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Abstract

The search for efficient but inexpensive photovoltaics over the past decade has been
disrupted by the advent of lead-halide perovskite solar cells. Despite impressive rises in
performance, the toxicity and stability concerns of these materials have prompted a broad,

interdisciplinary community across the world to search for lead-free and stable alternatives.
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A set of such materials that have recently gained attention are semiconductors in the Cul-
Agl-Bil3 phase space, and their derivatives. These materials include ternary silver bismuth
iodide compounds (Ag,Biyl, 3;), ternary copper bismuth iodide Cu-Bi-I compounds, and
quaternary Cu-Ag-Bi-I materials, as well as analogs with Sb substituted into the Bi site and
Br into the I site. These compounds are comprised of a cubic close packed sub-lattice of
I, with Ag and Bi occupying octahedral holes, while Cu occupies tetrahedral holes. The
octahedral motifs adopted by these compounds are either spinel, CdCls-type, or NaVO,-
type. NaVOs-type Ag,Bi,l,. 3, compounds are also known as rudorffites. Many of these
compounds have thus far demonstrated improved stability and reduced toxicity compared to
halide perovskites, along with stable bandgaps in the 1.6-1.9 eV range, making them highly
promising for energy harvesting and detection applications. This review begins by discussing
the progress in the development of these semiconductors over the past few years, focusing
on their optoelectronic properties and process-property-structure relationships. Next, we
discuss the progress in developing Ag-Bi-I and Cu-Bi-I compounds for solar cells, indoor
photovoltaics, photodetectors, radiation detectors and memristors. We finish with a dis-
cussion of the critical fundamental questions that need to be addressed to push this area
forward, and how the learnings from the wider metal-halide semiconductor field can inform
future directions.

Keywords: rudorffites, lead-free perovskite-inspired materials, photovoltaics, energy har-

vesting, Internet of Things, thin films, photodetectors, memristors

1. Introduction

Metal-halide semiconductors have recently gained significant interest as novel energy
conversion materials.!® This has been driven by the astonishing rises in performance of
lead-halide perovskite (LHPs) devices, originally in photovoltaics,%® but now also in light-
emitting diodes,® radiation detectors,” field-effect transistors,® photoelectrochemical cells,?

and many other applications. However, lead is toxic and regulated in many jurisdictions,
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which, for example, may prevent the commercial use of LHP devices in consumer electron-
ics. 1% Furthermore, the polar solvents used for processing LHPs are toxic and environmen-
tally harmful. 2 These limitations have prompted a global effort to develop alternative classes
of materials that can replicate the exceptional optoelectronic properties of the LHPs (espe-
cially their defect tolerance),'®! but which are stable (under thermal, environmental and
light stressors) and overcome the toxicity challenges. However, simply substituting Pb for
Sn or Ge has led to perovskites with inferior photovoltaic performance that still have limited
stability.!® In considering the broader family of metal-halide semiconductors, ternary and
quaternary compounds within the Cul-Agl-Bil3 phase space have recently gained increasing
attention.

Ternary Ag-Bi-I and Cu-Bi-I semiconductors were originally investigated several decades
ago as potential ionic conductors, but were found to exhibit poor ionic conductivity. 620
Following the rise in efforts to find lead-free alternatives to metal-halide perovskites, two
groups reported the use of Ag-Bi-I compounds in photovoltaics in 2016, with a patent from
Turkevych et al. reporting 4.3% power conversion efficiency (PCE),?! and a paper from
Kim et al. reporting 1.22% PCE.?? Since then, there have been many efforts to develop
these materials as solar cells, particularly since the optical limit in efficiency (i.e., spectro-
scopic limited maximum efficiency, or SLME) is well in excess of 20%,** showing there to be
much room for improvement. In addition, these materials have been shown to have highly-
promising absorption properties for indoor light harvesting, with SLMEs exceeding 50%. 2324
In 2017, it was proposed to call these Ag-Bi-I compounds "rudorffites" because the Ag-rich
compounds adopted a NaVOs-type structure, which was first investigated by Riidorff and
Becker in 1954.2° However, as will be discussed in Section 2, Ag-Bi-I semiconductors do
not adopt only one structure, but also the layered CdCl, structure and 3D spinel structure.
Although there is a tendency in the wider field now to collectively refer to the family of

Ag-Bi-I compounds (and their substitutional derivatives) as rudorffites, we emphasize that

this is not strictly correct, since "rudorffite" would then also be referring to compounds that
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do not have the NaVO4 structure.
Beyond promising performance, the Ag-Bi-I compounds are advantageous in that they

2627 with structural and

have stable performance in photovoltaic devices in ambient air,
optoelectronic properties that are tunable through the composition (e.g., the ratio of Ag/Bi
cations).?%?* There has also been rekindled interest in Cu-Bi-I compounds, but some of
these materials have been reported to not be as stable as their ternary Ag-based analogs.2®
Including both Cu and Ag to form quaternary compounds has been found to retain the
stability of Ag-Bi-I compounds, but also reduce the total quantity of Ag (which is expensive
and toxic to aquatic life when released to water as Ag').?® However, these materials are
at an early stage in their development, and there are many unresolved questions on their
process-property-structure relationships, such as what trap states limit performance, and
the role of carrier-phonon coupling on charge-carrier transport. Answering these questions
will be crucial to moving the field forward toward the efficiency limits of these materials.
This Full Critical Review examines the potential and future directions of the family of
materials within the Cul-Agl-Bil3 phase space, as well as their derivatives, for both solar-
and visible-light harvesting for optoelectronic applications, as well as more broadly for en-
ergy conversion and detection. The scope of this review is shown in Fig. 1. Whilst there
have been many previous reviews on LHPs and pnictogen-based perovskite-inspired materi-

£.29°31) ' rudorffites and other Cu-Ag-Bi-I materials have not featured

als (see for example Re
in these in detail. Given the gathering pace of this emerging field, a comprehensive review
focused on these materials is called for,3? especially to highlight important recent develop-
ments, including carrier localization, the role of defects on photovoltaic performance, and
advances in indoor light harvesting, which have not been covered in previous reviews. The
review begins by discussing the structure-property relationships of Ag-Bi-I semiconductors
(which have by far the largest body of literature), followed by Cu-Bi-I compounds, and then

the quaternary Cu-Ag-Bi-I materials. Within each sub-section for each set of materials, we

discuss the structure, optoelectronic properties, charge-carrier transport properties and the
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effects of chemical substitution on these properties. Furthermore, we discuss the stability of
the materials as a whole. Each section also briefly covers the synthesis methods investigated
for each set of materials, but our emphasis in this review is on the core principles, and we
do not extensively summarize the various synthesis routes attempted, which can be found in

30,32 This discussion on structure-property relationships is then followed with

other reviews.
a detailed discussion on the performance of these materials in solar cells (including how
morphology can be controlled through processing), indoor photovoltaics, radiation detectors
and memristors. We also discuss the potential for applying these materials in photocatalysis

and photoelectrochemistry. Finally, we discuss the key outstanding challenges and future

directions for this field.

2. Structure-Property Relationships of Compounds in the Cul-Agl-Bil3; Phase
Space, and their Derivatives

Over the past five years, the subset within the Cul-Agl-Bil3 phase space of materials
that have gained the greatest attention are the ternary Ag-Bi-I compounds. In particu-
lar, AgsBilg, %" 3% AgyBils, 1043 AgBil,, 46 AgBi,1;2%47 49 have been popular. We therefore
begin this section by discussing these Ag-Bi-I compounds, before discussing Cu-Bi-I com-
pounds, followed by the quaternary Cu-Ag-Bi-I compounds. Within each of these three
sub-sections, we discuss the structure of the materials, as well as the optoelectronic proper-
ties and band positions. Where studies have been made, we discuss the effects of chemical
substitution into the metal cation and anion sites. Within each sub-section, we also discuss
the stability of each of these classes of materials. Finally, we finish off the section with a
collective discussion of defects and ion migration. Across each of these sub-sections, we refer-
ence how the materials discussed were synthesized, and discuss in detail the unusual features
of synthesizing quaternary Cu-Ag-Bi-I compounds. But a more detailed discussion on the
effects of processing on the morphology Ag-Bi-I and Cu-Bi-I materials, and their effects on

solar cell performance, is provided later in Section 3.1.2.
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2.1 Silver Bismuth Iodide (Ag-Bi-I) Compounds

2.1.1 Crystal Structure of Ag-Bi-1

The crystal structure of Ag,Biyl, 3, compounds vary with stoichiometry, as illustrated
in Fig. 2a, and shown in Table 1. The structures of these materials were solved from both
single crystal and powder X-ray diffraction (PXRD) measurements, with single crystals syn-
thesized by solvothermal methods, chemical vapor transport (CVT) and vertical Bridgman
method, 1618344 and powders grown by melt crystallization.?® The common structures re-
ported are: i) 3D defect spinel (Fd3m), ii) a 2D CdCly-type structure (R3m), and iii) a 3D
rhombohedral NaVOy-type structure (R3m). %33 Bi-rich compounds (AgBisI; and AgyBisly;)
adopt the defect spinel structure, while Ag-rich compounds (AgsBil; and AgsBilg) adopt the
NaVO,-type structure. 2033444950 AoBil, with an equal concentration of Ag and Bi, has been
reported to adopt either of these structures, or the CdCly-type structure.?#* All of these
structures have a cubic close packed (ccp) I sub-lattice (Fig. 2b—d). At the extremes of the
Bils-Agl phase space, both Bil; and Agl have a hexagonal close packed sub-lattice of 1.33
In close packed anion sub-lattices, there are two tetrahedral holes and one octahedral hole
per anion. Bi*", Ag" and vacancies occupy octahedral holes, with the exception of Agl, in
which Ag™ occupies 1/2 of the tetrahedral holes (Fig. 2a). Ag™ occupies a different lattice
site in Agl than in Ag-Bi-I compounds because the I-I distance is larger in Agl (ca. 4.6 A
vs. ca. 4.3 A in Ag-Bi-I compounds).? In Bily, there is a layered structure, and to maintain
charge neutrality, Bi*" occupies 2/3 of the octahedral holes in layer 1, while occupying no
octahedral holes in layer 2, thus maintaining a Bi*":I" ratio of 1:3 (Fig. 3a).?® The defect
spinel octahedral motif for Ag-Bi-I has 1/2 of the octahedral holes fully occupied overall, as
shown in Fig. 2a.?%33 This motif can also be depicted in the trigonal setting (Fig. 3b), in
which layer 1 has 3/4 of the octahedral holes occupied, while layer 2 has 1/4 of the octa-

hedral holes occupied.** Since Ag" and Bi" have very similar ionic radii (129 pm for Ag"
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and 117 pm for Bi*"),%! they occupy the same crystallographic lattice site. In AgBily, each
of the cation-occupied octahedral holes has an equal probability of being occupied by Ag™
or Bi*". But as the stoichiometry becomes Bi-rich, vacancies also occupy these lattice sites
in order to maintain charge neutrality.?°?3 The powder diffraction pattern for AgBil, can
also be explained with a CdCly-type structure. Therein, there are also 1/2 of the octahedral
holes overall occupied with Ag™ and Bi*". But this time, a 2D rather than 3D structure is
adopted, as illustrated in Fig 3c. In layer 1, all of the octahedral holes are occupied, while in
layer 2, none of the octahedral holes are occupied. It is likely that the Bi-rich compounds can
also be explained by a CdCl, structure, although this is yet to be proven.®? As the materials
become Ag-rich, the extra Ag™ cations partially occupy the octahedral holes in layer 2, and
this gives rise to a 3D NaVO,-type structure (Fig. 2a). Across all of these structures, from
Bils to Ag-rich Ag-Bi-I compounds, all Bilg and Aglg octahedra are edge-sharing, and all
tetrahedral holes remain vacant.?3

In addition to these commonly-reported structures, Turkevych et al. proposed that the
structure of all Ag,Bi,I,. 3, compounds can be described based on the NaVOs-type structure,
and not just the Ag-rich compounds. In this model, each octahedral hole is comprised of a
mixture of Ag", Bi** and vacancies, with a different ratio of these species in layers 1 and 2.
All combinations of these species and vacancies in each layer is shown in Fig. 4(a), with each
point representing a distinct material. The stoichiometries that lead to the smallest unit cells,
and which are therefore the most thermodynamically probable, are the AgsBilg, AgyBils,
AgBily and AgBiyI; compounds. These match the common stoichiometries reported (Fig.
2a). It was on this basis that Turkevych et al. proposed to call these Ag-Bi-I compounds
"rudorffites".?? However, as described above, not all stoichiometries, especially the Bi-rich
ones, adopt the R3m NaVO, structure (see also Table 1 for reported structures).

In an early report on AgBisl; for photovoltaics by Kim et al. in 2016, the authors
proposed that the material had a ThZroHz-type structure, consisting of [Aglg| octahedra

and |Bilg| hexahedra.?? However, [Bilg] hexahedra are unusual. Subsequently, Yan and co-



Progress and applications of (Cu—)Ag-Bi—I semiconductors, and their derivatives, as next-generation lead-free materials for photovoltaics,
detectors and memiristors

/Structure, Properties,\ /Applications in Energy\
Processing and Electronics

Current

L
-
K\l_"./ Voltage /

Quaternary
“Cu-Ag-Bi-I

4
\

Cu mol.%

Bil, £

Cu-Bi-l

~

fChaIIenges and Future\
Prospects

Figure 1: Overview and structure of this Full Critical Review. The materials focused on
are ternary Ag-Bi-I and Cu-Bi-1 semiconductors, along with quaternary Cu-Ag-Bi-I semi-
conductors, along with derivatives from compositional engineering. This review focuses on
the crystal structure and properties, with a brief discussion of the processing, and followed
by the applications of these materials in energy and electronic devices (solar cells, indoor
photovoltaics, photodetectors, X-ray detectors and memristors). We finish with a discussion
of current challenges, open questions and future opportunities. Structures shown inset of
"Structure, Properties, Processing" box reproduced under the terms of the CC-BY license
from Ref.?? Copyright 2021, The Authors. Figures inset in applications box reproduced with
permission from Ref.3* (Copyright 2020, American Chemical Society) and Ref.?> (Copyright
2022, Royal Society of Chemistry). In the outlook box, the image was reproduced under the
terms of the CC-BY-NC license from Ref.?% Copyright 2021, The Authors.
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Figure 2: (a) Influence of stoichiometry on the structure of Ag,Bi,I,. 3, compounds. Adapted
with permission under the terms of the CC-BY license from Ref.?3 Copyright 2021, The
Authors. ITodide sub-lattice of (b) Bils, (¢) AgBil, (defect spinel structure), and (d) AgBil,
(CdCly-type structure). Reproduced under the terms of the CC-BY license from Ref.
Copyright 2017, The Authors.
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(b)

Figure 3: Comparison of the crystal structures of (a) Bils, (b) AgBil, with the defect spinel
structure, and (c) AgBily with the CdCl,-type structure. Reproduced under the terms of
the CC-BY license from Ref.** Copyright 2017, The Authors.
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Figure 4: (a) Variation in the number of cation sites per unit cell (top) and vacant sites ratio
with the fraction of cations that are bismuth.?® (b) XRD patterns of Ag,Bil, ;. Unreacted
Agl and Bil3 are marked with asterisk (*) and hash (#) symbols, respectively.5? Part (a)
reproduced with the permission from Ref.?° Copyright 2017, Wiley. Part (b) reproduced
with the permission from Ref.?? Copyright 2021, American Physical Society.
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Table 1: Crystal structures of ternary Ag-Bi-I, Cu-Bi-I and quaternary Cu-Ag-Bi-I compounds compared with their precursors:
Agl, Bilz and Cul.?® HCP = hexagonal close packed, CCP = cubic close packed. Note that Sansom et al. also believe that

AgBisl; and AgyBisli; could also have the twinned CdCl, structure.?3

System Compound | Unit Cell Space Octahedral Mo- | Octahedral | Tetrahedral | Iodide Impurity Refs
Group tif Site Occu- | Sites Sublattice
pancy (%)
binary Agl hexagonal | P63mc none n/a wurtzite HCP n/a o3
(3D)
binary Bil; trigonal R3 Bil;-type (2D) | 33 none HCP n/a o
binary Cul cubic F43m none n/a zinc blende | CCP n/a 5
(3D)
ternary AgBisl; cubic Fd3m (3D) | spinel (3D) 43 none CCP Bil; 17,33,50,52
ternary Ag,Bislyy cubic Fd3m (3D) | spinel (3D) 45 none CCP n.r. 33,50
ternary AgBily cubic Fd3m (3D) | spinel (3D) 50 none CCP Ag,Bil; 16,33,44,52
ternary AgBily small trig- | R3m (2D) | CdCl, (2D) 50 none CCP Ag,Bil; 33,44,52
onal
ternary Ag,Bil; small trig- | R3m (3D) | NaVO, (3D) 60 none CCP Agl 17,20,44,50,52
onal
ternary AgsBilg small trig- | R3m (3D) | NaVO, (3D) 66 none CCP Agl 16,20,44,52
onal
ternary CuBily cubic Fd3m (3D) | spinel (3D) 25 antifluorite | CCP Cul + Bilz | 193
(3D)
ternary CuBil, small trig- | R3m (2D) | CdCl, (2D) 25 antifluorite | CCP Cul + Bil3 | *
onal (3D,
layered
ordering)
quaternary | CuAgBil; | large trigo- | R3m spinel (3D) 40 CuAgBil; | CCP n/a 33
nal (2D)
quaternary | CupAgBilg | small trig- | R3m CdCl, (2D) 33 antifluorite | CCP n/a 28
onal (3D,
layered
ordering)
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workers* performed computational studies to show that AgBi,I; cannot adopt the ThZr,H-
type structure with [Bilg| hexahedra, as it was found to be thermodynamically unstable.
Rather, the defect spinel structure is much more likely.

Finally, a current challenge is that the stoichiometry reported for Ag-Bi-I compounds is
usually based on the molar ratio of the precursors used in solution processing. However, it
is difficult to clearly distinguish between these stoichiometries because of the high degree of
similarity in their X-ray diffraction (XRD) patterns. For example, in the series of Ag-Bi-I
compounds shown in Fig. 4(b),*? all Ag-poor compounds have (111), (311), (222), (400),
(331), (440) and (444) peaks that are all at similar Bragg angles. The Ag-rich compounds
have (003), (006), (104) and (009), etc. peaks in similar positions, and these in turn are in
similar positions to those of their Ag-poor counterparts (e.g., (111) peak for Ag-poor and
(003) peak for Ag-rich compounds). Compounding the difficulties in distinguishing between
stoichiometries is the presence of phase-impurities in many Ag-poor and Ag-rich materials,
such as Bilz (denoted in Fig. 4(b) by a #), and Agl (denoted in Fig. 4(b) by an *),20:5
as shown in Table 1. Therefore, it is essential to directly measure the stoichiometry both
in the bulk and at the surface, such as through Rutherford Backscattering Spectrometry
and X-ray photoemission spectroscopy, respectively.” Identifying phase separation, or how
uniformly distributed the Ag and Bi cations are will be essential to understand and control

the reproducibility of films.

2.1.2 FElectronic Structure and Optical Properties

Fig. 5 shows the band structure and density of states (DOS) of Ag-Bi-I compounds from
first-principles density functional theory (DFT) calculations. Fig. 5(a)®® and (b)°® show that
the Ag 4d and I 5p orbitals are the main contributors to the upper valence band (VB), whilst
the lower conduction band (CB) is mainly comprised of I 5p and Bi 6p orbitals for all Ag-

Bi-I semiconductors. From these DFT calculations, it can be seen that the curvature of the

13
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Figure 5: Total and orbital-projected density of states of (a) AgyBils, (b) AgsBilg, (c)
AgBily in the defect spinel (left) and CdCly-type (right) structures, and (d) AgBisl; obtained
from DFT calculations. For (b), (c¢) and (d), the band diagrams are also shown. Part (a)
reproduced with the permission from Ref.?® Copyright 2021, The Royal Society of Chemistry.
Part (b) reproduced under the terms of the Creative Commons CC-BY license from Ref. ¢
Copyright 2021, The Authors. Part (c¢) reproduced under the terms of the CC-BY license
from Ref.* Copyright 2017, The Authors. Part (d) reproduced with permission from Ref. %’
Copyright 2019, American Chemical Society.

band extrema for Ag-rich AgsBilg in Fig. 5(b) is much larger than the curvature of AgBil,
(Fig. 5(c))* and Ag-poor AgBiyl; (Fig. 5(d)).”® As the electron (m.*) and hole (my*)
effective masses are inversely proportional to the curvature of the band edges, % this would
suggest that AgsBilg has lower effective masses than Ag-poor materials, and therefore higher
upper limits in mobility. Lower effective masses also have beneficial ramifications on other
important properties, such as longer diffusion lengths, lower exciton binding energies, and
smaller capture cross-sections for charged defect states through lower Sommerfeld factors. 23!

Indeed Crovetto et al. found that AgsBilg has low effective masses down to 0.4m for both

electrons and holes along the ab plane (where myg is the rest mass of an electron),?® while

14
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AgBily has electron and hole effective masses of 0.6-0.8mq and 0.9-1.0mg, respectively, for
the cubic defect-spinel polymorph, and 1.3mgy and 1.8my, respectively, for the CdCls-type
polymorph. 44

Furthermore, Ag-Bi-I semiconductors have shown good optical absorption coefficients (o)

1

>10* em™ in the visible wavelength range, %! although the exact value for o varies with the

stoichiometry.

3x10°

2x10°

1x10°

A)

Absorption coefficient
(em™)

0 L 1 L L
1.5 2.0 2.5 3.0 3.5

Photon energy (eV)

Figure 6: Absorption coefficient of AgsBilg thin films compared with Bil; and BiOI. Repro-
duced with permission from Ref.?® Copyright 2020, American Chemical Society.

Absorption coefficients have been reported to reach as high as 10° em™ for AgsBilg
prepared by iodizing sputter-deposited AgyBi films (Fig. 6).3® However, currently, the ab-
sorption spectra of Ag-Bi-I thin films have been found to have long Urbach tails (e.g., see
Fig. 6).4461 This is indicative of a relatively high level of crystal structure disorder. This
disorder may be caused by an inhomogeneous distribution of the Ag™ and Bi®" cations, re-
gions of low crystallinity in the solution-processed samples, strong electron-phonon coupling,

or point defects, such as Bi, antisites. %263

2.1.8 Band Positions

The band positions of Ag-Bi-I compounds are shown in Fig. 7 in comparison with com-
mon electron transport layers (ETLs) and hole transport layers (HTLs) used in solar cells.

It can be seen that these band positions are influenced by the stoichiometry. The upper VB

15
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Figure 7: Band positions of Ag-Bi-I, CuBil, and quaternary Cu-Ag-Bi-I compounds com-
pared to the energy extrema for common electron (ETLs) and hole transport layers (HTLs)
used in solar cells. Band positions obtained from Ref.31:54 7 Please note that Lu et al. and
Zhang et al. reported different electron affinities and ionization potentials for CuBily (3.0
and 5.7 eV by Lu et al., and 4.3 and 6.1 ¢V by Zhang et al.%6:67

is mainly comprised of Ag 4d and I 5p states (with a small contribution from Bi 6s states),
whereas the lower CB is mainly due to Bi 6p and I 5p states (Fig. 5). Given that Ag 4d
is closer to vacuum level than Bi 6s, the increased Ag 4d character of the VB in Ag-rich
compounds may cause the upwards shift in the valence band maximum (VBM).5%6* By con-
trast, the conduction band minimum (CBM) shifts down for Bi-rich compositions (Fig. 7),
and this may be due to the strong Bi 6p character of the lower CB.%* In particular, as a
heavy-metal element, Bi has strong spin-orbit coupling, and a stronger Bi 6p character may
led to the CB density of states shifting down into the bandgap as a result. The E, values of
Ag-Bi-I compounds can change from 1.86 €V to 1.95 eV when the stoichiometry changes from
Ag-poor to Ag-rich.%>%* Despite the strong influence of stoichiometry on the band positions
of Ag-Bi-I compounds, DFT calculations have shown that a direct bandgap is maintained in
both the defect-spinel and CdCly-type polymorphs of AgBil, (Fig. 5¢), as well as in AgyBil5
(Fig. 5a). In both cases, the VBM and CBM remain at the I' point. However, in AgBisyl7,
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the bandgap becomes indirect (Fig. 5d), as the VBM remains at the T" point, but the CBM

shifts to the L point.®’

2.1.4 Charge-Carrier Properties

An important question is whether the nature of charge-carriers in Ag-Bi-I compounds is
more free-carrier-like, or more exciton-like. The exciton binding energy (E},) of Ag-Bi-I ma-
terials was studied by Buizza et al. and Ghosh et al.?"52 Although both groups used Elliott
model fitting to their measured optical absorption spectra to obtain £}, the values deter-
mined were very different. Buizza et al. obtained an E), value of 27 meV for AgBil, (implying
most charge-carriers are free),%* whereas the value determined by Ghosh et al. for the same
material was 260 meV (implying excitons dominate the material).?” In the same work and
using the same method, Ghosh et al. determined the E}, for AgyBils to be 150 meV.2” More
detailed studies are therefore needed to understand the nature of charge-carriers in Ag-Bi-I
materials, such as through magneto-optical spectroscopy measurements, ”® measurements of
the fluence-dependence of the photoluminescence (PL) peak intensity, or calculations of Fy,
using a high level of theory. Nevertheless, the E), values found so far are higher than in LHPs
(approximately 20 meV or lower).” This may be due to the higher effective masses found in

Ag-Bi-I (ranging from 0.4mg to 1.8m,384

see Section 2.1.2, compared to ca. 0.1-0.2myq for
3D LHPs?).

Another important factor that complicates charge-carrier transport in Ag-Bi-I materials
is the strong interaction between charge-carriers and phonons that lead to carrier localization,
in which the wavefunction of the charge-carrier is confined to a unit cell or smaller. %263 As
a result, charge-carriers can only move in the bulk of the compound through thermally-
activated hopping between adjacent sites, which severely limits the mobility.

At the same time, it has been found that the stoichiometry can influence the opto-

electronic properties. A comparison beteween AgBily and Ag,Bil; made by dynamic hot
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casting showed that as the fraction of Ag increased, there was an increase in the mobility
from 1.740.3 cm? V! s to 2.34+0.3 cm? V' s (as determined from Hall measurements),
along with an increase in the charge-carrier lifetime from 8745 ns to 133+11 ns (as deter-
mined from transient absorption spectroscopy).?” Turkevych et al. suggested that the longer
charge-carrier lifetime and higher mobility in the Ag-rich compounds may arise from fewer

recombination centers (e.g., Bi” - see Section 3.1 for a more detailed discussion).?°

2.1.5 Compositional Engineering
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Figure 8: Compositional engineering in Ag-Bi-I. Absorbance of AgBisI; films with increasing
(a) Sb content, and (b) Br content. Part (a) reproduced under the terms of the CC-BY license
from Ref.?% Copyright 2020, The Authors. Part (b) reproduced with permission from Ref. 5
Copyright 2019, American Chemical Society. Effect of S alloying in the anion site of Ag;Bilg

n (c) the optical bandgap, E, (photographs of precursor solutions and films inset) and (d)

band positions. Parts (c) and (d) reproduced with permission from Ref.™ Copyright 2019,
Wiley.
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Tuning the composition of materials is an effective method to adjust their properties.
For example, mixing together different cations into the cuboctahedral site of LHPs has led
to materials that are more stable and efficient than the prototypical methylammonium lead
iodide (MAPbI3).™ Similarly, there have been several works investigating the inclusion of
additives in Ag-Bi-I materials to tune their optical properties and defect density.3? Fig. 8
shows the examples of alloying Sb into the pnictogen-site of AgBisI7,?% and Br®® and S™ into
the anion site of AgBisI; and AgsBilg, respectively. In all three examples, XRD and compo-
sition measurements confirmed the incorporation of the additives into the materials. 26:5%7
Furthermore, the thin film absorbers in all cases were prepared by spin coating the precursor
solution (using DMF [N, N-dimethylformamide|, DMSO [dimethyl sulfoxide|, or a mixture of
both) inside a glovebox, and annealing at 90-150 °C.26:59.7

Incorporating Sb into AgBisl7 results in an increase in the indirect bandgap from 1.61 eV
(0% Sb) to 1.98 eV (100% Sb), as shown in Fig. 8a. Computational analyses showed that this
was due to the higher spin-orbit coupling for Bi compared to Sb. The pnictogen valence p
orbitals make a strong contribution to the density of states in the CB, and replacing Bi with
Sb results in the density of states extending less into the bandgap due to reduced spin-orbit
coupling.?® Zhu et al. also investigated the effects of pnictogen chemistry on the Urbach tail
of these AgBi, ,Sb,I7 films by calculating the “near edge absorptivity ratio” (NEAR). NEAR
is defined as the square root of o at the bandgap divided by o at an energy 2% larger the
bandgap, with the value of 2% being arbitrarily chosen. It was found that alloying Sb into
AgBi,I; leads to a reduction in the NEAR value,?® which was attributed to a reduction in
the density of defect states in the bandgap.™

Similarly, incorporating Br into the anion site of AgBisl; broadened the bandgap (Fig.
8b).5% Furthermore, Wu et al. found that alloying 10 at.% Br in AgBisI; led to more uniform
films with a lower pinhole density.?® The photostability was also found to be improved,
and this could be due to Br alloying improving film formation to give rise to lower defect

densities.%?

19



Progress and applications of (Cu—)Ag-Bi—I semiconductors, and their derivatives, as next-generation lead-free materials for photovoltaics,
detectors and memristors

At the same time, the bandgap of Ag-Bi-I materials, at approximately 1.9 eV, is too
wide for single-junction photovoltaic applications under 1-sun illumination. It is therefore
important to also find routes to lower the bandgap, and Pai et al. reported that this can be
achieved through S incorporation. As can be seen from Fig. 8c, increasing the fraction of
S in the precursor solution resulted in a reduction in the bandgap of AgsBilg from 1.87 eV
(0% S) to 1.76 eV (6 at.% S), leading to darker films. This reduction in bandgap came about
due to a lowering of the ionization potential (Fig. 8d), which was likely due to an increase
in the S 3p character of the VBM.™ That is, the S 3p orbital has a lower energy than the
I 5p orbital, and is closer to the Ag 4d orbital energy. The upper VB is dominated by the
hybridization between Ag 4d and anion p orbitals, and increasing the S 3p character would
increase the repulsion between Ag 4d and the anion p orbital, leading to an antibonding
orbital at the VBM with lower energy, thus shifting the VBM closer to vacuum level. The
effects on photovoltaic performance are discussed later in Section 3.1.4.

The inclusion of Cs additives to AgBil, by solution processing has also been inves-
tigated.”” From XRD measurements, it was found that these materials adopted a cubic
defect-spinel structure, and that including 1% and 5% Cs™ to the precursor solution led
to an improvement in crystallinity, along with an increase in absorbance, PL intensity and
PL lifetime. Further increasing the concentration of Cs™ to 10% in the precursor solution
resulted in a phase impurity appearing in the resulting films.® In these studies into Cs addi-
tives, it is uncertain as to where in the lattice Cs™ is incorporated, but Wang et al. speculate
that Cs™ and other alkali additives may occupy interstitial sites.””

The inclusion of Cs and Sb additives into Ag,Bil; has also been investigated, ™ and it
was found that larger grains could be formed, especially with the use of Sb additives. As a

result, the Urbach energy was decreased, accompanied with a reduction in the bandgap. ™

2.1.6 Materials Stability
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Ag-Bi-I compounds have a negative formation enthalpy under ambient conditions, mean-
ing that they are thermodynamically stable.’® Given that they are free from organic con-
stituents, Ag-Bi-I compounds have demonstrated phase-stability in ambient air (30% to 70%
relative humidity).3*4° However, there are noticeable impurity issues in Ag-Bi-I materials
that can accelerate decomposition. Light illumination can also increase the degradation rate
in these materials. In this section, we will discuss how these impurities form, and the pro-
cesses by which they can cause film degradation. Here, the focus is on materials stability
and degradation products, and this discussion is carried on in Section 3.1 on photovoltaic

device stability.

Many groups have reported Ag-Bi-I thin films to be phase-stable in ambient air. Kulka-
rni et al. synthesized Ag-Bi-I films with different stoichiometries by solution processing (see
Fig. 9a), and found that when there was a high fraction of the Agl phase impurity, the
stability of the resulting photovoltaic devices worsened (Fig. 9b).%¢ Curiously, bright dots
were seen in the secondary electron images of all of the films (see Fig. 9c for an example),
and these bright dots have been widely reported in Ag-Bi-I thin films. 3340567 Accounts of
the causes, behavior and consequences of these bright dots have varied in different reports.
Kulkarni et al. and Pai et al. both believe that these bright dots are due to aggregates of

the Ag-rich phase,® such as Agl.™

Crovetto et al. reported that these spots are not present
initially in AgsBils when imaged in scanning electron microscopy (SEM), but appear within
seconds of electron beam irradiation.®® By contrast, we have, at times, observed them to
be present initially but disappear over time under beam exposure. Kulkarni et al. reported
that they only found bright dots to be present at the Ag-Bi-1/TiO, interface for the AgBi,I;
and AgyBil5 samples, whereas the AgsBilg devices had bright dots at the Ag-Bi-I/P3HT /Au
interfaces and layers (where P3HT is poly[3-hexylthiophene-2,5-diyl]). This was believed to

indicate an accumulation of Agl at the hole-extracting electrode, resulting in poorer pho-

tovoltaic performance. Kulkarni et al. also believed that the excess of Ag and I present in
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these aggregates resulted in the release of Ag"' cations and I" anions that migrated through
to the top Au electrode, enhancing the degradation of the device.% Notably, this decrease
in performance only occurred after incorporating the Ag-Bi-I film into a photovoltaic device.
AgsBilg films made into devices fresh vs. after storing in air for 2 weeks before making into
devices exhibited very similar performance and stability (Fig. 9d). This suggests that ionic
species are only released after fabricating the interfaces with the HTL and Au, and may also
be accentuated by the application of an electric field.? Zhu et al. also observed that Ag-Bi-I
films remained stable under storage without an electric field applied, despite the presence of

bright dots on the surface of the films.*°

2.2 Cu-Bi-I Compounds
CuBily and Cu,Bil; were first reported decades ago ,* with the structure for CuBil, later

9

being solved by the same author!®. Despite this, the first CuBil, solar cell was only pub-

lished in 2018.%7 There are a handful of works on Cu-Bi-I semiconductors for photovoltaic

66,6781 Cu-Bi-I compounds have bandgaps in the visible wavelength range. In

applications.
addition, Cu-Bi-I compounds have promising photo- and air-stability, in which the photo-
voltaic performance was maintained after 30 days of air and 1-sun light exposure. Apart
from CuBily, there have also been reports on CusBilg solar cells, which exhibited little hys-
teresis.®? But currently, CuBil, is the material that has been investigated the most, and

we will therefore focus on this compound. This section covers the crystal structure, band

structure, and optoelectronic properties of CuBily.

2.2.1 Crystal Structure of Cu-Bi-I

Structural investigations into ternary Cu-Bi-I compounds have also mostly been made
using single crystal and powder samples.!?28083 Fourcroy et al. prepared CuBil, single

crystals by melt crystallization. ! Sansom et al. and Das et al. also used melt crystallization,
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but prepared powders instead. All three groups reported the use of rapid quenching in water
from a temperature of 350 °C instead of slow cooling to room temperature. 19288983 Sansom
et al. found that, unlike quaternary Cu-Ag-Bi-I materials prepared using similar methods
(see later in Section 2.3.2), the CuBily crystals were too fragile to retrieve, and so relied on
powder XRD to solve the structure.?

Like the Ag-Bi-I system, CuBily also has a ccp I sub-lattice, and CuBil, has the structure
shown in Fig. 10.' But unlike Ag-Bi-I compounds, Cu' occupies tetrahedral holes rather
than octahedral holes because of the smaller ionic radius of Cu® (74 pm) than Ag® (129
pm).® CuBily still has 1/2 of the octahedral holes filled, but these are occupied by Bi*" and
vacancies with 50% occupancy each.!?3383 Cu™ is disordered over all tetrahedral sites, with
9-18% occupancy each, and the Bilg octahedra are edge-sharing with the Culy tetrahedra,

193383~ However, Cu’ occupies an extra tetrahedral site

forming a 3D network (Fig. 10)
compared to spinel structures, and therefore does not have a spinel tetrahedral motif, even
though its octahedral motif is spinel.3* Cu™ also occupies tetrahedral holes in Cul, but unlike
Agl, the I sub-lattice in Cul is ccp (Fig. 10).33

Beyond CuBily, CuyBils has been reported to have a hexagonal unit cell.® Ramachan-
dran et al. prepared thin films of CuyBil5; and, by comparing their measured pattern with
reference patterns, agreed that this material has a hexagonal structure.® However, more
detailed structural analysis using high-quality powder or single-crystal XRD patterns should
be made. Baranwal et al. also reported the synthesis of CusBilg,%2 but the structure of this
material has not yet been solved.

Apart from these structures, Wang et al. also suggested, based on computational analy-

ses, that CuBily could form two P1 structures, as well as one P2; /m structure (Fig. 11a).%

However, these structures have yet to be realized experimentally.

2.2.2 Optoelectronic Properties and Band Positions
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From the computational work by Wang et al., CuBil; with the theoretical P1 and
P2, /m structures were predicted to have high absorption coefficients exceeding 105 cm™
(Fig. 11b).8¢ Wang et al. went further to predict the potential of these materials as pho-
tovoltaics by calculating the SLME from the computed absorption spectra and proximity
of the first direct transition to the optical bandgap.®” These calculations showed that all
three CuBil, structures have SLMEs in the range of 17-20% under 1-sun illumination. 6
These values fall below those of silicon and other established thin film solar absorbers, which
is partly due to the wide bandgap of the materials (close to 2 €V).® On the other hand,
these bandgaps are close to the ideal value for indoor photovoltaics (1.9 €V), and the high
absorption coefficients suggests that these materials could have higher SLMEs under indoor
light spectra.

Experimentally, a handful of groups have reported the synthesis of CuBil, thin films by

6681 as well as by iodizing sputter-deposited Bi/Cu alloys.®” The absorption

spin-coating,
spectra of CuBily thin films prepared by Hu et al. is shown in Fig. 11c, where it can be seen
that the absorption onset remains the same despite changing the precursor concentration
and therefore the thickness of the films. However, the direct bandgap found was determined
to be 2.67 eV by Hayase and co-workers (Fig. 11d),% which would imply a very low electron
affinity (Fig. 7). It should be noted that the diffraction pattern of these Cu-Bi-I films did
not match well with the reference pattern for CuBily, with some peaks offset and many
peaks missing (possibly due to preferred orientation).% In a more recent work, Qu et al. and
Zhang et al. reported a bandgap of 1.84 eV,%"8! with an electron affinity more in line with

other Cu-Ag-Bi-I semiconductors at -4.3 eV (Fig. 7). Consistent with these reports, Qu et

al. measured a PL peak at 683 nm wavelength (1.82 eV).5!

2.2.8 Charge-Carrier Properties

Hayase and co-workers found that as the thickness of CuBil thin films increased, both

24



Progress and applications of (Cu—)Ag-Bi—I semiconductors, and their derivatives, as next-generation lead-free materials for photovoltaics,
detectors and memristors

the Hall mobility (Table 2) and PL lifetime (Fig. 1le) increased, owing to an increase in
grain size (Table 2) and reduced non-radiative recombination. % It should be noted, however,
that the Hall mobility values reported are substantially higher than expected from a solution-
processed thin film. For example, Sansom et al. reported that the quaternary compound,
CuyAgBilg, in polycrystalline thin film form has a mobility of only 1.7 cm? V- s71.2% More
in-depth investigations into the mobility of CuBil,; should be made, especially for single
crystal samples to determine the upper limits in mobility.

The charge-carrier properties of CuBil,; were also examined by transient photovoltage
(TPV) measurements.® From these, a positive signal was observed, implying that the films
were n-type. The recombination lifetime of CuBil, thin films was found to exceed 3 ns, which
are consistent with the PL lifetime measurement from Hayase and co-workers (Fig. 11e), and

imply that the material is suitable for further efforts to develop them into photovoltaics. %

Table 2: Effect of the precursor concentration on the charge-carrier properties of CuBily

reported by Hayase et al.%
Precursor Solution Concentration | 0.4 0.5 0.6 0.7
(M)
Thickness (nm) 150 196 245 303
Average grain size (nm) 130 191 242 300
Mean charge-carrier lifetime (ns) 0.23 0.82 1.67 3.03
Carrier concentration (cm™) 2.47 x 101 | 5.75 x 10* | 6.03 x 10'* | 6.56 x 101
Hall mobility (cm? V- 1) 33.3 48.2 88.4 110
Resistivity (2 cm) 7.59 x 10% | 2.25 x 10® | 1.17 x 10? | 0.86 x 102

2.2.4 Materials Stability

There have been some stability studies on CuBil, thin films and powders (Fig. 12), with
mixed conclusions. Sansom et al. synthesized phase-pure powders by heating Bil; and Cul
powders in silica ampoules followed by rapid quenching. When samples were stored in air
for 3 weeks at both room temperature and —20°C, they were found to decompose to Bil,

and Cul precursors. Cooling powders to —20 °C slowed this decomposition process. Sansom,
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et al. concluded that CuBil, is meta-stable.?® This is consistent with reports of Fourcroy
et al., who stated CuBil, only exists above 276 °C based on extensive exploratory synthesis
within the Cul—Bil; phase space, although they did not comment on the degradation rate
of quenched materials.®® Using a similar synthesis method, Das et al. prepared a phase-
pure ingot of CuBil,. They found powders exposed to ambient air with standard laboratory
lighting for 10 days showed no signs of decomposition as observed via PXRD and thermal
conductivity measurements. Furthermore, they found samples heated in air between 323 K
to 398 K for 4 hours remained stable as measured using PXRD and UV-vis spectroscopy. %
Hu et al. synthesised (111)-orientated CuBil, thin films by combining spin coating with
solvent vapour annealing. After exposing the thin films to air for 42 days, they found no
change in the the XRD patterns as compared to freshly annealed films.% Ramachandran
et al. claim to have synthesized Cu,Bil; thin-films for use in photodetector devices. They
compared XRD patterns of freshly annealed samples with thin films exposed to air for 30
days. The XRD patterns of the air-exposed samples showed changes in peak intensity ratios,

along with the appearance/disappearance of a number of minor peaks. 5

2.3 Quaternary Cu-Ag-Bi-I Compounds
2.3.1 Crystal Structure of Cu-Ag-Bi-1

Sansom et al. reported the exploration of five materials along the AgBils-Cul solid
solution line: Cuy,(AgBi);Iy with x = 0 (AgBily), 0.09 (Cug4AgBily4), 0.2 (CuAgBil;), 0.33
(CupAgBilg), 0.6 (CugAgBilyp), as shown in Fig. 13a.?%?3%2 The structures of CuAgBil; and
CuyAgBilg were examined in detail from single crystal and powder XRD measurements. 2833
CuAgBil; was found to form a 3D defect spinel structure,®® whereas CuyAgBilg has a 2D
CdCly-type structure (Fig. 13a).%° This change in phase may account for the large change

in lattice parameters and cell volume from z = 0.2 to z = 0.33 (Fig. 13b%).

Sansom et al. found that the single crystal XRD pattern of CuAgBil5 could be solved with
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the 3D spinel octahedral motif. But unlike AgBily, this structure cannot also be described by
a twinned CdCl, structure.®? Furthermore, Sansom et al. found from fitting the powder XRD
pattern that the unit cell is not well described by a cubic unit cell, and instead transformed
the cubic unit cell (Fd3m) to a trigonal unit cell (R3m) with an equivalent spinel octahedral
motif, which is now comprised of two octahedral sites for the first and second layers (compare
Fig. 13a with Fig. 3b).?* From Rietveld refinement, both octahedral sites were found to be
comprised of 42.1% Bi*", 41.4% Ag", and 16.5% vacancy. There are also two tetrahedral
sites, one in layer 1 (with 3/4 of the octahedral holes occupied) and the other in layer 2 (with
1/4 of the octahedral holes occupied). Sansom et al. found that only the tetrahedral holes in
layer 2 were occupied by Cu’ with 17.3% occupancy.?® Since only one of these tetrahedral
holes are partially occupied, CuAgBil; does not have a spinel tetrahedral motif, even though
it has a spinel octahedral motif.

For CuyAgBilg, Sansom et al. found that the octahedral motif is CdCl,y-type, and the
occupancies are 30.6% (Bi*"), 34.7% (Ag™"), with the balance vacancies.?® Cu" is disordered
over all tetrahedral holes, with 17.9% occupancy.?®

Beyond these detailed studies, there have also been reports of CuAgBiylg prepared by
sputter depositing Bi, Cu and Ag, followed by heating in a Io-rich gas environment (referred
to as one-step gas-solid-phase diffusion-induced direct metal surface elemental reaction, or
DMSER).”! From thin film diffraction measurements, it is believed that this material has a
defect spinel structure, with a space group of Fd3m,! but there are no detailed investiga-
tions into the structure of this composition. Park et al. also investigated the incorporation of
Cu™ additives to AgyBil5 thin films prepared by powder melt synthesis, followed by solution
processing of the powders. % However, the structure of these materials were also not studied
in detail. Although Park et al. believed that Cu™ substituted for Ag™,%® Cu™ likely instead

occupies tetrahedral sites, while Ag" fills octahedral holes, as described above.

2.3.2 Particular Considerations for the Synthesis of quaterany Cu-Ag-Bi-I Compounds
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Single crystals, powders and polycrystalline thin films of quaternary Cu-Ag-Bi-I com-

28,33,58,62,65,91,92 The detailed structural information dis-

pounds have all been synthesized.
cussed in Section 2.3.1 above was obtained from single crystal and powder X-ray diffraction.
Unlike the synthesis of Ag-Bi-I and CuBil; powders, which can be obtained by melt crystal-
lization, !!82% Sansom et al. reported that CuAgBils and CuyAgBilg needed to be synthe-
sized by solid-state reaction (at 350 °C for a few days) between the binary iodide precursors
with fast quenching.?®33 This was to avoid compositional inhomogeneities, which occur if a
melt is formed or if the product synthesized is cooled down to room temperature slowly. 2833
These complications may arise because of the mobile nature of the elements present, espe-
cially at elevated temperatures. In the synthesis of these Cu-Ag-Bi-I powders, Sansom et
al. found that sufficiently large single crystals (ca. 20 pum along each dimension) could be
obtained for single crystal diffraction measurements.?®33 In contrast, Park et al. used melt
crystallization by heating the Cul, Agl and Bils precursor powders at 450 °C for 12 h.?® At
this temperature, Bil3 melts (melting point of 409 °C), and acts as a solvent for Agl and
Cul, which have higher melting points of 558 °C and 606 °C, respectively.®® However, in this
work, the compositional homogeneity was not reported.

There have been a handful of reports of thin film processing of these materials, which
have mostly been reported since 2021. Like Ag-Bi-I and LHPs, thin films of Cu-Ag-Bi-I com-
pounds are commonly deposited by solution processing thus far, typically using a mixture
of DMF and DMSO as the solvent. 28:33,58:62,65.92.93 A challenge is that the binary iodide salts
tend to have low solubility in this solvent mixture, or in each solvent individually.®® Thus,
groups have reported that the Cu-Ag-Bi-I films are Ag- and Bi-poor compared to the pre-

2833 and many groups have mixed their solutions at high temperature

cursor stoichiometry,
and sometimes spin coat with the precursor solution still warm to avoid precipitating out
the inorganic salts. 28336292 Another strategy employed to overcome this challenge is to add

pyridine to the precursor solution,® or to directly use pyridine to dissolve Cul before mix-
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ing this solution into the DMF/DMSO solution containing the Ag-Bi-I precursors.?® Indeed
pyridine has been found to coordinate with both Cul and Bil;.%

Finally, as mentioned in Section 2.3.1, DMSER has also been used to synthesize Cu-Ag-
Bi-I thin films, where the stoichiometry can be tuned through the thickness of the original
metal layers sputter deposited.” However, in all cases, a thin layer of Cul forms on the
surface of the films, and this can act as a HTL, given its wider bandgap and lower ionization
potential compared to Cu-Ag-Bi-I semiconductors. This surface Cul layer can be removed

by etching with dilute nitric acid.®*

2.3.83 Optoelectronic and Charge-Carrier Transport Properties

Several groups have found that Cu-Ag-Bi-I compounds have high absorption coefficients
=105 ecm™ (Fig. 14a),?®% which are at a comparable level to the reported absorption coef-
ficients of AgzBilg (see Fig. 6).%® Taking the specific example of CuyAgBilg, the absorption
coefficient at the band-edge substantially exceeds that of MAPbI;s perovskite, as well as
the popular elpasolite CsyAgBiBrg (Fig. 14a). Notably, CuyAgBils exhibited a PL peak
at room temperature, albeit red-shifted to 1.71 eV (Fig. 14a).?® Sansom et al. also found
that CuAgBil; has slightly higher absorption coefficients than CuyAgBilg, although the PL
intensity was weaker.?® The bandgap of CuAgBil; and CuyAgBilg are similar (1.8 ¢V and
2.06 eV, respectively).?*33 Fan et al. found that increasing the Cu and I content (to maintain
charge neutrality) in DMSER-made Cu-Ag-Bi-I films resulted in a reduction in the bandgap
from 1.91 eV (CugAgBisl; ) to 1.78 eV (CuAgBiylg). o

To better understand the origin of the high absorption coefficients in CuyAgBilg, the
orbital-projected density of states were calculated (Fig. 14b). As with all other Ag-Bi-I
materials, the upper VB is mainly comprised of Ag 4d and I 5p orbitals, whilst the lower
CB is mainly comprised of Bi 6p and I 5p orbitals. Introducing Cu results in a substantial
increase in the density of states in the upper VB due to Cu 3p orbitals (Fig. 14b, blue),

with minimal changes in the CB. These changes to the VB density of states result in the
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high absorption coefficients found in Cu,AgBilg.%®

From the absorption spectrum of CuyAgBilg, it can be seen that there is a small peak
just above the absorption onset (Fig. 14a), which may arise from an excitonic peak. To
understand this, Sansom et al. fitted the Elliott model to the absorption spectrum, obtaining
an E}, of only 25 meV.?® The low E}, may be due to the higher band dispersion and lower
effective masses in Cuy(AgBi)i4I4 with increasing Cu content. %

At the same time, there is a significant Stokes shift in the PL peak, that is not consistent
with the low E},. Buizza et al. tested the hypothesis that this large Stokes shift is due to
carrier localization.%? Using optical pump - terahertz probe (OPTP) spectroscopy, Buizza
et al. measured the photoconductivity transients in this material, observing an ultrafast
decay in photoconductivity over the first few picoseconds, followed by a slow tail in the
decay of the OPTP signal. The initial rapid decay in photoconductivity is characteristic of
carrier localization due to strong electron-phonon coupling, resulting in the charge-carrier
wavefunction localizing to the order of a unit cell, causing a substantial reduction in mobility
(and therefore decrease in photoconductivity). This carrier localization process was found
to be particularly severe in AgBil,. Intriguingly, increasing the Cu content resulted in
an increased tail in the photoconductivity transients, suggesting the presence of more free
charge-carriers, and an increase in the overall charge-carrier mobility. %2

In addition, Buizza et al. found that increasing the Cu content in Cuy,(AgBi);_,I; com-
pounds led to a reduction in the E}, from 27 meV (AgBily) to 19 meV (CugAgBilyp).% Both
Buizza et al. and Sansom et al. found the E} for CuyAgBilg to be 25-27 meV.%%% These
values were all obtained from Elliott model fitting of the optical absorption spectra of these

materials as thin films, 529

and imply that a substantial fraction of the charge-carriers at
room temperature in these materials are free carriers. Furthermore, Buizza et al. found from
OPTP measurements that the photoconductivity signal did not completely decrease to zero

instantaneously after photo-excitation, but rather the kinetics changed depending on the Cu

content.%? This is also consistent with free carriers being dominant, since the formation of
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excitons would lead to the OPTP signal decreasing to zero. Indeed, electron-beam induced
current (EBIC) measurements showed that the electron/hole diffusion lengths were short in
CusAgBilg and CuAgBils, in the range of 40-50 nm, well below the active layer thickness of
120-150 nm. %

2.3.4 Materials Stability

Sansom et al. found that while CuBil, decomposed to Bils and Cul at room temperature,
the stability of CusAgBilg was substantially improved, with no signs of decomposition after
a week, even under 1-sun illumination (Fig. 15a).2®

Ambient air exposure has a curious effect on the optoelectronic properties of CuAgBils.
Like CupAgBilg, there is a large Stokes shift in the PL peak compared to the optical bandgap,
which may also originate from carrier localization (see Section 2.3.2). Intriguingly, it was
found that the PL peak blue-shifted and became brighter as the CuAgBil5 film was kept in
ambient air (the sample was kept in ambient air in the dark, and measured after 20 min,
60 min and 90 min since being taken to air), as seen in Fig. 15b.33 This observation was
attributed to oxygen passivation of deep traps in the Cu-Ag-Bi-I film, and is consistent with
the observed increase in PL lifetime after storage in air.®3 On the other hand, after a week of

air exposure, CuAgBil5 changed color from dark red to yellow, despite no changes in the bulk

diffraction pattern, indicating that this material may not be as air-stable as CuyAgBilg.33

2.4. Defects and Ion Migration

One of the key motivations behind the exploration of Bi-based materials is to find com-
pounds that could replicate the defect tolerance of LHPs through similarities in the electronic
structure.®® However, it is questionable as to whether materials in the Cul-Agl-Bil; phase
space are defect tolerant, and indeed we argue later in Section 3.1 that it is not.

Efforts into understanding and controlling the defects present in these materials have thus

far focussed on the ternary silver bismuth iodide semiconductors. These studies have mostly
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been on the structural and point defects in Ag-Bi-I thin films by controlling the composi-
tion and morphology. However, thus far, there have been no detailed studies into the point
defects present (e.g., vacancies or interstitials). Probing these point defects experimentally
and computationally would be challenging. Ag-Bi-I compounds are ionic conductors, and
ion migration would complicate the use of any capacitance-based method to measure the
traps present (such as thermal admittance spectroscopy).? Cation disorder makes it diffi-
cult to accurately simulate these systems computationally to determine the defect diagrams.
Overcoming these challenges will be important to understand what defects are limiting per-
formance, and how the processing and composition of these materials could be optimized in
the future. This section discusses the few works that have considered the defects that may

be present in Ag-Bi-I semiconductors.

2.4.1 Defects in Ag-Bi-I Compounds

Table 3 summarizes the carrier type of Ag-Bi-I compounds (made by spin coating with
antisolvent dripping), and the point defects that may be present to give rise to this type
of conductivity.?® The Ag-rich materials, AgsBils and Ag,Bils, exhibit p-type conductivity,
indicating the involvement of acceptor-like point defects, as these compounds have been
observed to occur with unreacted Agl.?°*% Ag vacancies (V 54) are therefore a plausible cause
of these observations. AgBil,; and AgBisl;, on the other hand, showed n-type conductivity.

2056 sionifying the presence of I

Unreacted Bilz has been observed in Ag-poor materials,
vacancies (Vi) in these compounds.

Macroscopic structural defects are also present in Ag-Bi-I thin films. As with other thin
films, grain boundaries can act as sites of non-radiative recombination, and pinholes in the
film can cause shunting in the vertically-structured photovoltaic device. But apart from

these structural/macroscopic defects, Kulkarni et al. found that AgsBilg thin films grown

by solution processing (and using a chlorobenzene antisolvent) formed voids at the interface
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with the TiOy ETL it was deposited onto (Fig. 16a).°° It was believed that these voids
formed because the chlorobenzene antisolvent could remove excess DMSO solvent, especially
at the bottom interface. As a result, Ag3Bilg only crystallized at the top surface, form-
ing voids at the bottom.%® Such voids act as sites of non-radiative recombination and limit
electron extraction, thus decreasing the photovoltaic performance of these materials, and
possibly also decreasing the stability of the devices in air. These voids could be eliminated

by depositing AgsBilg without using any antisolvent.

Table 3: Carrier type, possible defects and likely phase impurities reported so far in
Ag,Biyl,. 3, compounds. n.r. = no report. >

Compound Carrier Type Acceptor-like Donor-like de- | Impurities
defects fects

AgsBilg p-type Ag  vacancies, | n.r. Agl
Ag on Bi anti-
sites

Ag,Bil; p-type I on cation anit- | n.r. Agl
sites

AgBily n-type I interstitials, | I vacancies, Bi | Ag,Bils
Ag vacancies on [ anti-sites

AgBisI; n-type n.r. Bi interstitial Bilg

2.4.2 Ton migration in Ag-Bi-1

Despite Ag-Bi-1 originally being investigated as an ion conductor, little is known about
ionic conductivity in these materials. The activation energy barrier for Ag™ cation migration
has been reported to be 0.4 eV in AgsBilg single crystals made by solvothermal growth, 16
which is similar to the activation energy of I migration (0.44 eV) in lead halide perovskites. 5
Although Ag-Bi-I semiconductors are thermodynamically favored to form, Kulkarni et al.
found through computations that the degradation of AgsBilg to Agl and Bilj is also thermo-
dynamically favored, with a negative enthalpy change of -0.053 eV per formula unit.? This
is consistent with the presence of Agl and Bil; phase impurities in the Ag-Bi-I films (see
Tables 1 and 3). It is believed that Agl can decompose further to Ag™ and I". Tt is proposed

that these ionic species, as well as Bils, can diffuse through the organic HTL (accentuated
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by the presence of an electric field) and reach the Au electrode (Fig. 16b). Bilz can undergo
an underpotential deposition reaction on the surface of Au, leading to the formation of Bi°,
while Au reacts with the iodide species, and likely forms Au®. This proposed mechanism
was corroborated by X-ray photoemission spectroscopy measurements on the surface of Au,
where a degradation product peak was found from the Au 4f spectra (Fig. 16¢), and Bi°
was found from the Bi 4f spectra (Fig. 16d).%% This degradation mechanism was suppressed
by increasing the thickness of the HTL. Further work is needed to prove the mechanism by
which these species migrate to the Au electrode, but it is suspected that these are facilitated

by vacancy defects, as well as the voids present in the film. %

3. Applications
3.1 Solar Cells

Since the first two reports of photovoltaics using Ag-Bi-I semiconductors were made in
2016,%1% a wide range of deposition methods, fabrication protocols and device structures
have been investigated, as shown in Table 4. The highest PCE under 1-sun illumination
now reported is 5.56% for AgszBils compounds with S additives (Table 4), which lowered
the bandgap.”™ 1-sun SLMEs for these materials have been reported for AgBil,, Ag,Bils
and CuBily, and these SLMEs were found to be 26%, 24% and 17-20%, respectively. 8¢
We note that the SLME for CuBil; was calculated based on computationally-determined
crystal structures instead of the experimentally-solved cubic structure.** Nevertheless, the
highest PCEs reported for these compounds (2.8%, 2.6% and 1.12% for AgBil,, AgsBil; and
CuBily, respectively, as shown in Table 4) are still well below these SLMEs, showing there
to be much room for improvement.

The correlation between the short-circuit current density (Jsc), open-circuit voltage
(Voc) and fill factor (FF) with the PCE of these photovoltaic devices is visualized in Fig.
17a—c. From these, it can be seen that the main factor influencing PCE is the Jgc, while

FF has a lower influence, and the V¢ has almost no correlation with PCE, apart from the
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lowest performing devices. 202226,27,38-40,45,58,59,64-67,74,77,78,82,83,96 107 Ty this section, we will
examine the role and relative importance of a range of properties and processing conditions

on Ag-Bi-I photovoltaic performance.

3.1.1 Morphology vs. Defects

In the early studies of Ag-Bi-I solar cells, there was a tendency to think that the PCE
was mainly limited by the poor morphology of the Ag-Bi-1 absorber layers. In contrast to
hybrid LHPs, Ag-Bi-I semiconductors form adducts with a much higher content of solvent
molecules. For example, AgsBilg coordinates with 8 DMSO molecules each,? which leads
to substantial shrinking of the adduct layer upon decomposition during annealing (see Fig.
18). This shrinking results in the formation of discontinuous Ag-Bi-I films with columnar
morphology. If antisolvent treatment is used, then crystallization begins from the top of the
film, which results in the formation of voids in the bottom part of the film (see Section 2.4.1
for a detailed discussion®®). Ghosh et al. optimized the hot casting procedure and improved
the morphology of the absorber layers. Whilst they improved the PCE for Ag,Bil5 from 1.6%
to 2.6% by changing from spin coating to hot-casting, they were not able to exceed earlier
reports of Ag-Bi-I solar cells (see Table 4).2" Similarly, for absorber layers with improved
morphology fabricated by co-evaporation of Agl and Bils,!% or by co-sputtering of Ag and
Bi followed by treatment in iodine vapor,*® the PCEs reached were <1% (Table 4).

As we can see in Fig. 17(d), the PCE tends to be higher for Ag-rich compositions. Here,
we are plotting the PCEs shown for all of the solar cell devices in the above panels (i.e.,
Fig. 17a-c) as a function of the ratio of Bi*" to all cation species present in the nominal
stoichiometry. We denote this as b/(a-+b), which is directly applicable for Ag-Bi-I com-
pounds with the general formula A,B,X, 3,. We emphasize that Cu-Ag-Bi-I quaternary

compounds do not have this general formula (see Section 2.3.1 for a description of the struc-

ture of these materials). For completeness, it is still useful to include the data for these
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Figure 9: Effect of air exposure on the performance of Ag-Bi-I thin films. (a) XRD pattern
and (b) normalized PCE of Ag-Bi-I thin films used in photovoltaics. The XRD patterns were
taken in air on fresh samples. (c¢) Top-down scanning electron microscopy (SEM) image of a
AgsBilg thin film giving an example of bright spots that sometimes appear in the secondary
electron image. (d) Current density - voltage curves of devices made from AgsBils that
were fresh, and aged in air for 2 weeks. For the aged samples, the P3HT HTL and Au
were only deposited over the Ag-Bi-I films after the 2 week ageing period. Parts (a), (b)
and (d) reproduced with under the terms of the CC-BY license from Ref.5¢ Copyright 2021,
The Authors. Part (c) reproduced with permission from Ref.3® Copyright 2020, American
Chemical Society.
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Figure 10: Reported stoichiometries of Cu-Bi-I compounds, and a comparison of the solved
structure of CuBily with the structures of Bilg and Cul. Adapted with permission under the
terms of the CC-BY license from Ref.?3 Copyright 2021, The Authors.

)
(@ New CuBil, structures with high photoelectric conversion efficiency (b) = 14 e
Eg=2.0eV Eg=14eV Eg=19eV E12p—nm
SLME =17.6% SLME =19.9% SLME =17.0% < 10 |
- — L
X 8
g 6f
4 N
Y o1 g4
S L
o Cu 2 2 4
O Bi 0 S
0 2 4 6 810
(e) Energy (eV)
17 T T T

—0.4M
l—0.5M

0.6M|

£
=
qga ";; fg —0.7M
g 5 >
= 2 -
-]
-g 1.0' s ‘g
= 0.5 50
Bk E
=]
0.0 ) ; : s st Z ‘
400 500 600 700 800 # - 8 10
Wavelength (nm) Energy (eV) Time (ns)

Figure 11: Properties of CuBil, from computations and experiment. Computations: (a)
Predicted structures of CuBily: P1-I1, P1-I11, and P2;/m, and (b) calculated optical absorp-
tion spectra of the three structures.® Experiment: (c) UV-Vis absorbance spectra of CuBil,
deposited from precursors with concentrations of 0.4-0.7 M. (d) Tauc plot to determine the
direct bandgap of CuBily deposited from a solution with 0.7 M concentration, and (e) PL
decay curves of CuBil, deposited from solutions with different concentrations.® Parts (a-b)
reprinted with permission from Ref.8¢ Copyright 2021, American Chemical Society. Parts
(c-e) reproduced with permission from Ref.% Copyright 2018, Wiley.
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Figure 12: Stability studies of CuBil, powder samples. (a) Thermal stability of CuBil, after
heating for four hour intervals in an air oven.® (b) PXRD patterns of (i) freshly prepared
CuBil, powder, and powders stored in air and darkness for three weeks at (ii) RT and
(iii) —20°C.% (¢) PXRD patterns and (d) lattice thermal conductivity measurements of
CuBil, powders stored in open lab conditions for ten days. Das et al. suggest CuBil, is a
stable material. % However, Sansom et al. believe that it is only meta-stable and degrades
to Bil; and Cul when given enough time.? Parts (a), (c) and (d) reprinted (adapted) with
permission from J. Am. Chem. Soc. 2023, 145, 2, 1349-1358. Copyright 2023, American
Chemical Society. Part (c) reproduced with permission under the terms of the CC-BY license
from Ref.?® Copyright 2021, The Authors.
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Figure 13: Structure of quaternary Cu-Ag-Bi-I compounds. (a) Nominal and reported com-
positions of Cu-Ag-Bi-I materials investigated, and (b) the lattice parameters and unit
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The Authors.
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Figure 14: Optical and electronic properties of Cu-Ag-Bi-I compounds. (a) Absorption co-
efficient (black) and PL spectra (red) of CuyAgBilg thin films compared with the absorption
coefficient of MAPDbI3 (blue, short dashes) and CsyAgBiBrg double perovskite (blue, long
dashes). (b) Calculated orbital-projected density of states of CusAgBilg. Reproduced under
the terms of the CC-BY license from Ref.?® Copyright 2021, The Authors.
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Figure 15: Stability of quaternary Cu-Ag-Bi-I compounds. (a) Powder XRD pattern of
CuyAgBilg stored in air in the dark (control) compared to CusAgBilg stored in a capillary
sealed with air and exposed to 1-sun illumination. Both sets of samples were stored for
1 week. These measurements are compared to AgBil, stored under equivalent conditions.
Reproduced under the terms of the CC-BY license from Ref.?® Copyright 2021, The Authors.
(b) PL spectra of CuAgBil5 thin films made in a N-filled glovebox and stored in air for up
to 90 min. Part (f) reproduced with permission from Ref.?3 under the terms of the CC-BY
license. Copyright 2021, The Authors.
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Figure 16: Defects and ion migration in Ag-Bi-I semiconductors. (a) Cross-sectional SEM
image of a AgzBilg photovoltaic device, showing voids at the TiOy/AgsBils interface. (b)
Proposed mechanism for Au electrode degradation through the migration of I, Ag™ and
Bi®" ions through the organic HTL. X-ray photoemission spectra of the (c) Au 4f and (d)
Bi 4f core levels, measured on the Au top electrode in the regions that were pristine vs.
degraded (shown inset in part (c¢). Reproduced with under the terms of the CC-BY license

from Ref.®® Copyright 2021, The Authors.
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4, 20-22,26,27,38-40,45,58,59,04-67,74,78,82.88,96-98,100-107 o wing the correlation between the (a) Jgc,
(b) Voc, and (¢) FF with the PCE. (d) PCE vs. nominal stoichiometry expressed as b/(a+b)
for A,BpX, 3, compounds, where A = Ag, Cu; B = Bi, Sb and X = I, Br. Please note that
we include the data for Cu-Ag-Bi-I absorbers on this plot by taking b/(b+a) as being the
fraction of Bi*" to the total number of cations in the formula of the species. But we empha-
size that these quaternary compounds do not have the general formula A,B,X, 3, and the
number of vacant sites deviates from the rudorffite structure model (see Section 2.1.1 and
2.3.1). The blue line in part (d) shows the vacant site ratio in the cation sublattice calculated
for various stoichiometries. 22! The shapes of the points correspond to the fabrication meth-
ods: SPC (circles), SPC-HC (diamonds), TADB (right-triangles), IM3L (squares), EVAP
(down-triangles), SPUT +Iyy (stars), where SPC is spincoating, SPC-HC is spincoating
with hot-casting, TADB is thermally-assisted doctor blading, IM3L is infiltration into meso-
scopic three-layer structure, EVAP is evaporation, SPUT+ Iy is sputtering with subsequent
treatment in iodine vapor. The colors of the points correspond to various elemental com-
positions: Ag-Bi-I (black), (Cu)Ag-Bi-I (violet), (Cs)Ag-Bi-I (green), Ag-Bi-I(S) (orange),
Ag-Bi-I(Br) (blue) and Ag-(Sb)Bi-I (red). The empty red circles highlight the highest Jsc
(15 mA ecm™?),™ Ve (0.83 V), and FF (76%)3° out of all devices reported thus far that
we are aware of. 43
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Table 4: Reported photovoltaic performance of Cu-Ag-Bi-I absorbers. The average values and uncertainties for each performance
parameter, along with the performance of the champion device, are shown where available. [Please note that this is a placeholder.
Please refer to the Word document with the full table included, along with the definitions of all abbreviations used.|
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quaternary absorbers. Interestingly, in Fig. 17(d), we observe that the PCEs of solar cells
based on Ag-Bi-I absorbers decrease overall as the content of Bi increases. Simultaneously,
for increases in b/(a+0b), the fraction of octahedral holes in a rudorffite structure occupied
by vacancies (i.e., vacant sites ratio) increases (see Section 2.1.1.)2° Thus, we would infer
that the probability of lattice defects forming increases as the materials become more Bi-rich,
which is consistent with the overall reduction in PCE. This hypothesis correlates with ultra-
fast transient absorption spectroscopy studies that reveal significantly slower trap-mediated
charge-carrier recombination in AgsBilg in contrast to AgBily.!1%® Also, the time-resolved
microwave conductivity (TRMC) figure of merit, studied by Iyoda et al.,'® is significantly
higher for Ag-rich compositions. At the same time, we observe no trend in the PCE of solar
cells based on Cu-Ag-Bi-I vs. b/(a+b) (Fig. 17(d)). This may be because these materials
are severely underdeveloped in photovoltaics compared to Ag-Bi-I compounds, but also be-
cause the fraction of octahedral and tetrahedral holes that are vacant has a more complex
relationship with the content of monovalent cations (see Section 2.3.1).

Nevertheless, we can draw several conclusions: (1) materials within the Cul-Agl-Bilj
phase space are not defect tolerant semiconductors, (2) trap-mediated charge-carrier recom-
bination seems to be the major performance-limiting factor and (3) Ag-Bi-I compounds that
are Ag-rich, in general, give higher PCEs, because they tend to form a lower density of
traps. From these arguments, we would suggest three strategies to combat the issue of trap-
mediated charge-carrier recombination in Ag-Bi-I photovoltaic devices: (1) improving the
crystallinity and minimizing the native defect density, (2) compensation of traps by doping
and (3) fabrication of extremely thin absorber heterojunction structures (as detailed later).
This analysis also encourages future efforts on photovoltaics to focus on compounds with

lower fractions of the cation sites occupied with vacancies.

3.1.2 Morphology Control

Precursor Dissolution
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Beyond challenges with the formation of pinhole-free Ag-Bi-I thin films, it has also been
challenging to find suitable solvents to dissolve the Agl and Bils precursors for Ag-Bi-I
compounds. Bils is sparingly soluble, and Agl insoluble in polar aprotic solvents commonly
used in solution processing halide compounds, e.g., DMF and DMSO.?%22 The strategies
employed to overcome this limitation have been to (1) heat the polar aprotic solvents, (2)
add a small quantity of acid to the precursor solution to improve solubility, or (3) change to
a different solvent system.

In the first case, Turkevych et al. reported that Agl can be dissolved in DMSO when
mixed with Bils and heated to 110 °C. This was attributed to the formation of [Bilz,,|*
complex ions that faciliate Agl dissolution.?° The warm solution was deposited by spin
coating onto substrates that were not pre-heated (i.e., not hot casting), but with the use
of a toluene antisolvent. Pinhole-free AgsBilg thin films were achieved, with 4.3%-efficient
photovoltaic devices realized (Table 4).%

In the second case, groups have reported successful dissolution of Ag-Bi-I precursors by
adding HI or HCI to the organic solvents. Shao et al. mixed Agl and Bilz into DMF at
a lower temperature of 70 °C, and improved precursor dissolution by adding 50-70 pl. of
37% HCI to a 1 mL solution.”” Dense films with large grains were achieved across a range
of Ag-Bi-I stoichiometries, however the photovoltaic performance only reached up to 0.78%
for Ag,Bisl;;, mostly due to low short-circuit current densities of up to 2.39 mA cm™2.%7
This was due to low external quantum efficiencies (EQEs) reaching up to 15%.°7 Jung et
al. took a different approach of pre-synthesizing Ag,Bil5 powders through melt synthesis,
then dissolving these powders into a DMF /DMSO solution by adding a small quantity of HI
(DMSO:DMF:HI = 3:2:0.2 by volume). However, these AgyBil5 films did not completely
cover the mesoporous TiO, substrate, and yet a higher PCE of 2.31% was achieved, mainly
due to higher Jgc values of 6.33 mA ecm™.9¢ A discontinuous morphology was also achieved
by Vivo and co-workers with CuyAgBilg thin films. Adding 1.5 vol.% HI to the precursor

solution (using a mixture of DMF and DMSO as the solvent) resulted in films that were still
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dicontinuous, but had larger microfeatures with greater coverage of the substrate, leading to
an increase in the PCE from 0.60% (no HI) to 1.30% (with HI), and this was attributed to
a reduction in the defect density of these films. !1°

In the third strategy, groups have investigated the use of primary alkylamines as an
alternative to polar aprotic solvents, since the alkylamines are known to dissolve Agl.?? Kim
et al. proposed the use of n-butylamine, and successfully achieved dense thin films that
were pinhole-free after annealing at 150 °C. This annealing temperature was found from
FTIR measurements to remove remnant n-butylamine and therefore fully crystallize the
film. The PCE achieved in photovoltaic devices was 1.22% (see Table 4).%2 Zhu et al. used
the same solvent to dissolve Agl and Bils, and improved the PCE up to 2.1% (see Table 4) by
tuning the stoichiometry towards Ag-rich AgyBils, despite the presence of a small quantity
of pinholes.4°

Similar strategies have been adopted for Cu-based systems. For example, whilst Cul has
low solubility in DMF or DMSO, a combination of Cul and Sblz was found to dissolve.%
Similarly, for CuBily, the use of HI mixed with N,N-dimethylacetamide successfully dis-
solved the precursors.% However, in both cases, the PCEs reached were poor, below 1%, as
is the case with all other solution-processed Cu-Bi-I compounds without Ag added (Table
4). Finally, as discussed earlier in Section 2.3.2, adding pyridine to the DMF/DMSO sol-
vent mixture has been found to improve the solubility of the binary iodide precursors for
making quaternary Cu-Ag-Bi-I compounds, and this contributed to an improvement in PCE
from 0.43% to 1% for CuysAgBils. 2% However, these PCEs are still low compared to those

achieved using hot casting and solvent-free methods (see next two sections below).

Antisolvent Dripping and Hot Casting

In the solution processing of LHPs, a common strategy to improve film morphology is to

employ antisolvent treatment. In this approach, a solvent with poor solubility for the precur-
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sors is dripped onto the film during spinning, washing away the original "good" solvent. This
induces rapid supersaturation, and the formation of a high density of nuclei, thus increasing
the chances of avoiding pinholes (see Ref.!! for mechanistic details). As mentioned earlier
in Section 3.1.1, antisolvent treatment has been employed with the deposition of Ag-Bi-I
and Cu-Ag-Bi-I films, giving rise to improvements in morphology. Since the precursors used
are polar, poor solvents will have low dielectric constants and low polarity. The antisolvents
that have been investigated are ethyl ether, toluene, chlorobenzene and isopropanol, which
all have dielectric constants below 20 (whereas DMF and DMSO have dielectric constants
of 37).2958.78.103 However, the use of antisolvents has not yet proven to be as effective as
in LHPs, and poor morphology is often still obtained. Furthermore, stoichiometry, device
architecture, and other processing parameters, such as annealing conditions, have had a
larger influence than antisolvent dripping on device performance. For example, Zhai et al.
compared toluene, chlorobenzene and isopropanol as antisolvents and found isopropanol to
give AgBil films with the lowest pinhole density.'% Although this improved the PCE of
AgBily solar cells from 0.64% (without antisolvent) to 1.26% (with isopropanol),!% the per-
formance falls below that reported by Turkevych et al. for AgsBilg (4.3%) using a toluene
antisolvent. 20

The supersaturation during spin coating can also be enhanced through hot casting, in
which both the precursor solution and substrate are pre-heated to a certain temperature,
and spin coating is carried out while both are warm. This enhances the evaporation rate
of the original solvent. Ghosh et al. combined hot casting with antisolvent dripping (using
chlorobenzene as the antisolvent), improving the PCE of AgBil, from 1.2% (comparable
to the best devices reported by Zhai et al. for the same composition) to 2.2% with hot
casting.?"1%3 These improvements in device performance were due to increases in grain size
and reductions in pinhole density with the use of both hot casting and antisolvent dripping.
However, hot casting critically depends on how quickly the substrate and precursor solution

are deposited after being taken off from the substrate, and it is difficult to precisely measure
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the temperature of the solution and substrate during the spin coating process. These factors
make hot casting difficult to reliably reproduce in the lab with spin coating, but might
be implemented more reproducibly in a manufacturing process where the substrate and
precursor temperatures are controlled (e.g., in blade coating).

Overall, in comparing all fabrication methods detailed in Table 4 and visualized in Fig.
17a—c, there is no significant difference between spin coating, antisolvent dripping or hot
casting. These observations for Ag-Bi-I absorbers also generally apply to Cu-Ag-Bi-I ab-
sorbers, although it is more difficult to draw conclusions given the scarcity of reports on
these more novel materials. As an illustrative example, Pai et al. reported a champion
PCE of 2.45% for solar cells using hot-cast CusAgBils.% Park et al. obtained a slightly
higher PCE of 2.53% for Ag,Bils; with Cu added in, made by conventional spin coating.?®®
The stoichiometry and structure of these two absorbers are likely not the same, preventing
a direct like-for-like comparison. But, at least we cannot conclude that hot casting leads
to a substantial improvement in PCE over conventional spin coating. Furthermore, the ef-
fects of annealing conditions on photovoltaic performance are also not clear. More work
to understand the process-property-structure-performance relationships of Ag-Bi-I, Cu-Bi-I

and Cu-Ag-Bi-I compounds are needed, especially focussing on scalable fabrication methods.

Solvent-Free Methods

106 and sputter deposition of AgsBilg and CuBil; have

Thermal evaporation of AgBily
been demonstrated,3®%7% as shown in Table 4. But in all cases, the performance reached has
not substantially exceeded those of their solution-processed counterparts, despite dense films
being achieved (see Table 4). Khazee et al. attributed the low performance of the thermally-
evaporated AgBil, films to be due to the presence of Bi’, found from XPS measurements,
which could act as recombination centers.!% Crovetto et al. synthesized AgsBilg films by

first sputter-depositing Ag and Bi, followed by iodization. A narrow processing window

was found to avoid the formation of Agl or Bils impurities, and these may have played a
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role in limiting device performance. Indeed, as discussed earlier in Section 2.6.2, Ag3Bilg is
thermodynamically favored to decompose to Agl and Bils.%°

A similar approach was used to fabricate CuBily films from the vapor phase, in which
Cu and Bi were first deposited by sputter deposition, followed by iodization. "% However,
it was found that the deposition of a spiro-OMeTAD HTL on top led to the re-dissolution
of the dense CuBily, film by the 4-tert-butylpyridine and acetonitrile present, leading to a
rough morphology with intimate contact between the spiro-OMeTAD and CuBily.%"%® This
was believed to enhance hole extraction by reducing the required hole transport length,
leading to PCEs reaching 1.1%, which slightly exceeded the photovoltaic performance of
solution-processed CuBily (0.81%),5¢ as seen in Table 4.

Quaternary Cu-Ag-Bi-I films have also been prepared by iodizing sputter-deposited metal-
lic Cu/Ag/Bi films (i.e., DMSER). PCEs reaching up to 2.76% have been achieved for
DMSER CuAgBislg and with a natural Cul layer on top to help facilitate hole extraction.
In these devices, a carbon electrode was directly deposited on top of Cul by blade coating
and annealing at 100 °C for 10 min.?* These devices are currently the most efficient for solar
cells based on quaternary Cu-Ag-Bi-I absorbers (Table 4).

Further work on developing vapor-based fabrication methods are worthwhile, since these
are more easily compatible with large-scale manufacturing than spin-coating. Future efforts
to improve performance will require detailed analyses of processes causing non-radiative
losses, the defects present in the bulk and interfaces of the films, band alignment between
the absorber and charge transport layers, as well as whether the deposition of charge trans-

port layers onto the absorber damages the film or interface.

3.1.8 Potential of the Extremely Thin Absorber Architecture
As shown in Table 4, the device structures utilized for Ag-Bi-I, Cu-Bi-I and Cu-Ag-Bi-I

photovoltaics have mostly been borrowed from those developed for LHPs, i.e., using meso-

porous TiO, or SnO, for the ETL, and an organic HTL over the halide thin film (Fig. 19(a)).
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Figure 18: Fabrication of AgsBilg thin films by spin coating with hot-casting (SPC-HC).
Schematic illustration, along with cross-sectional and top-down SEM images of AgsBilg thin
films fabricated with (a, ¢, d) and without (b, f, g) antisolvent treatment with toluene
(TL). (e) Photographs demonstrating the annealing process of the samples fabricated with
antisolvent treatment, resulting in a gradual decomposition of the Ags;Bils-8DMSO adduct?”
and formation of smooth mirror-like AgsBilg films. In contrast to the top-down SEM image
in part (d) that gives the impression of a compact film, the cross-sectional SEM image in part
(c) reveals large holes at the bottom of the film. The samples fabricated without antisolvent
treatment (f, g) feature rough, columnar morphology. Reproduced with permission from I.
Turkevych, presented at the MNC-2020 conference, 33 Osaka, Japan, Nov. 9, 2020. 12

In particular, a thick absorber layer is required in this planar or mesosuperstructured device
archtiecture. However, Ag-Bi-I (and likely also Cu-Bi-I and Cu-Ag-Bi-I) have shorter dif-
fusion lengths (Lp) than LHPs. Rather than using a thick planar thin film, the extremely
thin absorber (ETA) heterojunction structure could be an effective alternative to alleviate
the issue of the short Lp. In the ETA heterojunction, the absorber layer is sandwiched
between the highly structured ETLs and HTLs (Fig. 19(b)). The absorber can therefore
be thinner than the Lp, whilst light trapping in the nanostructured device ensures high
optical absorption. The ETA structure can therefore significantly improve the collection

probability of the photogenerated carriers, because they do not need to travel over large
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distances before separation. Another important advantage of the ETA structure is more
efficient light scattering, which increases the optical path through the device and thereby
enhances photon absorption. As a result, the photocurrent of the solar cell can be maxi-
mized by a separate optimization of optical and electronic thicknesses of the absorber layer.
Ag-Bi-I, Cu-Bi-I and Cu-Ag-Bi-I solar cells with the ordered ETA structure have not been
realized yet, however, there are several works that demonstrate structured absorbers with
a disordered bulk-heterojunction, such as phase separated 0.5AgsBisly-CssBisly, %% CuBily
mixed with doped spiro-OMeTAD or PTB7,%8 and Ag,Bils mixed with MWCNT or RGO. %4

(a) Flat film heterojunction (b) ETA heterojunction
HTL
o [pEA
ddﬂ
ROF Absorption: 100% ‘i
(light trapping) ‘4%’
| ROF
EIL ETL “\'ﬂ
FTO FTD
High recombination Recombination — 0

Figure 19: Advantages of the Extremely Thin Absorber (ETA) heterojunction structure for
Cu-Ag-Bi-I solar cells. The ETA heterojunction structure is an effective approach to alleviate
the issue of the short Lp and associated high non-radiative recombination rate. In contrast
to the flat film heterojunction (a), the absorber layer, which is sandwiched between highly
structured ETLs and HTLs in the ETA heterojunction (b), is thinner than the Lp, while the
trapping of light ensures sufficient light absorption in the thin absorber layer.

3.1.4 Using Additives to Improve Photovoltaic Performance

As mentioned earlier, compositional engineering in Ag-Bi-I films has a significant effect
on their photovoltaic performance. There have been several works that studied elemental
substitutions in Ag-Bi-I compounds with Cs,”™ Sb,?6 Br® and S,™ and a detailed discussion

of the effects of doping with these elements is given in Section 2.1.5. In terms of photovoltaic
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performance, the additive that has led to the highest PCE so far has been S incorporation
into Ag-rich rudorffites. These compounds, with a nominal composition of AgsBils5 925004,
demonstrated a PCE 5.56%, which is currently the record performance amongst all Ag-
Bi-I solar cells (Table 4). These increases in PCE were driven by an increase in Jg¢ from
11.2 mA em™? for AgsBilg without S incorporation, to 14.7 mA cm™ with 4% S incorporation
(Table 4).™ As can be seen from Fig. 17a, these were among the highest Jgcs reported for
the Ag-Bi-I system. The increase in Jgc was due to an increase in the EQE, as well as a
reduction in the optical bandgap from 1.87 eV (no S) to 1.82 eV (4 at.% S), which enhanced
light absorption. As discussed in Section 2.1.5, the reduction in bandgap came about from
the VBM being raised. Further increases in S incorporation reduced the bandgap more, but
were accompanied by further decreases in the V¢ (see Table 4). Pai et al. attributed these

reductions in V¢ to an increase in the density of recombination centers. ™

3.1.5 Deuvice Stability

Several groups have reported stable performance of unencapsulated Ag-Bi-I photovoltaics
when stored in ambient air, dry air, or in a Ny-filled glovebox,?2:26:40:45,59,67,74,78,96,101,107 A
range of stability tests have been conducted, from 10 days?? to 77 days® in ambient air.
In these tests, the devices were stored in the designated testing environment, and measured
under 1-sun illumination at regular time intervals. In most cases, only a very small decrease
in PCE was observed, on the order of 5-15%.%24%™ In the case of AgBi,I; doped with 10%
Br, a slight improvement in PCE was observed after storing in ambient air in the dark for
77 days, and this was attributed to changes in the TQ1 HTL (see footnote of Table 4 for full
name) after oxygen exposure, since the increase in PCE correlated with an increase in Jgg.*
In addition, Lu et al. found that AgBil; demonstrated greater thermal and photo-stability
thanMAPbDI3 perovskite. In thermogravimetric analysis measurements, the onset in mass

loss for AgBil, was 260 °C (due to Bilz sublimation), whereas the onset temperature for

the perovskite was 200 °C (due to methylammonium iodide removal).*® When pristine films
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were sealed in an inert-gas environment and exposed to 1-sun illumination for up to 3 h,
AgBil, showed no phase degradation, whereas the perovskite formed a Pbl, impurity peak
after only 1 h.%°

However, it will be important to also understand long term changes in PCE under contin-
uous operation at the maximum power point. A work by Zhang et al. found that although
the PCE decreased by less than 5% after repeated measurements over a period of 500 h in
air, under continuous operation, the PCE decreased by approximately 40% under contin-

101 These changes may arise from heat-induced, ion migration or

uous operation for 50 s.
changes to the device at the interfaces during operation, and should be investigated fur-
ther. Indeed, as discussed earlier in Section 2.4.1 (on the effects of Agl impurities) and
Section 2.4.2 (on ion migration), ionic species can be released and migrate to the top metal
electrode, causing corrosion and performance degradation.®® This occurs even for metal elec-
trodes that would normally be considered inert, such as Au, and motivates further work to
understand the mechanisms involved, as well as mitigation strategies (e.g., developing more
inert electrodes). Achieving stable operation at the maximum power point and under con-
tinuous illumination will be important for Ag-Bi-I photovoltaics to ultimately pass standard
accelerated degradation tests. 113114

In summary, from Table 4 and Fig. 17, we can see that reasonably high parameters of
15 mA ecm? for Jgc,™ 0.83 V for Voc,'! and 76% for FF3Y have been demonstrated in dif-
ferent devices. This suggests that a properly optimized device can potentially demonstrate
a PCE of around 10%. We can suggest that the next generation of these halide absorber

solar cells should adopt Ag- or Cu-rich compositions for absorber layers with heterovalent

doping and the ETA heterojunction device structure.

3.2 Indoor Light Harvesting

Indoor photovoltaics (IPVs) are gaining increasing attention as a highly promising route
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Figure 20: Motivation for using Ag-Bi-I for indoor photovoltaics (IPVs). (a) Schematic of
a radiofrequency identification (RFID) tag with an IPV. Reproduced with permission from
Ref. 11® Copyright 2019, Wiley. (b) Illustration of IoTs nodes based on the 'harvest-use’ and
"harvest-store-use’ concepts.?! (¢) Power produced by IPV over a range of PCEs under dif-
ferent illuminances. 1000 lux illuminance is taken to have 350 uW cm™ irradiance. Power
consumption of communication protocols from Ref.!6 (d) Radiative limit and indoor spec-
troscopic limited maximum efficiencies (i-SLMEs) under white light emitting diode (WLED)
and fluorescent (FL) light sources. Reproduced under the terms of the CC-BY license from
Ref.?* Copyright 2021, The Authors.
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I'RDF = rudorffite, spiro-OMeTAD = 22,7, 7-tetrakis(N,N-di-p-methoxyphenyl-amine)9,9-spirobifluorene, 4A1N = 4-aminoaphthalene-1-sulfonate,
P3HT = poly(3-hexylthiophene-2,5-diyl), PTAA = poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine], TQl = poly[[2,3-bis(3-octyloxyphenyl)- 5.8
quinoxalinediyl]-2,5-thiophenediyl]
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Table 5: Performance of Ag-Bi-I and Cu-Ag-Bi-I indoor photovoltaics. The average value and uncertainty for each parameter
is shown, along with the value of the champion device in brackets, where all of this information is available. Otherwise, the
champion performance reported is shown. The light source used in these reports were white light emitting diodes (WLEDs),
except for the report shown of DSSCs, which were measured under fluorescent (FL) lighting. Please note that not all devices
were measured under the same illumination conditions, and the standards for indoor photovoltaic measurements had not been
published when these reports were made.t

Year | Compound | Device Structure Mumi- | Poyt PCE (%) Voe (V) Jee FF (%) Ref.
nance (uW cm?) (HA cm™?)
(lux)

2020 | DSSC FTO/TiO5/XY1:L1/electro-| 1000 103.1 34.0 0.91 147 7 17
(FL) lyte/PEDOT:PSS/FTO

2020 | DSSC FTO,/TiOs/XY1:L1 /electro-| 500 19.5 32.7 0.88 73.4 77 17
(FL) lyte/ PEDOT:PSS/FTO

2020 | DSSC FTO/TiOs/XY1:L1 /electro-| 200 19.0 31.4 0.84 29.0 78 17
(FL) lyte/PEDOT:PSS/FTO

2021 | LHP FTO,/TiOs/LHP /Lycopene/l 1000 | 111.7 40.2 0.85 248 53 19
(triple spiro-OMeTAD /MoO,, /Ag
cation)

2023 | LHP FTO/TiO,/4AIN/LHP/- | 1062 13047 3042 (41) | 1.054£0.01 | 150410 | 81£1 (83) | 120
(CsPbls) spiro-OMeTAD /Ag (138) (1.07) (160)

2022 | CusAgBil; | FTO/c-TiO /RDF /spiro- | 1000 | 171 (22) | 3.7£0.3 | 0.54+£0.04 | 627 (30) | 63=1 (65) | ™
(with HI) | OMeTAD/Au (4.7) (0.60)

2022 | CusAgBils | FTO/c-TiOs/RDF /spiro- | 1000 | 6£2 (11) | 1.3£0.5 | 0.4620.05 | 2546 (36) | 574 (64) | 10
(w/o HI) OMeTAD/Au (2.3) (0.54)

2022 | ATBily FTO/c- 1000 1.56 0.52 0.71 4.35 50.6 121

TiO,/RDF/PTAA/Ag
2022 | ATBily FTO/c- 500 0.82 0.54 0.68 2.55 47.0 121
TiO/RDF/PTAA/Ag

2023 | CupAg(Bi- | FTO/c-m- 1000 | nr 8.3+0.6 | 0.5520.01 | 11644 68.5+£0.7 | 122

Sh)Is TiOs/RDF /spiro- (9.5) (0.56) (128) (70.0)

OMeTAD/Au
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to sustainably powering Internet of Things (IoTs) devices.?4116 The IoT is an ecosystem of
interconnected devices that can communicate with each other via the cloud. Such an ecosys-
tem is considered to embed ’intelligence’ into infrastructure, by making them responsive and
adaptable (i.e., smart homes, smart factories, smart agriculture, etc.). The IoT is predicted
to substantially improve quality of life, increase productivity and reduce COseq emissions by
making processes more efficient. 24115118 Ag the IoT ecosystem increases in size towards the
trillion-node level, a critical question is how these autonomous devices can be sustainably
powered. Currently, there is a heavy reliance on batteries, which have limited lifespan, and
this could not only restrict the size and number of applications of the IoT, but also lead
to substantial waste.?* In this context, harvesting ambient light as a power source for IoT
devices is highly appealing. IPVs can be integrated to the IoT node (Fig. 20a), and could ei-
ther directly power the IoT device (harvest-use), or both power the IoT device and recharge
an energy storage device (e.g., battery or supercapacitor) that then powers the device in
the dark (Fig. 20b, harvest-store-use). IPVs are advantageous over other energy harvesters
because ambient light is a reliable source of energy that is widely available, and there is no
need for the IPVs to be directly in contact with the light source. Furthermore, the energy
density of indoor light sources is high compared to other sources of energy, typically up to
300-350 uW cm? under 1000 lux illuminance. Fig. 20c illustrates that the instantaneous
power IPVs can harvest under direct illumination is sufficient for a wide range of low-power
communications protocols commonly used for wireless sensors!'® with a relatively compact
area of 10 cm?. The excess energy can be stored to power the IoT node in the dark. Given
the highly predictable availability of ambient lighting, the power management system and
total power harvested by the IPV can be designed for. As such, the IPV industry is one of

the fastest growing photovoltaic markets. '

Cu-Ag-Bi-I materials can have an important impact on the IPV field. Commercial IPVs

are dominated by hydrogenated amorphous silicon (a-Si:H). However, owing to the high
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Figure 21: Performance of recently-reported Ag-Bi-I and Cu-Ag-Bi-I IPVs. (a) Crystal
structure of ATBily, with the structure of AT = 2-aminothiazolium inset. Reproduced under
the terms of the CC-BY license from Ref.1?! Copyright 2022, The Authors. (b) EQE against
wavelength of incident light for AgBily,*¢ CuyAgBilg!'!® and ATBil; IPVs, compared to the
spectra for white light emitting diode (light blue), fluorescent (FL) light sources, as well as
1-sun (yellow). Morphology of CuyAgBils (c) without and (d) with 1.5% HI added to the
precursor solution. (e) Fill factor of CuyAgBilg IPVs under 100-45000 lux illuminance. (f)
Forward and reverse sweeps for CuyAgBilg IPVs. Parts (c¢)-(f) reproduced under the terms
of the CC-BY license from Ref.1? Copyright 2022, The Authors.

defect density in a-Si:H, the PCEs are limited up to 21%,'?? and are mostly in the 4.4-
9.2% range. 24125 Higher PCEs under indoor light sources have been achieved by organic
photovoltaics (to 30.3%),'2¢ dye-sensitized solar cell (DSSC; to 34.0%, Table 5) 117 and lead-
halide perovskite photovoltaics (LHP; to 41.2%, Table 5).!2° However, organic IPVs are
limited by high synthesis costs, especially for the complex molcules used in the most efficient

devices. 127

LHPs are limited by the presence of toxic and bioaccumulative Pb in a readily-
accessible form, and may be prevented by legislation (e.g., EU restriction of hazardous
substances directive) for use in consumer electronics.'?® Furthermore, LHPs, organic PV

and DSSCs are commonly processed using large quantities of toxic solvents (e.g., DMF or

chlorobenzene).!? Simple inorganic compounds that can be processed using low thermal-
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budget methods using low-toxicity solvents (e.g., DMSO!?) or solvent-free are therefore
highly appealing. Hoye, Pecunia and co-workers calculated the efficiency limit expected
based on the measured optical absorption spectra (i.e., iSLME) for a range of inorganic
perovskite-inspired materials (PIMs), and found that AgsBilg had radiative limit and indoor
spectroscopic limited maximum efficiencies (i-SLMEs) reaching up to 56.2% under 1000 lux
WLED illumination for AgsBils (Fig. 20d).?*?* The high i-SLMEs were due to the Ag-
Bi-I compounds having an optimal bandgap (close to 1.9 €V) for harvesting visible indoor
lighting (WLED or FL), as well as its high absorption coefficients (see Fig. 6).%® These
factors, coupled with the ability to synthesize Ag-Bi-I semiconductors using a small number
of steps (compared to organic molecules), and compatibility with processing by nontoxic
solvents or solvent-free methods, make the class of materials promising.

The demonstration of high i-SLMEs for AgsBils was only made in 2021.%% Since then,
Turkevych et al.,*® Grandhi et al.,''* and Arivazhagan et al.'?! have reported initial find-
ings on Cu-Ag-Bi-I IPVs. The compounds explored were AgBil,, CuyAgBilg and ATBily,
respectively, where AT = 2-aminothiazolium. The molecular structure of AT, along with the
crystal structure of ATBily, are shown inset in Fig. 21a (see Section 2 for the crystal struc-
ture of AgBil, and CuyAgBilg). Unlike the all-inorganic compounds, the large size of AT
results in a one-dimensional structure, comprised of edge-sharing chains of Bilg octahedra.2?

The EQE spectra from the three compounds are shown in Fig. 21b. All three materials

46,110,121 and the EQE onset for these devices was

have bandgaps in the range of 1.78-1.96 eV,
from approximately 700 nm wavelength, with an inflection point close to the optical bandgap.
In the case of CuyAgBilg, the authors reported a four-fold increase in PCE under WLED
lighting compared to 1-sun illumination, due to the better spectral match of their devices
to indoor lighting. 1% Importantly, the V. under 1000 lux illuminance remained relatively
close to the V.. under 1-sun illumination (0.60 V wvs. 0.70 V, respectively).*® The ATBil,

devices exhibited lower EQEs and lower device performance (Table 5), which may be due

to discontinuities in the film and possibily Bilz impurities. High trap densities on the order
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of 10'® ecm™ were also found from space-charge limited current densities measurements, and
this would also limit performance.!?!

Challenges with morphology and phase impurities were found to limit the efficiency of
CuyAgBilg IPVs. An SEM image of CuyAgBilg films is shown in Fig. 21c. Attempts were
made to improve this morphology by adding small quantities of HI to the precursor solu-
tion. Whilst this led to larger domains (Fig. 21d), discontinuities in the film remained.
Intensity-dependent measurements showed that the FF decreased at low illuminances (Fig.
21e), and this was attributed to the effects of morphology leading to dark currents that play a
more substantial role under indoor lighting, given the low photocurrents at low illuminances.
Furthermore, intensity-dependent Voc measurements showed that the diode ideality factor
increased from 1.2 (0.1-1 sun) to 1.6 (100-45 000 lux), suggesting that under lower illumi-
nances, non-radiative recombination due to bulk defects played a greater role. Indeed, phase
impurities were found from XRD and PL measurements, and some of these could have acted
as recombination centers.!!? Very recently, the same group reported an improvement in the
morphology, along with a reduction in defect density, by alloying a small quantity of Sb into
the pnictogen site. This led to an improvement in the PCE under 1000 lux from 5.52 % to
9.53%, mainly due to an increase in the Jgc from 72 pA cm™? to 128 pA cm™2.122

Across all Cu-Ag-Bi-I IPVs reported thus far, hysteresis was found in the photovoltaic
performance (Fig. 21f). All three groups used a similar device architecture (refer to Table
5) to that commonly used for LHPs, from which hysteresis is commonly reported. Thus,
in addition to efforts to suppress ion migration, it may also be important to investigate
alternative electron/HTLs that could reduce hysteresis effects through interface passivation
or by inhibiting ionic motion. " Furthermore, Al-Anesi et al. reported a reduction in the
hysteresis of CsyAgBilg at high illuminance through Sb alloying, which may be due to a
reduction in defect density. 22

Thus, there have already been encouraging initial results on Cu-Ag-Bi-I IPVs, with PCEs

reaching into the range of commercial-standard a-Si:H IPVs, and are at a comparable level
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to initial BiOI and vacancy-ordered triple perovskite PIM IPVs.?® This sets the stage for
future efforts at improving the morphology, optoelectronic quality, and device structure to

bring Cu-Ag-Bi-I towards their potential as [PVs.

3.3 Photodetectors

Photodetectors have important applications in medical imaging, surveillance cameras,
machine vision, optical communications, and many more (Fig. 22a).!'3! Whilst crystalline
inorganic semiconductors (such as Si or InGaAs) are well established in commercial pho-
todetectors, with high detectivity >10! Jones, rapid advances in new applications calls

131 Solution-processed thin film semiconductors are

for innovations in imaging technology.
particularly appealing for many reasons. They can be directly incorporated onto read-out
integrated circuits, which circumvents the cumbersome integration of conventional semi-
conductors, allowing greater miniaturization. Solution-processed semiconductors are also
compatible with large-area manufacturing techniques, such as roll-to-roll processing, spray

132 Furthermore, solution-processed thin films can

coating, doctor blading or inkjet printing.
be integrated with flexible substrates, which is important for wearable electronics, or integra-
tion into IoTs sensor nodes. '3 Thus, chalcogenide colloidal quantum dots, organic materials
and LHPs have gained significant attention as novel photodetector materials, and in some
cases, detectivities have exceeded those of Si-based photodetectors in the visible wavelength
range. 3! Cu-Ag-Bi-I materials are worth investigating for photodetection, because of their
lower toxicity compared to Cd- or Pb-based colloidal quantum dots and LHPs, and their
potentially simpler fabrication process compared to organic materials. Up to now, Ag-Bi-I
and Cu-Bi-I compounds, as well as Ag/Cu alloys, have been investigated (Table 6), covering
the UV and visible (UV-VIS) wavelength ranges (Fig. 22a).

Thus far, groups developing Cu-Ag-Bi-I photodetectors have adopted either a lateral

photoconductor (PC) structure (PC; Fig. 22b) or vertical photodiode (PD) structure (PD;
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Figure 22: Application of Cu-Ag-Bi-I materials in solution-processed photodetectors. (a)
Application of photodetectors at different wavelengths,!3! and the wavelengths Cu-Ag-Bi-
I photodetectors have been demonstrated over thus far. Please note that Ag-Bi-I X-ray
detectors have also been demonstrated, as elaborated on in Section 3.4. Illustration of
photodetectors made in the (b) photoconductor (PC) and (c) photodiode (PD) structure,
as reported for Cu-Ag-Bi-I absorbers. (d) Comparison of the spectral responsivity reported
in Ref.#! for AgyBils and Ref.?® CuyAgBils. Rise and fall in photocurrents under chopped
illumination for (e) AgBisI7 nanocrystal (under AM 1.5G illumination) and (f) CusAgBilg
(under 405 nm wavelength illumination) PDs. Part (e) reproduced with permission from
Ref. 13! Copyright 2020, American Chemical Society. Part (f) reproduced with permission
from Ref.% Copyright 2022, American Chemical Society.
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Table 6: Champion reported performance of halide Cu-Ag-Bi-I for photodetectors. The spectral response noted refers to the
spectra the photodetectors were tested under, and not to the full range of spectra the devices could in principle work under
(UV and VIS in all cases). Note: n.r. = no report.?

Year | Spectral Compound | Device EQE (%) | Peak Re- | D* (Jones) | on/off ra- | Rise time | Fall time | Ref.
Region Type sponsivity tio (s) (s)
(A W)
2020 | UV-VIS CuBil4 PC n.r. 0.50 3.8 x 107 1.9 n.r. n.r. 8l
2020 | UV-VIS AgBisI; PD 1.T. nr. (VIS) | n.r. 6.5 x 10* | <0.3s <0.3 s 134
0.15 (UV) (VIS) 280
(UV)
2020 | UV-VIS Ag,Bil5 PD n.r n.T. n.r 29 x 10% | nr n.r 134
(VIS,
01 V)
56 x 102
(VIS,
0.2V)
2020 | VIS Ag,Bil; PD 27 0.12 2 x 10! n.r. 0.075-0.25 | 0.024— i
0.095
2021 | VIS AgBil, PC n.r. 42 x 10° |24 x 107 | 204 0.81 0.80 135
2021 | VIS Ag,Bil; PC n.r. 8.6 x 10° 3.8 x 107 39.6 1.99 2.04 135
2021 | VIS Cu,Bil; PC 0.012 45 x 10 n.r. n.r. n.r. n.r. 136
2022 | UV-VIS | CupAgBily | PD 35 0.10 1.5 x 102 | nr. 0.51 x 103 | 1.51 x 103 | 9

2PC = photoconductor, PD = photodiode
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Fig. 22c), as shown in Table 6. The PC structure is simpler, and involves depositing identical
metal electrodes onto the Cu-Ag-Bi-I. The increase in conductivity following light absorption
is read by applying an external voltage. In the case of Cu-Ag-Bi-I, the PD structures adopted
have been identical to the architectures used in photovoltaics, although the thicknesses and
processing of the individual layers are often different between these two applications because
of the different ways in which they operate. In PDs, the built-in potential assists with the
extraction of the photogenerated charge-carriers, and this is often further assisted by the
application of an external bias. 3!

The key performance metrics for photodetectors are related to their efficiency, noise and
speed. Efficiency includes the EQE, responsivity and specific detectivity. The responsivity
(R) is the ratio of the current extracted to the optical power input, and can be calculated
from the EQE (nggr) from Equation 1, where hv is the photon energy, and ¢ the fundamental

charge.

NEQEY
_ JeQud 1
R==" (1)

Ultimately, the overall figure of merit for the sensitivity of photodetectors is the specific
detectivity (D*), which can be calculated from R, the noise current (Iy), the noise bandwidth
(B) used in measuring the noise current, and detector active area (A) from Equation 2. Noise
is the random fluctuation in the output current, and is often due to frequency-dependent
flicker (1/f) noise (due to trapping in the bulk or surface) or frequency-independent thermal
noise (due to the random thermal motion of charge-carriers) and dark shot noise (due to
dark current).3” Often, in calculating D*, groups would consider Iy to be solely due to the
dark shot noise, but this would often lead to an over-estimation of D*, since many other
sources of noise also play a role. For example, for AgyBils PDs, the D* would have been
2 x 102 Jones if only shot noise was considered. But after considering thermal noise as well
as shot noise, the D* reduced by an order of magnitude to 2 x 10'' Jones.*! To account for

all sources of noise and accurately determine D*, the noise current as a function of frequency
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should be directly measured. However, the specific detectivities reported by all other groups

in Table 6 were calculated based only on the dark current noise.8:93:13%,136

RVAB
Iy

D= (2)

Finally, the speed of the photodetector is commonly characterized by its response time,
which is usually defined by the time for the photocurrent to increase from 10% to 90% of
the maximum photocurrent under chopped illumination (rise time), or decrease from 90%
to 10% (fall time).?*!31 Another metric for the speed of photodetectors is the maximum

131 However, this parameter has

frequency they can operate at (i.e., the cut-off frequency).
not yet been reported for Cu-Ag-Bi-I photodetectors.

A comparison of the responsivity of recently-reported Cu-Ag-Bi-I PD is shown in Fig.
22d, showing the ability of these devices to operate over a wide spectral range from the UV
to visible. Higher responsivity values reaching 0.5 A W-! were reported for CuBil; photocon-
ductors under AM 1.5G illumination (100 mW c¢m2) by Qu et al.®' These photoconductors
were made in a lateral configuration, in which both Au electrodes were deposited onto the
front surface of the CuBily film. This was important to achieve rectification with an on/off
ratio of 1.9, since pinholes were present in the morphology of the films, 8! and a high leakage
current may have occurred if a vertical device structure were used.

Much higher responsivities on the order of 10> A W~ were reported for AgBil, and
Ag,Bil; photoconductors by Prasad et al.!*® The films had a more compact morphology
than the CuBily films made by Qu et al.,®" and key to achieving this was a post-annealing
process at 125 °C for 15 min, which reduced the density of pinholes and increased the size

135 The responsivity was calculated from the ratio of the photocurrent to incident

of grains.
power, measured under 454 nm, 532 nm and 633 nm wavelength excitation at a power density
of 0.1 mW cm™ and 1 V bias. 3> However, these responsivities significantly exceed the ideal

responsivities (when EQE is 100%), which are <1 A W-! at these excitation wavelengths. A

possible explanation for this is photoconductive gain, in which the accumulation of majority

66



Progress and applications of (Cu—)Ag-Bi—I semiconductors, and their derivatives, as next-generation lead-free materials for photovoltaics,
detectors and memristors

charge-carriers can lead to measured EQEs exceeding 100%. 13%

An advantage of the PD structure over the PCstructure is that a built-in field is already
present without any external bias applied. PD are therefore capable of being self-powered,
which is important for low-power applications, such as in sensor nodes for the IoTs. 244!
Zhang et al. reported self-powered Cu,AgBilg PD, which had a responsivity of 0.085 A W-!
under 405 nm wavelength excitation.?® The spectrally-resolved responsivity over the UV
and visible wavelengths is shown in Fig. 22d, from which it can be seen that improved
performance was obtained using P3HT as the HTL rather than spiro-OMeTAD. This was
because devices with P3HT had a higher Jsc. Zhang et al. also found that passivating the
surface of the CuyAgBilg films with phenethylammonium iodide (PEAI) led to an increase
in the built-in potential, and this improved the photocurrents obtained. %3

A photoresponse further in to the UV was obtained from AgBily, AgyBil5 and AgBisI;

134 These quan-

quantum dots (QDs) by Premkumar et al., with an average size of 5 nm.
tum dots were found to have stronger excitonic characteristics and blue-shifted absorption
compared to bulk films, with the excitonic peaks of AgBily, AgyBil5; and AgBisI; occur-
ring at 2.99, 3.04 and 2.91 eV, respectively. ** These quantum dots were used in PDs, with
the device structure: FTO/nc-TiO2/QD/MoO3/Al, in which the nc-TiO, layer was a film
comprised of 50 nm-sized nanocrystals. The photocurrent at 0.1 V and 0.2 V applied bias
was measured under 1-sun illumination, and the highest on/off ratios were reached for the
AgBi,I; photodiode, with a value of 6.5 x 10* (Table 6). The AgBiyI; PDalso exhibited the
best performance as a UV detector (under 390 nm wavelength excitation), with an on/off
ratio of 280 and responsivity of 0.15 A WL, In these UV detectors, the MoOj3 layer was
removed. Under both 1-sun and UV illumination, all devices had a long rise time <0.3 s,
with a sawtooth pattern in the photocurrent under chopped illumination (Fig. 22e), and this
was attributed to unrelaxed electrons in excited state energy levels. '3* Prasad et al. reported

longer response times for AgBil, and AgyBils thin film PDs, on the order of 0.8 s (AgBily)

and 2 s (Ag,Bil5).?° By contrast, much shorter response times on the order of milliseconds
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were reported by Zhang et al. for CusAgBilg (Fig. 22f).9

An important advantage widely reported for Cu-Ag-Bi-1 photodetectors is their stabil-
ity under ambient environments. For CuBil,, CuysAgBilg, as well as the Ag-Bi-1 QDs from
Premkumar et al., the photocurrent under chopped illumination was measured for 100-
500 s, and in all cases no decrease in performance was found.8"9313* Prasad et al. kept
their AgBil; and AgyBil; PDs in ambient air for 15 days, and found no significant change in
current-voltage curves. ¥ As another example, Shaji and co-workers found that Cu,Bils pho-
todetectors remained operational after storage for 30 days in ambient air, with photocurrents
that were similar to or less than an order of magnitude smaller than fresh devices. '3

Thus, Cu-Ag-Bi-I are potential solution-processable semiconductors for next-generation
photodetectors, with promising stabilities in air. The development of these materials into
photodetectors is still at an early stage and warrants further development, particularly in
improving the processing and device architecture to further improve the performance. It will
also be important to measure the noise current of these devices to more accurately calculate

the specific detectivity, and elucidate in more detail the factors influencing the response time

of these devices.

3.4 Broader Potential Applications

A core advantage of Bi-I-based materials is the high atomic number of these elements,
which is important for efficiently attenuating ionizing radiation.!® Ionizing radiation is
widely used for non-invasive diagnostics, such as in security screening, detection of radionu-
clides from nuclear waste, or medical imaging. Across all applications, detectors with higher
sensitivity, and the ability to detect lower dose rates (i.e., lower limit of detection, LoD)
are desired. For example, in medical imaging, the standard dose rate is 5500 nGy,; s,
which is four orders of magnitude above background levels of ionizing radiation, thus pos-

ing a risk to the patient during medical scans. 3140 Achieving detectors that can directly

convert X-ray photons to electrical signals with lower LoD and higher sensitivity requires
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materials with high average atomic numbers (Z,,) and density, since the linear attenuation
coefficient is proportional to pZ,,*. 34139140 AoBi, 1, was recently investigated for X-ray de-
tection, and was found to have linear attenuation coefficients (Fig. 23a) over an order of
magnitude larger than amorphous selenium (a-Se), which is the industry-standard material
for direct-conversion detectors in medical imaging.3*'3 This is particularly advantageous
for detecting higher-energy X-rays. For example, Tie et al. showed that whilst several mil-
limeters thick a-Se would be needed to attenuate 100 keV X-rays, only 0.5 mm of AgBisl;
would be needed.?! Furthermore, AgBi,I; single crystals were found to have electron/hole
mobilities on the order of hundreds of cm? V! s, with mobility-lifetime (u7) products on
the order of 10 cm? V! for both electrons and holes.?* X-ray detectors were made with a
PC structure (Fig. 23b, inset), in which the AgBisl; single crystal was sandwiched between
two parallel Au electrodes. The photocurrent was measured from 11,403 nGy,i, s down
to 105 nGy,;, st (Fig. 23b) from a 60 kVp W-target anode X-ray tube, with 43 keV mean
photon energy. From these measurements, the LoD was found to be 72 nGy,; s by ex-
trapolating the signal-to-noise ratio down to 3, as shown in the inset of Fig. 23b.3* This is
a substantial improvement over the current medical standard, and the sensitivity obtained
(282.5 nC Gyt em™) exceeded that of a-Se (20 pC Gy, ' cm™?).34 These AgBiyl; X-ray
detectors also had higher sensitivities than the first report of CssAgBiBrg double perovskite
X-ray detectors (105 nC Gyai! cm™?),149 but falls short of current state-of-the-art values
for LHPs (now exceeding 10 1C Gy, ! cm™?).139 Lead-halide perovskite X-ray detectors
have also achieved directly-measured LoD values below 40 nGy,i, st.3! Roy Shaon et al.
theoretically analyzed AgBisl; radiation detectors, and found that these devices have a pre-
dicted upper-limit in sensitivity of 313 pC Gy, em™? at 20 keV (for mammography), and
2870 nC Gyt em™? at 60 keV (for chest radiography).*” It should be noted that the cal-
culated upper limit in sensitivity of LHPs is only 8000 pC Gy, ' em™,14! yet sensitivities

exceeding this have been reported, which may be due to multiplication effects, such as pho-

toconductive gain.'*' Thus, there is scope for further improvements in the performance of
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AgBiyI; radiation detectors, and it will be important to determine and control the photo-
conductive gain (such as by controlling the device architecture), as well as understand the

role of ion migration in these devices.
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Figure 23: Broader applications of Ag-Bi-I in X-ray detectors and artificial synapses. (a)
Attenuation coefficient of AgBisl; for ionizing radiation, with a photograph of the AgBisI;
single crystal inset. (b) Photocurrent of AgBiyI7 single crystal photoconductors with different
dose rates of X-rays. Inset is a schematic of the photoconductor, as well as the determination
of the lowest detectable dose rate from the signal to noise ratio (SNR). Part (b) and inset to
part (a) reproduced with permission from Ref. 34 Copyright 2020, American Chemical Society.
(c) Typical resistive switching curve for AgBil, memristors, with the device structure inset.
(d) Iustration of how humans respond to tactile signals (top), and the replication of this
system using a pressure-senstive film and AgBil, memristors. Parts (c¢) and (d) reproduced
with minor adaptations from Ref.3® under the terms of the CC-BY-NC 3.0 license. Copyright
2022, The Authors.

Beyond photo-active applications, AgBil, has also exhibited resistive switching. 3>14? Re-
cently, there has been a surge of interest in developing novel materials for resistive switching

random access memory (ReRAM) devices that could achieve high integration density, over-
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come the scaling limitations of Si flash memory, and be compatible with polymer substrates
for flexible memristors.'*? Ye et al. achieved compact AgBil, films at a low processing
temperature of 150 °C through dynamic hot casting, in which chlorobenzene was used as
the antisolvent.!#? These films were integrated into a vertically-structured device, with a
transparent conducting oxide (ITO!*? or FTO?%) on the bottom electrode, and Ag as the
top electrode (Fig. 23c). A thin layer of poly(methyl methacrylate), or PMMA, was used
between the AgBil, and Ag electrode to prevent the degradation of the AgBil, layer by
reactions with Ag. These devices exhibited low set and reset voltages of 0.16 V and -0.16 V,
respectively, with an on/off ratio exceeding 10%.14? The on/off ratio is comparable with the
highest reported for LHPs, and the set/reset voltage signicantly lower, which is important
for achieving ReRAM with low power consumption. These devices exhibited excellent data
retention, maintaining the resistivity in the high and low resistance states for up to 10% s
(at a reading bias of 0.02 V). The endurance of the devices was also high, maintaining the
resistive switching behavior after cycling 700 times. When built on flexible substrates, the
AgBil, exhibited inferior performance, with an on/off ratio on the order of 10%, but this
was durable after 1000 bending cycles, demonstrating the mechanical robustness of these
devices. 142

The proposed mechanism for resistive switching in the AgBil, memristors was the for-
mation of conducting Ag-based filaments. Although the PMMA layer prevented reactions
between the AgBil, and Ag, it was thin enough for Ag™ cations to diffuse through to form
these filaments.*? However, in a later report, the same group increased the thickness of
AgBil, from 500 nm to almost 1 pum, which led to higher set/reset voltages (Fig. 23c).35
The mechanism was proposed to be different for the thicker devices due to the reduction in
the electric field with an increase in layer thickness, to the extent that it was insufficient to
cause Ag filament formation. Rather, the resistive switching mechanism was proposed to be
based on Vi defects.?> These thicker devices exhibited a continuous reduction in resistivity

during the set process (at 1.5 V) and increase in resistivity during the reset process (at
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-1.5 V), which resembles the behavior of biological synapses. This led to the construction of
an artificial sensor neural system based on a pressure-sensitive film and AgBil; memristor
artificial synapse feeding information to an artifical neural network that replicates the hu-
man tactile sensing system, as illustrated in Fig. 23d.%* Ag-Bi-I semiconductors are therefore

highly promising for neuromorphic computing.
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Figure 24: Comparison of the band positions of established semiconductors for photoelec-
trodes with the band positions of emerging Cu-Ag-Bi-I semiconductors. Band positions are
shown relative to vacuum level, and on the reversible hydrogen electrode (RHE) scale, in
which 0 V(RHE) is -4.44 4 0.02 ¢V.!*3 Band positions obtained from Ref.3!467 Please note
that Lu et al. and Zhang et al. reported different sets of band positions and bandgaps for
CuBily. %97 Pairs of band extrema are given in the same color (green or black).

Finally, an area that has not yet been explored is the application of Cu-Ag-Bi-I materials
for photocatalysis or photoelectrochemical cells. As shown in Fig. 24, the band positions
of Ag-Bi-I and Cu-Bi-I compounds are suitable for proton reduction to form Hs, COq re-
duction, or water oxidation to form O, gas. Stable materials for clean solar fuel production
are urgently required, and the device structures developed for photovoltaics can be bene-
ficial for improving the performance and stability of these materials for photocathodes or

photoanodes.? Furthermore, a bandgap of approximately 2 €V is optimal for single-junction
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devices for solar-driven water splitting (i.e., for both water oxidation and reduction), with
an efficiency limit estimated to be in the range of 15-17%.44!4% Cu-Ag-Bi-1, with bandgaps
close to this range, are therefore promising for exploration in water splitting, as well as for

photoelectrochemistry more broadly.

4. Future Perspectives for Ternary and Quaternary Compounds from the Cul-
Agl-Bil; Phase Space

(Cu-)Ag-Bi-I compounds have many exciting emerging applications. To fully explore
these areas, it will be important to resolve fundamental questions about these materials, and
gain further understanding of their process-property-structure-performance relationships in
order to more rationally optimize these compounds. Longer-term, it will be important to

consider how Cu-Ag-Bi-I materials could be manufactured sustainably and reliably at scale.

4.1 Important Fundamental Questions

One of the key fundamental questions is the nature of charge-carrier transport, and how
it is influenced by coupling to phonons in the material. Recent work on Bi-based compounds
have shown a wide prevalence of carrier localization due to charge-carrier coupling to acoustic
phonons. 16263 Buizza et al. have provided insights into this phenomenon in Cu-Ag-Bi-I
compounds, but it will be important to extend this over a wider range of stoichiometries and
crystal structures. Such insights will be valuable to guide the community to design Cu-Ag-
Bi-I compounds that could avoid carrier localization and exhibit long diffusion lengths.

Another important question is the role of defects in the bulk and surface of (Cu-)Ag-Bi-I
materials. Although defect tolerance is predicted in materials with strong s-orbital character
from heavy-metal pnictogens,!® the VB density of states in the case of Ag-Bi-I and Cu-Bi-I
compounds is dominated by d-orbitals from the transition metal A-site cation. The picture
is further complicated by the cation disorder present in compounds containing Ag and Bi,

which have the same ionic radii. Joint experimental-computational investigations would
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be valuable, and may guide the community towards compositions that could exhibit defect
tolerance, or provide guidance on how materials can be processed to avoid the worst traps.
In particular, it is important to understand how ion migration can be suppressed in these
materials (e.g., in LHPs, fullerene ETLs suppress ionic conduction ). Doing so reduces the
extent to which ionic conduction obscures the effects of trap states on the capacitance vs.
frequency spectrum, thus allowing more accurate determination of the traps present through
capacitance-based techniques.

At the inter-grain-level, it will be important to understand how defects at grain bound-
aries affect non-radiative recombination and charge-carrier transport. Such characterization
may be accomplished by cathodoluminescence measurements, %147 but in the case of Cu-
Ag-Bi-I materials is complicated by the weak luminescence present in these materials. EBIC
measurements can also be used to link grain structure to charge-carrier properties and early
attempts from Pai et al. highlight that grain boundaries and interfaces act as active channels
for charge-carrier extraction.®® Another important inter-granular property is microstrain,
which is influenced by the degree of misorientation between grains and extended defects
(e.g., dislocations). The degree of misorientation can be measured by electron back-scatter
diffraction (EBSD), or geometric phase analysis from transmission electron microscopy im-
ages. Recent EBSD measurements with LHPs have shown that greater misorientation results
in increased non-radiative recombination. ®4% Similar investigations with Cu-Ag-Bi-I can
reveal the true size of grains (as opposed to assuming that the microstructure found in SEM
images are grains), and guide the optimization of film processing to improve optoelectronic
properties.

Finally, it will be important to understand the degree of ion migration in Cu-Ag-Bi-I,
and how ions are segregated macroscopically over the entire film. Hysteresis has been widely
found in Cu-Ag-Bi-I solar cells, and ion migration is believed to be the cause of device
degradation in some cases. Indeed, Ye et al. have proposed that iodide vacancy migration

is responsible for resistive switching in micron-thick AgBil, films.3
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4.2 Process-Property-Structure- Performance Relationships

Currently, it is common to report the stoichiometry of Cu-Ag-Bi-I materials based on the
starting stoichiometry used in solution synthesis. However, the diffraction patterns of many
related stoichiometries are very similar, making phase determination challenging. This is

105 o1 other Cu-

complicated by the presence of phase-impurities, such as Agl-based phases,
Ag-Bi-I stoichiometries. Furthermore, investigations into new materials as thin films results
in peaks being absent due to texturing, which further complicates accurate phase identifica-
tion. In-depth studies into powder samples or single crystals to better understand the crystal
structure would be important, as would the use of techniques to measure the bulk compo-
sition of compounds (e.g., mass spectrometry, Rutherford Backscattering Spectrometry, or
X-ray microanalysis).

Beyond the processing of the absorber itself, it will be important to understand how the
processing of charge-selective layers on top of the Cu-Ag-Bi-I influences its properties. For ex-
ample, we and others have found that the addition of tert-butylpyridine into spiro-OMeTAD
causes the partial dissolution of the Cu-Ag-Bi-I film. In addition, it will be important to un-
derstand more how the charge-transport overlayer influences the stability of the Cu-Ag-Bi-I.
For example, we have found that Ag-Bi-I thin films, made by hot casting, degrade in ambient
air, whereas many groups have reported that full devices are stable in ambient air for several
days to months (see Section 3.1.5). The higher apparent stability in devices rather than bare
thin films may be due to the role of the overlayer in preventing the ingress of moisture from
air, as well as a more optimal morphology being less susceptible to moisture-induced degra-
dation. For example, Hsiao et al. found that films with larger grains led to solar cells that

105 Thus far, groups have reported Cu-Ag-Bi-I sta-

degraded more slowly under operation.
bility mostly based on XRD measurements of the bulk film and the performance of the final
photovoltaic devices.??4° But it will be important to understand whether changes in the film

properties occur when exposed to ambient air without a protective HTL that are not detected
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by X-ray diffraction, such as the formation of amorphous regions due to moisture ingress, or
due to changes in morphology after ageing in air. Furthermore, it is important to establish
more precisely the range of conditions (namely vacuum level, beam flux density) for char-

acterizing Cu-Ag-Bi-I thin films without causing changes in the sample during measurement.

4.3 Sustainable Processing at Scale
Finally, although current efforts have overwhelmingly focussed on simple solution-processing

for preparing and investigating Cu-Ag-Bi-I thin films, devising more scalable and repro-
ducible methods of synthesizing these materials will be required for future commercial appli-
cations. Recently, Hsiao et al. demonstrated the deposition of AgsBilg by thermally-assisted
doctor blading, achieving solar cells with 2.03% PCE in devices with 1 cm? area, comparable
with the performance of small 4 mm? devices (2.77% PCE).!% Further efforts to increase
the performance of large-area devices, as well as increasing the active area towards 10 cm?
and beyond are needed. Achieving this through solution-processing is complicated by the
difficulty in achieving dense morphology in these Cu-Ag-Bi-I films, which may be due to
how the precursor molecules coordinate to the solvent.4® Furthermore, it will be important
to consider the speed of processing films, since this has a direct influence over the cost of
manufacturing. '3 It is also important to devise large-scale manufacturing routes for devices
that have low thermal budget (and therefore low COseq footprint), with low synthetic com-

plexity, and do not make use of toxic solvents and precursors. 2*

5. Conclusions

In conclusion, over the past few years, ternary and quaternary compounds from the Cul-
Agl-Bil3 phase space have transformed from relative obscurity to intriguing materials for
optoelectronic applications. Beginning with initial reports in photovoltaics in 2016, these
materials have now been explored for energy harvesting, photodetection, radiation detection,

memristors, and artificial synpases for neuromorphic computing. The potential application

76



Progress and applications of (Cu—)Ag-Bi—I semiconductors, and their derivatives, as next-generation lead-free materials for photovoltaics,
detectors and memristors

space can be much broader, with opportunities also in photocatalysis and solar water split-
ting. This rich diversity in possible applications stems from the strong absorption of light,
stable bandgaps in the range of 1.6-1.9 €V, as well as the high degree of tunability in a range
of structural and optoelectronic properties by controlling the composition. At the same time,
the fundamental understanding of these materials is at a nascent stage, and more in-depth
insights into the nature of charge-carriers and charge-carrier transport are needed, as well
as deeper understanding of the role of defects, ion migration and grain boundaries. Further-
more, the rich chemical diversity in the Cu-Ag-Bi-I family of materials should be exploited
more, exploring compounds beyond Ag-Bi-I and Cu-Bi-I. Such explorations should be guided
by new insights into these materials, such as the role of structure on carrier localization. On
the more applied end of the scale, future efforts should also focus on developing the growth
of these materials by scalable, rapid and sustainable methods to position these materials for

possible commercial applications.
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