) and 153.21(3)° (see Table S2).

(a) Rb (b) Bi (c) Ag

Figure 2. Coordination environments of metals in Rb4Ag2BiBro: (a) Rb occupies a distorted square
antiprismatic coordination environment, (b) Bi has an octahedral coordination environment, and
(c) Ag has a square pyramidal coordination environment. An additional elongated contact (shown
using red dots) is present, yielding an overall octahedral coordination environment for Ag. Blue,
pink, red, and green spheres in the structures represent Br, Rb, Bi, and Ag atoms respectively.

A closer inspection of the coordination environment of Ag reveals that there are elongated
interlayer Ag—Br contacts at 3.6801(9) A that complete the coordination environment of Ag to
octahedral (Table S2). If an octahedral coordination around Ag is assumed, the structure of
RbsAg2BiBro becomes 3D similar to that in the double-perovskite structure (Figures S2 and S3 in
the SI). However, the interlayer Ag—Br distance of 3.6801(9) A considerably exceeds the sum of
the Shannon ionic radii (3.11 A) of Ag* (1.15 A) and Br (1.96 A) ions.?® Indeed, Ag—Br distances
are less than 3.11 A in other reported all-inorganic Ag-Bi-Br compositions such as AgsBii4Br2*°
and hybrid organic-inorganic compounds such as K[TM(2,2-bipy)3]2AgeBri1 (where TM = Ni, Co,
Zn, Fe).*® Therefore, based on XRD studies, the coordination polyhedron around Ag is assigned

to be square pyramidal and the structure of RbaAg2BiBry is 2D layered.
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Stability studies. Figure 3 shows a comparison between the PXRD pattern of polycrystalline
powder of RbsAg2BiBro and the calculated pattern based on the single crystal structure diffraction
data obtained at room temperature. The described synthetic procedure yields a phase pure product
as judged by the clear match with the simulated single crystal data (Figure S4 in the SI). The unit
cell parameters were refined to @ = 8.4307(2) A, b = 12.9105(3) A, ¢ = 9.9576(2) A and V
=1083.84(4) A® with a reliability factor of Rp = 3.29% (weighted R-factor wRp = 4.58%) and S
(goodness-of-fit) = 1.99133. Moreover, it is worth noting that the studied polycrystalline powder
of RbsAg2BiBro shows a good stability in air for several weeks (Figure 3). Although we carried
out periodic PXRD measurements for only 3-4 weeks, no RbsAg2BiBro sample decomposition or

degradation was observed for the duration of this study (> 10 months).
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Figure 3. Comparison between the calculated PXRD pattern based on SXRD data (black) and the

experimental PXRD patterns of polycrystalline powder of Rb4Ag2BiBro measured on fresh sample
(blue) and after 23 days (red).
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It is well known that another major challenge for the commercialization of CH3NH3PblIs-based
solar cells is its poor thermal stability.**> A potential solution for this problem is using all
inorganic compositions, which are expected to exhibit higher stability owing to the lack of volatile
organic molecules.***” To investigate the thermal stability of the all-inorganic RbsAg2BiBro, we
carried out TGA measurements. The results shown in Figure 4 confirm that the sample is stable
up to 500 °C. The compound demonstrates a two-step decomposition profile. In the first step, the
decomposition of the compound starts at the onset temperature of To = 520° C and ends with the
end-set temperature Te = 668 °C. After the first decomposition step, the leftover material
corresponds to ~70% of the initial sample weight. The leftover weight suggests that 30% of the
total weight lost in decomposition is 445.74, which is very close to molar mass of BiBr3 (448.71
g.mol ™). In the second step, the remaining mixture, which is likely composed of AgBr and RbBr,
i1s evaporated upon heating. Therefore based on our TGA results, the thermal stability of
RbsAg2BiBr9 is much higher than the hybrid perovskite MAPbBr3, which has a decomposition
temperature of 176 °C,*” and the related all-inorganic double halide perovskite Cs2AgBiBrs, which

is reported to have a decomposition temperature of 430 °C.%
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Figure 4. Thermogravimetric Analysis (TGA) data for a powder sample of Rb4Ag2BiBro.

Optical properties. The photophysical properties of RbsAg:BiBro were investigated using
diffuse reflectance, PLE and PL spectroscopies. The diffuse reflectance data (shown in Figure S5
in the SI) were transformed to pseudoabsorption data using the Kubelka-Munk function (F(R)),
shown in Figure 5. This expresses the absorbance as a function of reflectance: F(R) = o/S = (1-
R)%/(2R), where R is the reflectance, o is the absorption coefficient, S is the scattering coefficient.*
The F(R) plot (Figure 5a) shows the presence of well-defined absorption features at 2.82 and 3.23
eV. We noted that the shape of the F(R) absorbance plot (tails off gradually to lower energies) is
similar to the case of most all-inorganic halide double perovskite reported up to date,!® 3% 49-50
which is probably due to a high defect concentration, causing a Moss-Burstein shift of the band
edge.’!">? Usually, the Tauc plots are then calculated based on Kubelka-Munk transformed data
presented in Figure 5 to estimate an optical band gap of a given material with parabolic bands at

the Fermi energy level. Such procedure utilizes the equation [F(R)hv]' vs the photon energy (hv),

where vy is equal to 1/2 for direct transitions and 2 for indirect transitions.’® Using the direct and
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indirect fitting scenarios, band gaps energies of 2.38 (indirect) and 2.57 eV (direct) are estimated
for RbsAg2BiBro (Figures S5b). These band gap values fall within the range of typical
semiconductor materials, being comparable to the values found for other bismuth halides studied
as potential solar absorbers and optoelectronic materials, such as Cs2AgBiXe (X = CI" or Br).!%-3%
4950 Although this analysis is in accordance with the literature reported procedures and the
obtained values are reasonable, the present case is different due to low dimensional crystal and
electronic structures of RbaAg:BiBro. Thus, in RbsAg2BiBro, the frontier states originate from
localized molecular states (arising from the isolated BiBrs octahedra), which produces flat bands
(discussed below), favoring the formation of highly localized excitons. Therefore, the 2.82 eV
absorption peak is attributed to excitonic absorption and the higher conduction band contains both
Bi and Ag states that are mixed with Br-4p states, which yields the second absorption peak at 3.23

eV.

FR)

15 20 25 30 35 4.0
Energy (eV)
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Figure 5. Kubelka-Munk function, F(R), plotted against photon energy converted from the diffuse
reflectance data.

Under 3.815 eV UV irradiation, the room temperature PL spectrum of RbsAg>BiBry (Figure 6a)
shows a superposition of two emission bands; one weak, visible broadband emission (noted P1)
centered at 2.36 eV, and another more intense, relatively narrow infrared emission band composed
of multiple peaks noted P2, P3, and P4 located at 1.52, 1.44 and 1.28 eV, respectively. This weak
and broad P1 emission is further consistent with an indirect transition or trap emission, similar to

the emission reported for the isoelectronic trap AgBr:1,>*

and similar all-inorganic metal halides
such as Cs2AgBiXs (X = Br, CI, I)!% 3% 459 and Cs»AgInCls.>® To investigate the origin of the
multiple-emission peaks, we measured the PLE spectra at 2.36 and 1.55 eV emission energies
(Figure 6a). Notably, the PLE spectrum measured at 2.36 eV emission energy shows a broad peak
at 3.34 eV, which is close to the 3.23 eV absorption peak shown in Figure 5. Moreover, the PLE
spectrum measured at 1.55 eV emission energy shows a maximum at 2.82 eV, in excellent
agreement with the low energy absorption peak observed from the optical absorption spectrum
(Figure 5a). Therefore, we attribute the 3.23 and 2.82 eV absorption peaks to excitonic absorption
primarily from two different species, AgBrs and BiBre units. Electronic structure calculations
(below) suggest that the exciton confined on BiBre should have a lower energy than that on AgBrs,
which allows us to attribute the P1 emission peak to excitons localized on structural defect on
AgBrs and the low energy P2, P3, and P4 emission lines to excitons localized on BiBrs octahedra.
Note that several research works focused on the effect of the Bi** ion 6s® doping alkaline-earth
oxides such as CaO and SrO,’*>° and wide band gap crystals like Cs:2NaYCL on the emission

properties. For example, the PL spectra of Cs2NaYCl activated with Bi*" ions show vibrational

structure and has been assigned to internal modes of BiCls isolated octahedra.® Moreover, Pelle
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et al.%! reported on the Bi** luminescence of Cs2NaBiCls, that showed several bands in the red
spectral region attributed to a strong coupling with the vibrational modes (strong exciton-phonon
coupling). In the case of RbsAg2BiBro, the situation could be similar since the presence of isolated
BiBrs octahedra may provide a strong exciton-phonon coupling which favors the possibility of

STEs in structural defect within BiBrs blocks.
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Figure 6. (a) Room temperature PL spectrum (red solid line) and PLE spectra measured for 1.55
(red dotted line) and 2.36 eV (black dotted line) emission energies. Plots of PL spectra measured
at 4K (blue) and 295 K (red)of RbsAg2BiBry, under 3.815 eV irradiation.

Figure 6b shows the superposition of PL spectra measured at 4 K and room temperature. At 4
K, an enhancement (~2 orders of magnitude) of the low energy emission bands (P2, P3 and P4)
was observed. In order to investigate the origin of the light emission of RbsAg>BiBry, we measured
the temperature dependence of PL from 4 K to 295 K (Figures 7a and 7b). Significant changes

were observed as a function of temperature. The intensity of P2, P3 and P4 PL peaks first increase
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as a function of temperature up to 100 K, then quench at higher temperature (Figure 7c). Similarly
to the case of Cs4-xAxSn(Briyly)s (A = Rb, K),%? we attribute these low energy peaks to the presence
of multiple self-trapped states, which could, in principle, result from a strong lattice coupling.®-¢®
However, note that phase transitions between 100 K and room temperature has been ruled out by
a single crystal XRD measurement performed at 100 K (see Table S3 in the SI), which confirmed
that a normal contraction of unit cell volume occurs without any evidence for a structural transition.
It is also possible that the multiple PL peaks in the emission spectrum may correspond to multiple

19,24-26.30 or to defects or excitonic effects.> Moreover, the intensity of the high

indirect transitions,
energy PL band (P1) shows a maximum at 175 K (Figure 7c).

Figure 7d shows the evolution of the intensities of P1-P4 PL peaks as a function of the excitation
power, at ambient temperature. For P2-P4 peaks, its intensity shows a linear dependence with the
excitation power, whereas a clear saturation was observed for P1 above 10 W/cm? excitation
power. It is worth noting that the concentration and recombination lifetime for permanent defects
are finite; thus, their PL could be saturated at high excitation power.®-*%® Following the insights
from electronic band structure calculations, the power dependence PL results and the discussion
of the absorbance data above, we attribute this weak P1 emission to the presence of structural
defects on Ag-Br units. Because the excitons on AgBrs have higher energy than that in BiBrs, they
relax to BiBre and lead to the self-trapped exciton (STE) emission (peaks P2-4) at 4 K. With
increasing temperature, the more mobile excitons on AgBrs are trapped by defects (e.g., on a Br
vacancy adjacent to Ag), leading to a weaker P1 emission. The relaxation of defect-trapped
excitons to BiBrs octahedra is prevented by the spatial separation of BiBrs units and defects on

AgBrs. Based on this explanation, the defect-bound exciton could be a metastable state with higher

energy than the exciton bound to BiBre, thus explaining the broad nature of the P1 emission.
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However, the trapping energy at the defect level may be larger than the self-trapping on BiBrs,
which could explain the fact that the thermal quenching for the STE emission (P2-4) starts from a

lower temperature (100 K) compared to that for the defect (P1) emission (175 K).
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Figure 7. Temperature dependence PL spectra of Rb4sAg:BiBro for the temperature range (a) [4-
175 K] and (b) [200- 295 K] under 3.815 eV laser irradiation. Spectra are separated for clarity. (c)
Plots of the intensity of PL peaks as a function of temperature. (d) Plots of the P1-P4 PL peaks
intensity vs excitation power.

19



Electronic Band Structure Calculation. The calculated electronic band structure of
RbsAg2BiBr9 (including the SOC) is shown in Figure 8a. The band gap is slightly indirect. The
indirect band gap of 1.69 eV (the valence and conduction band edges located at the U and S points,
respectively) is larger than the direct band gap at the U point by less than 0.01 eV. Moreover, the
calculated band structure of Rb4Ag>BiBro is similar to that reported for all inorganic halides double

perovskite, such as Cs2AgBiXe (X = CI" or Br)!% 30450 and Cs2AgT1Xs.”
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Figure 8. (a) Electronic band structures and (b) density of states (DOS) projected to each atomic
species for RbsaAg:BiBr9 obtained using the PBE calculations including the spin-orbit coupling.
(c) Plot of Brillouin zone with labels of high-symmetry k-points for Rb4Ag2BiBro. Note that the
band gap is underestimated due to well-known band gap error in the PBE calculation.

The DOS projected onto each atomic species in Figure 8b shows that the conduction band has

the mixed Bi-6p and Br-4p characters, while the valence band is made up of antibonding Br-4p
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and Ag-4d orbitals. The Bi-6p band is split as shown in Figure 8b by the SOC. Therefore, the
composition of the bands around the Fermi level for Rb4Ag2BiBry is largely similar to that reported
for Cs2AgBiBrs,'” which also exhibits a strong contribution from Bi-6p and smaller contribution
from Br-4p to the conduction band and the valence band made of primarily Br-4p and Ag-4d states.

The BiBrs octahedra are not structurally connected, therefore, the Br-6p-derived conduction
band states are spatially localized in RbsAg2BiBro, leading to small dispersion in the conduction
band. Interestingly, this parallels the band structures of double perovskite halides, too. Thus,
extensive theoretical calculations on model double perovskites such as Cs2SrPbls have shown that
despite their nominal 3D crystal structures, elpasolites have effectively 0D electronic
dimensionality with nondispersive valence (VB) and conduction (CB) bands.”! In the present case,
the wavefunction analysis of the RbsAg2BiBro valence band shows that the hybridization between
the Ag-4d and the Br-4p states are largely confined within the 2D plane perpendicular to the a-
axis, indicating the quasi-2D nature of the electronic structure. The AgBrs square pyramids are
connected through edge- and corner-sharing along the b-axis; thus, their electronic coupling along
the c-axis is relatively weak. In addition, the Br-4p orbitals are polarized roughly along the b-axis
for the corner-sharing Br ions but perpendicular to the b-axis for the edge-sharing Br ions, which
reduces the electronic coupling along the b-axis. As a result, the valence band also has small
dispersion, even along the directions parallel to the bc plane, as shown in Figure 8b. The localized
electronic states on both BiBrs octahedra and AgBrs square pyramids should promote exciton
localization. The optical excitation may create Bi- and Ag-centered localized excitons; the exciton

on Bi should have the lower energy.

CONCLUSION
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In summary, we prepared a new lead-free halide material RbsAg:BiBro, which is the first
reported compound in the quaternary Rb-Ag-Bi-Br system. RbaAg2BiBro crystallizes in a new
structure type featuring alternating layers of [Ag2BiBro]* polyanions separated by Rb" cations.
The [Ag2BiBro]* layers are made of octahedral BiBrs and square pyramidal AgBrs building blocks.
There are elongated interlayer Ag-Br contacts that complete the Ag coordination environment to
octahedral, invoking direct comparisons with Pb- and Bi-based halide perovskites.

Optical measurements and electronic structure calculations confirm parallels with the double
perovskites such as Cs2AgBiBrs. Room temperature PL spectrum also contains multiple peaks
located at 2.36 1.52, 1.44 and 1.28 eV, which are assigned to defects and self-trapped states. These
values are comparable to the reported optical band gap at 2.21 eV and PL emission at 1.87 eV for
the related Cs2AgBiBre. The electronic structure calculations reveal that the band gap is slightly
indirect with the calculated value of 1.69 eV. In agreement with the layered crystal structure, the
nature of the electronic structure is also low dimensional with both CB and VB featuring flat bands.
In fact, the band structure is more accurately described as 0D units of BiBr¢ and 1D chains of
AgBrs, overall yielding the quasi-2D nature of the electronic structure.

Based on our combined experimental and theoretical investigations of RbsAg2BiBro, the larger
band gap above 2 eV coupled with flat bands in CB and VB represent major challenges for the
utilization of this material in high-efficiency solar cells. However, this material and its isostructural
variants may be considered for other optical and electronic applications. The related Cs2AgBiBrs
with an indirect large band gap of 2.1 eV and relatively flat bands in CB and VB! has been
successfully incorporated into highly sensitive X-ray detector devices.?®° Similar to Cs2AgBiBrs,
we were able to grow large-size crystals of RbsaAg2BiBr9 using a simple solution approach, which

should simplify characterization of radiation detection properties of this material. Further studies
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on this front are currently ongoing. Moreover, thin films preparation of RbsAg:BiBro, and its
morphology and optoelectronic characterization are under consideration and will be reported in a
separate study. Finally, we are also currently working on the optimization of the optoelectronic
properties (e.g., band gaps, luminescence properties, etc.) of RbaAg:BiBro, which represents a
brand new class of halides with a new structure type, through chemical substitutions on halide

anion and metal cation sites.
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Synopsis

RbsAg2BiBr9 is a new nontoxic, thermally and air stable lead-free all-inorganic semiconductor
prepared using the mixed-cation approach. RbsAg:BiBro adopts a new structure type featuring
BiBrs octahedra and AgBrs square pyramids that share common edges and corners to form a unique
2D layered non-perovskite structure. Optical absorption measurements and electronic structure
calculations suggest a nearly direct band gap for Rb4Ag>BiBro. Our theoretical and experimental
studies suggest coexistence of defect-bound excitons and self-trapped excitons in RbsAg2BiBro.
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