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ABSTRACT: Despite the remarkable rise in efficiencies
of solar cells containing the lead-halide perovskite
absorbers RPbX; (R = organic cation; X = Br™ or 17),
the toxicity of lead remains a concern for the large-scale
implementation of this technology. This has spurred the
search for lead-free materials with similar optoelectronic
properties. Here, we use the double-perovskite structure to
incorporate nontoxic Bi’* into the perovskite lattice in
Cs,AgBiBr, (1). The solid shows a long room-temperature
fundamental photoluminescence (PL) lifetime of ca. 660
ns, which is very encouraging for photovoltaic applications.
Comparison between single-crystal and powder PL decay
curves of 1 suggests inherently high defect tolerance. The
material has an indirect bandgap of 1.95 eV, suited for a
tandem solar cell. Furthermore, 1 is significantly more heat
and moisture stable compared to (MA)Pbl,. The

Figure 1. (A) X-ray structure of the ordered double perovskite
Cs,AgBiBr, (1). Orange, gray, turquoise, and brown spheres represent
Bi, Ag, Cs, and Br atoms, respectively. (B) Photograph of a single
extremely promising optical and physical properties of 1 crystal of 1. (C) The Bi** face-centered-cubic sublattice in 1, consisting
shown here motivate further exploration of both inorganic of edge-sharing tetrahedra.

and hybrid halide double perovskites for photovoltaics and

th toelectronics.
other optoelectronics from single crystals to powders. This suggests that defects/

surface sites will not be detrimental to the material’s
photovoltaic performance. Furthermore, 1 is much more heat
and moisture stable compared to (MA)Pbl,. Our results
indicate that 1 should be considered as a promising absorber
for lead-free perovskite solar cells.

The bandgap transition of lead-halide perovskites corre-
sponds to a ligand-to-metal charge transfer from the

he three-dimensional (3D) hybrid perovskite RPbl; (R =
CH,;NH;", (H,N),CH"*) has shown great promise as a
solar-cell absorber with power-conversion efliciencies for single-
junction devices increasing from 4%' to 20%” in just six years.
However, the toxicity of lead is a primary concern for the wide-

scale use of this technology, particularly in light of the material’s predominantly halide p-orbital-based valence band maximum
water solubility. The analogous tin perovskite (MA)Snl; (MA = (VBM) to the conduction band minimum (CBM), which has
CH;NH;") has been explored as a nontoxic alternative and mostly lead p-orbital character. The 6s%6p° electronic
efficiencies of devices employing these absorbers have reached configuration of Pb?* allows for the filled 6s orbital to mix
ca. 6%." However, the high-lying Ss orbitals of the Sn** centers with the iodide Sp orbitals in the valence band, while the vacant
render the perovskite unstable to oxidation, limiting the lead 6p orbitals form the conduction band.” Calculations have
material’s viability. Recently, several other nontoxic alternatives identified this VBM and CBM composition as contributing to
consisting of zero- and two-dimensional structures have been the material’s shallow defect states and long carrier lifetimes,
explored,” but a material with similar optoelectronic properties while the high p-orbital-based density of states near the band
to (MA)PbI; has not yet been realized. Here we report the edges provide for the material’s strong absorption.” Only three
synthesis of the 3D double perovskite Cs,Ag'Bi"'Br (1, Figure main group elements have stable cations with the 6s*6p°
1A). The material has an indirect bandgap of 1.95 eV, which is electronic configuration: TI, Pb**, and Bi’*. Out of these
suited for coupling with a Si absorber in a tandem solar cell. We candidates only Bi has low toxicity. In fact Bi has been used for
measure a notably long room-temperature PL lifetime for 1 of decades as a nontoxic replacement for Pb in areas ranging from
ca. 660 ns. This value is much higher than the recombination organic synthesis to ammunition materials.” We therefore
lifetime for high-quality (MA)PbBr, films (170 ns)® and focused our efforts on incorporating Bi** as a B-site cation in
approaches the unusually long lifetimes seen in optimized the ABX; (X = halide) perovskite framework. In 2D halide
(MA)PbI, films (736 ns to 1 us).’ Importantly, PL decay

curves of 1 show that the majority of carriers recombine Received: December 21, 2015
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Figure 2. (A) Absorbance spectrum of 1 powder. Inset: Tauc plot showing the characteristics of an indirect band gap. (B) Steady-state room-
temperature photoluminescence (PL) spectrum of a powdered sample upon S00 nm excitation. Inset: low-temperature PL spectrum. C) Time-
resolved room-temperature PL and fits for the PL decay time (7) in powder and single-crystal samples.

perovskites, Bi** has been incorporated into the lattice by
introducing vacancies.'’ To accommodate the trivalent Bi** ion
in the 3D perovskite lattice we attempted to incorporate a
monovalent metal to yield the double-perovskite structure:
ALBBI"™X,,

The oxide double perovskites A,BB’O4 have been well
explored and incorporate a wide variety of metals in various
oxidation states."" In ordered double perovskites the B and B’
sites alternate in the lattice (Figure 1A). Such perovskites with
paramagnetic ions residing only in the B (or B’) sublattice
(Figure 1C) have been used for studying exotic magnetic
ground states arising from spin frustration.'” Unusual electronic
states such as metallic ferromagnetism'” and colossal magneto-
resistance'* have also been realized in oxide double perovskites.
There are, however, far fewer reports of halide double
perovskites. Some examples include the mixed-valence
compounds A,Au'Au™X; (A = K, Rb, or Cs; X = Cl, Br, or
1), which have been explored as potential superconductors,'®
and the cubic perovskites Cs,TI'TI"X; (X = F or C1'° and
CszAgAuC16‘17 The x = 0.5 member of the solid solution
(MA)Sn,Pb,_,I,'"® could also be considered a disordered
double perovskite, although the term has not been typically
used. Bismuth has been incorporated into the chloride double
perovskite Cs,NaBiClg, which is a colorless solid."’

According to radius-ratio rules that describe packing in ionic
solids, Ag" is of appropriate size to support octahedral
coordination of iodides or bromides in the perovskite lattice.
Accordingly, we synthesized the bromide double perovskite:
Cs,AgBiBry (1). Large single crystals of 1 can be crystallized
from a concentrated HBr solution containing stoichiometric
CsBr, AgBr, and BiBr;. The perovskite crystallizes as red-orange
truncated octahedra in the cubic space group Fm3m (Figure
1B). The unit-cell axis of 11.25 A is roughly double that of
(MA)PbBr, (a = 5.92 A.)*° The Ag* and Bi** ions occupy the B
and B’ sites in the ordered double-perovskite lattice with
slightly different metal-bromide bond lengths. We see no
crystallographic evidence for disorder between the Bi and Ag
sites.

To evaluate the suitability of 1 for photovoltaic applications
we determined its optical bandgap. The perovskite shows the
characteristics of an indirect bandgap semiconductor with a
shallow absorption region beginning at 1.8 eV followed by a
sharp increase in absorption near 2.1 eV (Figure 2A). A Tauc
plot of the data, assuming an indirect allowed transition, is
shown in the inset of Figure 2A. The linear regions of the plot
show the expected phonon-assisted processes, with transitions
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at 1.83 and 2.07 eV occurring with absorption and emission of a
phonon, respectively. This allows us to estimate the indirect
bandgap as 1.95 eV with an assisting phonon energy of 0.12 eV.
Comparison with the vibrational energies in the Raman
spectrum of 1 (Figure S1) indicates that a higher energy
phonon mode is involved in the absorption. A Tauc plot,
assuming a direct allowed transition, gives a direct bandgap of
2.21 eV (Figure S2), slightly lower than the bandgap of 2.3 eV
for (MA)PbBr;.” We anticipate that 1 could be used as the
higher-bandgap absorber in a tandem solar cell as was recently
demonstrated for (MA)PbI,*' and (MA)PbBr;.*” Four- and
two-terminal tandem cells with Si absorbers require higher-
bandgap absorbers with ideal bandgaps of 1.8—2.0 and 1.8—1.9
eV, respectively.”’ Photoelectron spectroscopy in air estimates
the VBM for 1 as —6.04 eV with respect to vacuum (Figure
S3), similar to that of (MA)PbBr; (—6.01 eV). Figure 3C
shows a comparison of the CBM and VBM of 1 to those of
materials relevant to perovskite solar cells.”*

At room temperature, 1 displays weak PL centered at 1.87 eV
(Figure 2B). PL at 23 K is more intense and blueshifted, with
the peak centered at 1.98 eV (Figure 2B inset). To determine
the fate of photogenerated carriers in 1 we then obtained room-
temperature, time-resolved PL data (Figure 2C). The PL
intensity shows a fast initial drop followed by a slower decay.
Analysis of the entire time trace required three processes: a
short-lifetime process (r; < 1 ns), an intermediate-lifetime
process (7, = 50—150 ns) and a long-lived component (7; ~
660 ns). Time constants for the short and intermediate PL
decay processes for single-crystal and powder samples are given
in Figures S4 and SS, respectively. While analysis of the short-
lived process’s lifetime is limited by our instrumental resolution
the magnitude of this process (PL intensity X time) is larger in
the powder (5%) than in the single crystal (0.02%).
Additionally, the lifetime of the intermediate process is much
shorter in the powder (54 ns) compared to the single crystal
(145 ns). Because powders typically have much more defects
and surface states than a single crystal, this suggests that the
short- and intermediate-lifetime processes may originate from
trap and/or surface-state emission. The long PL decay time of
ca. 660 ns does not vary significantly between single-crystal and
powder samples and likely gives the material’s fundamental
recombination lifetime. PL decay curves give the sum of
radiative and nonradiative recombination rates. However, the
weak PL of 1 indicates that the predominant carrier
recombination pathway is nonradiative. Therefore, the PL
decay traces in 1 give approximately the nonradiative decay rate
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Figure 3. (A) PXRD patterns of 1 after exposure to humidity (55% RH) or light (0.7S Sun). Asterisks denote signals from the sample holder. (B)
PXRD patterns of 1 before (orange) and after (red) 72 h at 100 °C, (MA)PbBr; before (turquoise) and after (blue) 72 h at 60 °C, and (MA)Pbl,
before (light green) and after (dark green) 72 h at 60 °C. Vertical bars denote reflections from PbBr, or Pbl,. (C) CBM and VBM of 1 and other

materials™ relevant to photovoltaic devices with perovskite absorbers.

and the radiative recombination lifetime should be much longer
than 660 ns. Long carrier recombination lifetimes are indicators
of good photovoltaic performance. These values are signifi-
cantly higher than those for high-quality (MA)PbBr; films of
170 ns® and approach those for optimized (MA)PbI, films of
736 ns* to ~1 ps.” Although indirect bandgap semiconductors
typically have longer PL lifetimes compared to direct bandgap
materials, the long lifetime in 1 is unusual, especially for
powders. Integrating the PL traces, we estimate that 85% of
excited carriers emit via a long-lived recombination process (z
> 660 ns) in the crystal compared to 80% for the powder (see
SI for details). The ratio of these values indicates that faster PL
decay components increase by only 6% in powders compared
to crystals, attesting to the material’s robustness to defects.

As (MA)PbI; has been shown to be unstable to moisture™
and noting that silver halides are notoriously light sensitive,*®
we investigated the stability of 1 to both light and moisture.
Freshly prepared powders of 1 were stored either in the dark at
55% relative humidity or irradiated at 50 °C with a broad
spectrum halogen lamp (0.75 Sun) under dry N, for 30 days.
PXRD patterns of 1 after moisture or light exposure showed no
evidence of material decomposition (Figure 3A). After 15 days
some of the irradiated samples showed small localized surface
discolorations. These spots recovered their original color upon
storing the sample in ambient light for 2 days. Thermal stability
is also important for solar-cell absorbers, which can reach
temperatures of ca. 50—70 °C during typical device operating
conditions”” and still higher temperatures during device
fabrication. Thermogravimetric analysis (TGA) shows that 1
is stable to mass loss up to 430 °C and differential thermal
analysis indicates no phase transitions within this temperature
range (Figure S6). PXRD patterns obtained after heating 1 at
100 °C in air for 72 h confirms structural integrity (Figure 3B).
The absence of volatile organic components likely increases 1’s
thermal stability with respect to (MA)PbX; (X = I*® and Br), as
shown for CsPbBry.”” Although TGA data collected at fast
heating rates suggest material stability, (MA)PbX, slowly loses
CH,NH, and HX even at modest temperatures.””” PXRD data
of (MA)PbX; heated at 60 °C for 72 h in air show
decomposition to PbX, (Figure 3B). Although encapsulation
may impede this decomposition pathway, inherent thermal
stability is an advantage for material processing and its long-
term usage.

Our results indicate that 1 preserves many of the desirable
properties of (MA)Pbl; and (MA)PbBr; for solar-cell
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applications while removing the toxic element, lead. Although
Ag can be toxic,”® the solubility constant for AgBr (KSp at 25 °C
=5 x 107") is ca. 10* times lower than for Pbl,, which greatly
reduces contamination risks. Substitution of different B-site
cations for Ag' in the double perovskite could further reduce
the material’s toxicity. Our future efforts will involve device
fabrication and evaluation. Standard solution-state film
deposition techniques are complicated by the insolubility of
AgBr. We are investigating alternative methods for forming the
high-quality films required for photovoltaic devices.

Despite the massive interest in perovskite photovoltaics, the
ABIX, (X halide) lattice has proved restrictive for
incorporating stable and nontoxic metals. Double perovskites
of the form A,BB’X, provide a more accommodating platform
for substitutions. Here, many combinations of metals in
different oxidation states can be incorporated into the B/B’
sublattices, both organic and inorganic cations can be
incorporated into the A sites, and the halide can be varied.
Our studies show that inorganic and hybrid halide double
perovskites should be further investigated for photovoltaic and
other optoelectronic applications.
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