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perties of BiI3 with copper
interstitials
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The synthesis and photovoltaic effect of Cu3xBi1−xI3 (CBI) thin films were studied. Although CBI was

originally inspired by the material class of Caswellsilverites (also known as Rudorffites), an XRD study

showed that its crystal structure resembles a BiI3-cage with interstitial copper. CBI was found to

demonstrate optoelectronic properties suitable for solar light harvesting, including a band gap of 1.66 eV

and thermal stability up to 333 °C. The corresponding thin film solar cells achieved a peak power

conversion efficiency of 0.65%.
Broader Context Statement

This manuscript presents our recent study on the synthesis, characterization, and photovoltaic performance evaluation of Cu3xBi1−xI3, a novel lead-free, copper-
based semiconductor that is closely related to Caswellsilverite (or Rudorffite) metal halides. We report the successful fabrication of Cu3xBi1−xI3 thin lms and
highlight their promising optoelectronic properties, including a bandgap of 1.66 eV and excellent thermal stability up to 333 °C. We have integrated these thin
lms into solar cells, demonstrating a power conversion efficiency of 0.65%. Our ndings add to the growing library of lead-free, perovskite-inspired materials
and open avenues for further exploration of environmentally benign light-harvesting compounds in photovoltaic applications. We particularly emphasize the
structural analysis and discussion of the lattice structure since, during the past couple of months, we noted that a lot of publications in this quickly growing eld
rather improvidently mislabel novel phases as “perovskites”, “rudorffites” or “caswellsilverites”. We believe this work will appeal to readers within the elds of
optoelectronics, sustainable materials, and photovoltaics, given the pressing need for lead-free and environmentally friendly energy materials.
Introduction

The quest for an eco-friendly energy supply has catalysed
signicant advancements in photovoltaics. Over the past
decade, lead-based organic metal-halide perovskite (OMH) solar
cells have gained popularity1 due to their unique optoelectronic
properties and high defect tolerance.2–4 However, their
commercialization is oen questioned because of composi-
tional instabilities and potential hazards arising from decom-
position products, i.e. water-soluble lead salts.5 Any lead-free
terial Research Center for Energy Systems,

any. E-mail: holger.roehm@kit.edu

ght Technology Institute, Engesserstrasse

nstitute of Applied Material Research –

d-und-Neu Strasse 7, 76131 Karlsruhe,

und Energie, Berlin 14109, Germany

Freie Universität Berlin, Berlin 12249,

, Laboratory for Electron Microscopy,

y

stitute of Nanotechnology, Hermann-von-

dshafen, Germany

y the Royal Society of Chemistry
surrogate would benet the environment, enhance the social
acceptance of the technology and, not least, simplify the
manufacturing process, in particular in compliance with regu-
latory standards such as the Restriction of Hazardous
Substances (RoHS) directive. To date, no straightforward
concepts exist to remove the lead from photovoltaic perovskites,
which is why the community has set out to explore other
“perovskite-inspired” material classes with structural or
compositional similarities to OMH perovskites.

Tin (Sn2+) has been investigated as a potential replacement
for lead. However, in view of its susceptibility to oxidation from
+2 to +4 under ambient conditions, due to the strong shielding
effect of the 4d orbital of Sn2+, the stability of the compound
remains of concern. The corresponding weaker nuclear attrac-
tion of the 5 s lone pairs of electrons fosters recombination
losses.6,7 To date, defect-ordered perovskites and cation-ordered
double perovskites such as Cs3Sb2I9 and Cs2AgBiI6 have been
considered promising candidates for lead-free light-harvesting
semiconductors.8 Yet, these materials oen suffer from wide
band gaps (>2 eV), large exciton binding energies (>100 meV),
and low dimensionality. Together, these factors oen limit the
solar cell power conversion efficiency.8–11 A closely related
perovskite-inspired material class encompasses the all-
inorganic Caswellsilverites, named aer Caswell Silver, who
EES Sol.
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Fig. 1 (a) Rietveld refinement of the PXRD data. For CuBiI4 only the
observed peaks were included; (b) structure of the new rhombohedral
Cu3xBi1−xI3 phase with Cu in trifold planar coordination, and (c) the
structure of BiI3 for comparison; (d) the SEMmicrograph of the powder
sample shows mm-sized Cu3xBi1−xI3 micro/nanorods (center). Smaller
crystalline grains are visible towards the edge of the particle (Fig. S1, SI);
(e) HRTEM of Cu3xBi1−xI3 showing d-spacing for (40�2), and (f) indexed
SAED spots of the same domain.
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investigated NaCrS2 in 1982.12 Later in 2017, Caswellsilverites
also became known as Rudorffites, named aer Walter Rüdorff,
who studied the archetypal NaVO2 in 1954.13 These compounds
exhibit the stoichiometric composition of AaBbXy with y = a +
3b, the structure consists of edge-sharing AX6 and BX6 octa-
hedra. Caswellsilverites are perovskite-inspired structures
having a similar corner-sharing octahedral coordination. The
octahedron is a regular geometric shape with the central atom
bonded to six atoms at the corners, forming eight faces. Among
Caswellsilverites, Ag–Bi–I compounds have been studied
extensively (e.g., AgBiI4, Ag2BiI5, Ag3BiI6, and Ag2BiI7).13

Considering both abundance and cost, replacing Ag with Cu on
the A-site appears to be a promising way forward.14 Yet,
synthesizing Caswellsilverites with a high Cu : Bi ratio (>1)
remains challenging,15 and thus, only limited structural infor-
mation for higher Cu : Bi ratios (>1) has been reported to date.
Previous literature on Cu-substitution in Caswellsilverites
primarily reports CuBiI4 with a Cu : Bi ratio of 1 : 1.16 It was re-
ported that higher Cu-content in a precursor solution can
leverage the formation of Caswellsilverites with the chemical
formula CuiBijIm where, i and j are molar concentrations of Cu
and Bi respectively and m = i + 3j. For instance, i = 3 and j = 1
can yield a Caswellsilverite Cu3BiI6.17 This may not always be
true as some compounds that t the stoichiometry of AaBbXa+3b

lack octahedral coordination, which is essential to qualify as
Caswellsilverites.

In this work, the challenge of identifying lead-free photo-
voltaic absorbers is addressed by investigating copper-rich
bismuth iodides with compositions beyond the conventional
Caswellsilverite range. Motivated by the structural limitations of
existing Cu–Bi–I compounds and the scarcity of data on phases
with high copper content, Cu3xBi1−xI3 thin lms and powders
are synthesized from a precursor solution with a 3 : 1 Cu : Bi
molar ratio. Although the apparent stoichiometry ts the
Caswellsilverite-type AaBbXy formula (y = a + 3b), the structure
deviates from classical octahedral coordination. In the
following sections, the synthesis strategy, structural features,
optoelectronic properties, and solar cell integration of this
material are presented, and its potential for environmentally
benign photovoltaic applications is evaluated.

Results and discussion

To determine the crystalline phase present in Cu3xBi1−xI3,
powder X-ray diffraction (PXRD) measurements were conduct-
ed. The Rietveld rened diffractogram from a Bragg–Brentano
geometry is shown in Fig. 1a, using Cu Ka radiation over a 2q
range from 5° to 100°.

The diffraction pattern reveals a multi-phase composition.
The predominant phase, accounting for 56(1) wt%, was identi-
ed as a-CuI (ICSD 33727)18 with characteristic sharp reections
along the <111> directions and broadened features along <100>.

Another signicant phase, constituting 35(1) wt%, corre-
sponded to a previously unreported rhombohedral Cu3xBi1−xI3
phase, derived from Cu-interstitial incorporated BiI3 structure
(ICSD 26083).19 The space group was identied as R�3 (trigonal),
and the structural le can be found in the SI. This phase
EES Sol.
crystallized in a layered structure and exhibited strong aniso-
tropic broadening of the 00l reections, indicating stacking
fault disorder rather than limited crystallite size. This layered
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) TGA (red) and DTA (blue) of Cu3xBi1−xI3 during heating of the
sample up to 900 °C. (b) More detailed DTA during heating (blue) and
cooling (green) from 50 °C to 300 °C. The peaks at 260 °C (cooling)
and 277 °C (heating) can be attributed to a phase change. (c)
Absorption spectrum of Cu3xBi1−xI3. Inset: the Tauc plot of the
absorption shows the direct band gap Eg = 1.66 eV. (d) Photo-
luminescence spectrum of Cu3xBi1−xI3 with reference to the absorp-
tion of BiI3 at room temperature.
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structure is similar to the structure of BiI3, which is 2-dimen-
sional and consists of sheets of edge-sharing BiI6-octahedra.
Note, that in BiI3 some of the octahedra in the layers are empty
(I6-octahedra with indicating a vacancy). The rened unit cell
parameters are a = 7.5171(2) Å, c = 20.7458(10) Å, with inter-
stitial Cu within the BiI6 octahedra layers. The interstitial Cu
atoms are in a 3-fold planar coordination by I, which is unusual.
Attempts to place Cu either in an octahedral coordination as
expected in the Caswellsilverite-type structure or in a tetrahe-
dral coordination found in Bi1.5Cu1.44 I6 (ICSD 114003)15 resul-
ted in an occupation factor rening to very low or negative
values. This is where the structure distinguishes from the
Caswellsilverite-type. In the case of Cu3xBi1−xI3, Cu does not
coordinate in tetrahedra or octahedra with I, but our results
indicate a 3-fold-planar coordination. That is, each Cu atom is
bonded to three I atoms within the same plane, forming
a triangle around the Cu atom. The correct position of the Cu
atoms was determined from difference-Fourier maps based on
the BiI3 structure.

The rened structure of Cu3xBi1−xI3 phase (Fig. 1b) showed
that the interstitial Cu+ occupied the trigonal faces of those
octahedra of BiI3 layers (Fig. 1c) that are empty. A detailed
discussion of the structure, including a comparison with
similar structures and Caswellsilverite, can be found in the SI
(Fig. S2a and S2b). The nal renement yielded satisfactory
residuals (Weighted R-factor (Rwp) = 5.8%, expected R-factor
(Rexpected) = 3.6%, goodness-of-t indicator c2 = 2.7); however,
anisotropic peak broadening posed modelling challenges,
especially for the rhombohedral phase.

To assess the crystallinity of grains, Scanning Electron
Microscopy (SEM; Fig. 1d) and high-resolution Transmission
Electron Microscopy (HRTEM; Fig. 1e–f) analyses were per-
formed. SEM further conrmed that the single-crystalline
Cu3xBi1−xI3 micro-rods had grown along a single axis in
a layered structure. Zooming in on the outer area also
conrmed the formation of crystalline nano-rod structures
(Fig. S1). Using a Gatan digital microscope to process and
analyse HRTEM images, high crystallinity was observed in those
Cu3xBi1−xI3 micro/nano-rods (Fig. 1e). The selected area elec-
tron diffraction (SAED) pattern in Fig. 1f, indexed (using
CrysTBox cell viewer)20 along the h�125i zone axis, conrmed the
high crystallinity of the Cu3xBi1−xI3 phase at the local scale.
Sharp and well-dened diffraction spots were observed,
consistent with a rhombohedral structure and without signi-
cant diffuse scattering or streaking, indicating minimal stack-
ing disorder in this region. The visibility of multiple higher-
order reections further supports the absence of signicant
dynamic scattering or amorphous contributions. Although
HRTEM and SAED conrm that individual Cu3xBi1−xI3 micro/
nano-rods are locally well-ordered and highly crystalline, the
powder XRD data reveal anisotropic broadening of the 00l
reections, consistent with stacking fault disorder along the
crystallographic ~c-axis. This suggested that while individual
domains exhibited locally perfect order, the long-range stacking
of layers across domains was disrupted – a characteristic
frequently observed in layered intercalated compounds and van
der Waals solids.21–23 From the Rietveld renement of XRD data,
© 2025 The Author(s). Published by the Royal Society of Chemistry
atomic occupancies were rened to maintain overall charge
neutrality, resulting in a composition of Cu0.72Bi0.76I3, where x=
0.24 as average composition of the phase. From SAED rene-
ment using CrysTBox, the value of x = 0.16 was identied, and
hence, the composition is Cu0.48Bi0.84I3, which is a local
composition determined for a certain grain. The detailed SAED
analysis report is presented in Table S1 and Fig. S3. Further-
more, using Transmission Electron Microscopy (TEM) and
Energy-Dispersive X-ray Spectroscopy (EDX) on a representative
sample at a random position within the compound conrmed
the presence of elemental distribution within the grains
(Fig. S4).

Following the structural investigation, the material proper-
ties of Cu3xBi1−xI3, which are crucial for its application in solar
cells, were examined. Any (novel) light-harvesting semi-
conductor must exhibit a minimum thermal stability against
decomposition to withstand the conditions in various climates
and under solar illumination. The thermal stability of Cu3x-
Bi1−xI3 was investigated by conducting combined Thermogra-
vimetric Analysis (TGA) and Differential Thermal Analysis (DTA)
of the as-synthesized Cu3xBi1−xI3 powder, from room tempera-
ture up to 900 °C crossing multiple decomposition thresholds
(Fig. 2a). Cu3xBi1−xI3 is thermally stable up to 333 °C. Towards
440 °C, a mass loss of 42.5% can be seen. Another mass loss of
56% is visible between 580 °C and 790 °C. The initial slope of
mass loss at 440 °C was attributed to the decomposition of BiI3,
resulting in the release of I2. The mass loss of I2 released from
BiI3 is 43% (i.e., 253.80 g mol−1: 589.68 g mol−1), which is very
close to the experimental nding. Likewise, the second slope of
mass loss between 580 °C and 790 °C may indicate the
decomposition of CuI, as a trace amount of copper was found in
EES Sol.
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the crucible aer the measurement was completed. While the
TGA analysis shows only minimal mass loss below 333 °C,
indicating that Cu3xBi1−xI3 appears to be stable, some minor
DTA features were observed within this stable temperature
regime, prompting us to investigate this regime more closely.
The more detailed DTA analysis in Fig. 2b reveals endothermic
and exothermic peaks at 277 °C and 260 °C, respectively, during
heating and cooling. Since both peaks are very close, this likely
indicates a phase transition.

For the efficient harvesting of sunlight in photovoltaic
devices, a semiconductor band gap close to 1.3 eV is considered
ideal. This value maximizes absorption of the solar spectrum
while minimizing thermalization losses.24 The absorption
spectrum of a representative spin-coated Cu3xBi1−xI3 thin lm is
depicted in Fig. 2c. Primary absorption onset was observed at
715 nm, corresponding to a band gap energy of 1.73 eV. Another
minor absorption edge was observed at 430 nm, attributed to
defect states that may originate from vacancies or interstitials in
the crystal lattice.25 A direct band gap of 1.66 eV was derived
from the Tauc plot of the absorption, depicted in the inset of
Fig. 2c. Although PXRD analysis shows a-CuI as the majority
crystalline phase (56 wt%), the optoelectronic and EQE
measurements conrm that the photovoltaic response arises
primarily from the Cu3xBi1−xI3 phase (35 wt%). The absorption
onset at 715 nm and the direct bandgap of 1.66 eV (Fig. 2c) are
inconsistent with a-CuI, which has a wide bandgap (3.0 eV) and
absorbs only in the UV. Fig. 2d shows the room temperature
photoluminescence (PL) of the Cu3xBi1−xI3 lm with a peak
wavelength of lPL = 725 nm. For reference, the dashed red line
shows the photoluminescence (PL) peak of a neat BiI3 sample at
650 nm. The difference suggests that the interstitial copper has
a signicant impact on the optoelectronic properties of the BiI3
cage. This substantial PL redshi in Cu3xBi1−xI3 indicates
a modication of the band-edge electronic structure due to
interstitial Cu+ incorporation. This shows no correspondence
with known a-CuI emission, which is typically weak or absent in
the visible range. These Cu+ ions, coordinated in an atypical
trigonal planar geometry within the BiI3 framework, introduce
local lattice distortions and electronic perturbations that give
rise to band tailing and shallow defect states.26 This results in
radiative recombination from energetically lower-lying states,
consistent with the observed PL redshi. Additionally, the
presence of a secondary absorption edge near 430 nm is
attributed to sub-bandgap transitions involving Cu-induced
shallow traps, further conrming the electronic impact of
interstitial Cu in this structure.27 Despite its structural presence,
a-CuI plays no major role in optical absorption and charge
generation under device operation conditions. The dominant
contribution to photovoltaic performance can therefore be
attributed to the interstitially modied Cu3xBi1−xI3 phase. We
note that so far, we were not able to synthesize thin lms
without the photovoltaically “passive” a-CuI phase, either by
changing stoichiometry of the precursor or by varying annealing
temperatures. At this point it is yet uncertain whether this phase
is required as a matrix for the formation of the Cu3xBi1−xI3 thin
lm and whether a-CuI is detrimental to the device perfor-
mance. This supports the conclusion that a new compound has
EES Sol.
formed and that the observations do not originate from a mere
mixture of the precursors CuI and BiI3. We note that the Raman
spectra of Cu3xBi1−xI3 thin lms on glass also did not match
those of the precursors (Fig. S5). The PL peak at 725 nm
observed at room temperature is slightly redshied compared
to the absorption of Cu3xBi1−xI3, which may originate from
a lattice expansion or electron–phonon interaction due to the
localized thermal input by the laser beam used for excitation.28

Lastly, the ionization potential IP= 5.29 eV was derived from
photo-electron spectroscopy yield in air (PESA) measurements
on Cu3xBi1−xI3 thin lms. An electron affinity (EA) of 3.55 eV was
estimated by subtracting the band gap energy from the IP.
Further details on the PESA measurements are provided in
Fig. S6.

Aer investigation of the fundamental properties of Cu3x-
Bi1−xI3, we optimized the thin lms for integration into solar
cells. Different substrate surfaces can inuence the growth of
subsequent layers during deposition. Therefore, we examined
Cu3xBi1−xI3 deposition on several hole transport layers (HTLs)
and interface modiers to assess lm quality and morphology,
namely poly(3,4-ethylene dioxythiophene): poly(styrene sulfo-
nate) (PEDOT:PSS), [2-(3, 6-dimethoxy-9H-carbazol-9-yl) ethyl]
phosphonic acid (MeO-2PACz), poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) as well as a combination of
MeO-2PACz and PTAA. All of these HTLs are established in thin
lm solar cell applications and energetically match with the
hole-transport energy, i.e. the IP, of Cu3xBi1−xI3. The HTLs were
deposited atop a pre-structured indium tin oxide electrode on
glass. Aer subsequent deposition of the Cu3xBi1−xI3 lm, the
samples were annealed at 60 °C. Further details on the inu-
ence of the annealing temperature on the lm formation can be
found in Fig. S7. Fig. S7 reveals that at elevated temperatures
($120 °C), the Cu3xBi1−xI3 lms exhibit the formation of
discrete islets on the substrate surface. This phenomenon is
attributed to thermally driven recrystallization and enhanced
surface rearrangement within the lm, which can promote
phase segregation or dewetting, particularly in thin lms with
incomplete nucleation coverage. Such morphological evolution
at higher temperatures may compromise lm continuity and
interfacial contact, thereby limiting efficient charge extraction
in photovoltaic devices. To monitor the thin lm quality of
Cu3xBi1−xI3 atop either of the HTLs, Atomic Force Microscopy
(AFM) was performed on all samples, as shown in Fig. 3. Cu3x-
Bi1−xI3 coated on PEDOT:PSS (Fig. 3a) shows a non-
homogeneously covered surface and the formation of islets.
Likewise, Cu3xBi1−xI3 forms patches on top of MeO-2PaCz
(Fig. 3b) and PTAA (Fig. 3c), which we attribute to the hydro-
phobic surfaces formed by these two HTLs. We note that no
differences were observed in wetting with or without ozone
plasma treatment of the ITO electrodes, as the Cu3xBi1−xI3 layer
is not in direct contact with the ITO but with the respective
HTLs. Yet, thin lms with lower surface roughness atop
a combination of MeO-2PACz and PTAA were achieved (Fig. 3d).
The bottom right area of the image still shows thickness vari-
ations of the lm that occasionally occurred in the outer regions
of the substrate that we used for parameter optimization, and
likely stem from drying artefacts aer spin coating.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Atomic Force Micrographs show the topography of Cu3xBi1−xI3
deposited on (a) PEDOT:PSS, (b) MeO-2PACz, (c) PTAA and (d) PTAA
on top of MeO-2PACz. The overall film homogeneity is satisfactory
atop PEDOT:PSS and rather poor atop either Meo-2PACz or PTAA due
to wetting issues. The film roughness and resulting device perfor-
mance was maximized using a bilayer of PTAA and MeO-2PACz (d).
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Nevertheless, the inner regions of the substrate that contain the
photoactive area of the solar cell are fully covered. Table S2
summarizes the root mean square (RMS) roughness of Cu3x-
Bi1−xI3 on top of each HTL, suggesting the surface roughness is
lowest for PTAA on top of MeO-2PACz amongst all four versions.

To evaluate their photovoltaic performance, the Cu3xBi1−xI3
thin lms were incorporated into solar cells with the device
Fig. 4 (a) Architecture of the Cu3xBi1−xI3 solar cells. (b) Relevant
charge carrier transport energies of the individual layers from the
architecture (and also of PEDOT:PSS). (c) J–V curve of the champion
solar cell in the dark and under illumination, measured in forward and
reverse directions. (d) The External Quantum Efficiency (EQE) shows
photocurrent generation up to 740 nmmatching the optical band gap
of Cu3xBi1−xI3.

© 2025 The Author(s). Published by the Royal Society of Chemistry
architecture depicted in Fig. 4a, inspired by typical inverted
lead-halide perovskite solar cells. Fig. 4b summarizes the
transport energies of semiconductors and electrodes. Fig. 4c
shows the J–V curves of representative solar cells in the dark and
under illumination (1 sun, ASTM1.5 g). Under illumination, the
Cu3xBi1−xI3 solar cells exhibited an average power conversion
efficiency (PCE) of 0.47%. The champion device exhibited a PCE
= 0.65%. The average open-circuit voltage of 14 solar cells was
VOC = 0.53 ± 0.10 V. Additionally, the short-circuit current JSC =

2.54 mA cm−2 of the champion device matched the integrated
photocurrent of the typical external quantum efficiency (EQE,
Fig. 4d) of the same device, which is JEQE = 2.41 mA cm−2. The
edge of the EQE around 725 nm matches the peak position of
the PL of Cu3xBi1−xI3 (Fig. 2d). This EQE contribution is well
beyond the PL peak wavelength of pure BiI3 (650 nm), which
again validates the photovoltaic activity of Cu3xBi1−xI3. The
average JSC was 2.46 ± 0.08 mA cm−2. Forward and reverse J–V
scans (Fig. 4c) reveal negligible hysteresis, with nearly identical
PCE, VOC, and JSC values obtained in both sweep directions. This
indicates that ion migration or interfacial charging effects are
minimal under the present device conguration. The at satu-
ration dark currents in the reverse direction indicate a homo-
geneous and shunt-free light-harvesting layer. Under
illumination, the slope of the J–V curve in the reverse direction
and the ll factor FF = 34 ± 7% suggest strong bimolecular
recombination. The relatively modest ll factor and short-
circuit current observed in Cu3xBi1−xI3 solar cells are likely
inuenced by non-radiative recombination pathways at grain
interfaces and imperfect contact at heterojunctions. As shown
in Fig. 3, the surface coverage and uniformity of the Cu3xBi1−xI3
absorber layer are strongly dependent on the underlying hole
transport layer (HTL). Deposition onto hydrophobic HTLs such
as MeO-2PACz and PTAA results in lm textures characterized
by isolated domains and incomplete substrate coverage. This
behaviour is further accentuated at elevated annealing
temperatures, where the formation of discrete crystalline islets
becomes more pronounced (Fig. S7), likely due to enhanced
recrystallization and solvent redistribution during drying.
Conversely, deposition on a bilayer of PTAA atop MeO-2PACz
promotes more uniform lm formation with reduced surface
roughness, which correlates with improved device metrics.
These ndings underscore the importance of interface ener-
getics and surface chemistry in controlling thin lm growth and
charge transport across the heterojunction.

Conclusion

Cu3xBi1−xI3 powder and thin lms were synthesized in a Cu-rich
solution using a Cu : Bi ratio of 3 : 1. While this phase could
easily be mistaken for a Caswellsilverite, it was found that Cu
rather forms interstitials within the BiI3 structure. The corre-
sponding solar cells yielded a maximum PCE of 0.65%. Thus,
Cu3xBi1−xI3 introduces a novel compound to the class of Cu/Ag/
Bi-based photovoltaic materials, the growing library of
perovskite-inspired materials, and the quest for eco-friendly
light-harvesting layers. In particular, the band gap of 1.66 eV,
which is very close to the Shockley–Queisser optimum, is very
EES Sol.
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promising. Further compositional optimization of Cu3xBi1−xI3
will likely enhance the device performances in produced thin
lms even more by maximizing phase purity and by decreasing
the defect density. Future work should also focus on systematic
interfacial engineering and HTL surface modication to further
improve thin lm homogeneity, suppress interfacial recombi-
nation to unlock the full photovoltaic potential of Cu3xBi1−xI3
light absorbing layers. The selection of layer architectures
should also consider long-term stability in fully integrated solar
cell devices and device fabrication on larger areas.
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