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Abstract 

In the search for lead-free perovskites, silver pnictohalides recently gained attention as novel 

perovskite-inspired materials for photovoltaics due to their high stability, low toxicity and 

promising early efficiencies, especially for indoor applications. Recent research on such 

“rudorffites” mainly addresses silver bismuth iodides (Ag-Bi-I), while their antimony analogs 

are hardly investigated due to intrinsic challenges in the synthesis of Sb-based thin films. Here, 

we establish a synthetic route to prepare Ag-Sb-I thin films by employing thiourea as Lewis-

base additive. Thin film morphologies were further optimized by alloying with Cu, resulting in 

improved power conversion efficiencies of 0.7% by reducing undesired side phases. Density 

functional theory calculations and optical characterization methods support the incorporation 

of Cu into a Cu1-xAgxSbI4 phase, keeping the overall stoichiometry and band gap virtually 

unchanged upon alloying. Our results further reveal the detrimental role of Ag point defects 

representing trap states in the band gap, being responsible for low open-circuit voltages and 

sub-gap absorption and emission features. Moreover, additional minor amounts of Bi are shown 

to boost efficiency and stabilize the performance over a wider compositional range. Despite the 

remaining challenges regarding device performance, we demonstrate a strong increase in 

external quantum efficiency when reducing the light intensity, highlighting the potential of Ag-

Sb-I rudorffites for indoor photovoltaics.  
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Introduction 

Lead-halide perovskites have drawn enormous interest for optoelectronics applications, 

particularly photovoltaics, from industry and research alike. Still, the practical applications of 

these materials remain limited by their notorious instability coupled with the high toxicity of 

the constituents and degradation products.1–3 Nonetheless, through the recent upsurge of 

emerging semiconducting materials, the focus of photovoltaic research has greatly shifted from 

purely inorganic materials such as silicon or CIGS with high energy demands for production to 

novel compounds that combine favorable optoelectronic properties with remarkable defect 

tolerance, in combination with low-temperature solution syntheses.4–8 

Starting from the prototypical methylammonium lead iodide, MAPbI3, a classical strategy to 

circumvent the toxicity issues is homovalent or heterovalent substitution of the central lead 

atom while retaining the perovskite structure. This is commonly achieved through elements 

with the same ns2 electronic configuration, as this was repeatedly suggested to be the basis of 

the exceptional defect tolerance in lead-halide perovskites.9–11 An obvious and intensely studied 

candidate for substitution is the group IV neighbor tin, which was shown to be both efficient 

and less problematic than lead in terms of environmental impact.12,13 Nonetheless, MASnI3 and 

other Sn(II) based compounds are highly sensitive towards oxidation, requiring pure precursor 

chemicals and non-oxidizing solvents, which still hampers the successful implementation of 

these materials. 14–17 Alternative approaches combine adjacent elements of tin and lead in the 

periodic table, namely trivalent antimony(III) and bismuth(III), which still showcase the 

characteristic electronic ns2 configuration, with monovalent cations like silver and copper, as 

prominently seen and studied in the archetype double-perovskite Cs2AgBiBr6.
18,19 Although 

this compound exhibits several promising properties like long charge carrier lifetime and high 

environmental stability, the photovoltaic efficiency is limited by rapid non-radiative 

recombination and a large bandgap.18–20 

If the monovalent metal ion is omitted entirely in the above systems, the original perovskite 

structure is sacrificed, leading to another class of perovskite-derived materials with the general 

structural formula A3B2X9, which also suffer from detrimental factors such as high exciton 

binding energies, strong exciton-phonon coupling and low dimensionality, among others.21–24 

Herein, the A-site cations are mostly derived from the lead-based perovskite counterparts, 

namely methylammonium, formamidinium or cesium(I). Many reports have already shown the 

significant influence of this cation, not only on the electronic properties but also as structure 

directing agent.25,26 
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Most recently, a new class of (Sb/Bi)-based materials has emerged, with the accompanying 

monovalent A cations being silver and/or copper, featuring the general structural formula 

AxByXx+3y and straying even further away from the original perovskite lattice. These 

compounds were coined “rudorffites”27 in previous reports and are comprised of interconnected 

[A/B]X6 octahedra, where the A and B cations share equivalent lattice positions, thereby 

inducing a high degree of stoichiometric freedom. Notably, these pnictohalides show favorable 

bandgaps for single-junction solar cell devices and high absorption coefficients.27,28 The 

hitherto published materials are mostly based on Ag-Bi-I and were shown to already surpass 

5 % PCE within only a couple of years’ time.29 Moreover, rudorffites were also employed 

successfully in other types of devices like X-ray detectors30, memristors31 or, as of latest, as 

highly efficient indoor light harvesters,32,33 competing with commercial solar cells in this field. 

Alloying and substituting Ag with Cu was also shown to be an efficient way to tailor their 

structural and electronic properties.32,33 

While research efforts to date have been mostly focused on Bi-based rudorffite structures, only 

few reports concerning pure (Ag/Cu)-Sb-I materials can be found, some of which being 

inconclusive about important properties like color, bandgap and structure.34,35 This may be due 

to synthetic difficulties when working with SbI3 as precursor36, which exhibits a high vapor 

pressure and is prone to evaporation when using film annealing temperatures above 100 °C. 

Furthermore, instability of the pristine AgSbI4 under ambient conditions was reported as well.37  

Herein, we demonstrate the thin-film synthesis of CuxAg1-xSbI4 (CASI) rudorffites using a 

Lewis-base assisted approach. We establish the formation of the crystalline target materials in 

thin films and furthermore we highlight the beneficial effect of an optimal ratio of 40% Cu to 

Ag on the morphology, reducing grain boundaries and improving the overall coverage. Notably, 

an additional incorporation of only 5% Bi led to the aforementioned morphology improvement 

over a broader range up to a Cu content of 90%, which can also be seen in the photovoltaic 

performance. Density functional theory (DFT) calculations investigate the impact of the 

stoichiometry of various (Cu/Ag)-Sb-I phases, highlighting the incorporation of Cu into the 

layered CuxAg1-xSbI4 composition.  Ultraviolet photoelectron spectroscopy measurements 

demonstrate the disappearance upon Cu addition of other trivalent oxide antimony states like 

SbOx and SbI3 as side phases likely created through degradation and surface oxidation. UV-Vis 

spectroscopy and photoluminescence measurements further reveal the presence of deep defect 

states and broad emission with large Stokes shift, confirmed by DFT calculations, pointing to 

extraordinarily low Ag point defect formation energies of 0.16 eV. Additionally, PL 

measurements reveal static emission and lifetime characteristics over the whole doping range, 
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which we discuss in view of varying charge carrier mobilities and photovoltaic performance. 

Conceptually, we connect the luminescence behavior to the thin film morphology via 

hyperspectral optical measurements, explaining the improved performance in solar cells when 

using an optimal copper content. Lastly, EQE measurements reveal a much-improved 

photocurrent at low photon flux when no white light bias is employed, hinting at great promise 

of these materials for indoor photovoltaic applications. 
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Results and Discussion 

To synthesize thin films based on CASI, a common spin-coating approach was employed by 

dissolving the corresponding halide precursors (CuI/AgI/SbI3) in a mixture of 1:1 DMF:DMSO 

to achieve a concentration of approximately 0.6 M, followed by deposition on different 

substrates (glass/FTO/ITO/mp-TiO2). Furthermore, a small amount of the Lewis base thiourea 

(TU) was added to retard the crystallization of the thin film, a crucial step in controlling the 

formation of the CASI material, which has been reported to exhibit significant stability 

issues.37,39,40 This is a necessary step to obtain working devices and circumvent recurrent 

problems of the halide precursors, with AgI being only hardly soluble in organic solvents like 

DMF that are commonly used for spin-coating. The influence of the additive on the behavior 

of the precursor solution is presented in Figure S1 in the Supporting Information (SI). Similar 

effects have been shown for lead-based and lead-free perovskites.41–44 Furthermore, SbI3 is 

known to have a high equilibrium vapor pressure36 which prohibits the use of elevated annealing 

temperatures, shown to be crucial for the formation of the Bi analogue.45 In this work, we 

therefore employed a ramped thermal annealing approach from 50 °C for 1 h to 80 °C for a 

minute to anneal the films. An ‘inverse’ technique based on one short immediate heating step 

for 1 min at 120 °C leads to improved crystallinity but less complete coverage, as shown in the 

XRD graphs and SEM images in Figure S3.  

 

Figure 1: Thin film XRD data normalized to the highest intensity on FTO/c-TiO2/mp-TiO2 (a) and on FTO 

(b) of CuxAg1-xSbI3 thin films. a) Increasing Cu concentrations in steps of 10% coded from red to blue with 

theoretical patterns from Oldag et al.38 The FTO reflections are removed for correct normalization and 

marked by an asterisk (*). b)  CuxAg1-xSbI3 films on FTO with 0%, 40% and 60% Cu with [101] reflections 

highlighted in light gray and the [102]/[006] peak in light pink. Inset: Crystal structure used for simulation 

of AgSbI4. c-TiO2 refers to compact TiO2 and mp-TiO2 to mesoporous. 

 



 

 7 

The XRD patterns for CuxAg1-xSbI3 films on FTO/c-TiO2/mp-TiO2 are shown in Figure 1a for 

incremental replacement of Ag with Cu in 10% steps. The substrate material was chosen to 

reflect the crystallization conditions which will be later adopted in solar cell devices.  

The patterns were normalized after removing the additional reflections arising from the 

substrate. As these match very well with the theoretical patterns extracted from the Bi analogue 

AgBiI4,
46 we assume a similar space group (R3m) and a related crystal structure based on the 

CdCl2 prototype (Figure 1b), in line with Gray et al.40 Materials based on AxByXx+3y 

stoichiometries with A being a monovalent transition metal cation (Ag+/Cu+), B a trivalent 

pnictogen cation (Bi3+/Sb3+) and X a monovalent halide anion, commonly I-, are constructed of 

alternating occupied and unoccupied positions of edge-sharing octahedra [AX6]
5-

, [BX6]
3- and 

[∆X6]
6- (∆ = vacancy).

39
 In our case, the halide ions occupy the octahedral corners (Wyckoff 6c) 

and Ag/Cu/Sb occupy the Wyckoff positions 3a in the octahedral center.46 Nonetheless, because 

of the aforementioned disorder, exact crystal structure analysis of such materials was shown to 

be a challenge.39,47 This is caused by an important feature in rudorffites, namely A and B cations 

occupying the same Wyckoff sites, which enables a vast number of compositional permutations. 

In recent years, different elemental compositions for Ag-Bi-I systems were explored 

experimentally, ranging from AgBi2I7 to Ag3BiI6.
27,48–50 Furthermore, for silver- or copper-rich 

compositions, the monovalent A cations additionally may occupy the 3b positions in-between 

the octahedral slabs.39,50 As shown later, we can carefully exclude compositions of other 

stoichiometries than the AgSbI4 one on the basis of our theoretical calculations, which suggest 

that a band gap collapse can be observed by having an excess of Ag in comparison to Sb or vice 

versa, in line with previous considerations on the Bi-based analogues.47  

Interestingly, the peak positions in Figure 1a only show a very small shift upon incremental 

alloying with Cu, suggesting no significant change of the unit cell. The most pronounced change 

is the intensity decrease of the [104] and [003] reflections for increased Cu content. 

Furthermore, the intensity ratio of the neighboring [102]/[006] peaks reverses when more Cu is 

introduced, which can be seen in more detail in Figure 1b for films deposited on FTO despite a 

strong orientation along the [003] direction. This intensity change is linked to a decrease in 

sectional symmetry because of additional tetrahedral Cu polytypes centered at the 3a positions 

of Cu in the layers, as demonstrated by our DFT calculations which will be discussed later.  

Previous reports suggested an intrinsic instability of the AgSbI4 phase, whereas the Bi-based 

analog with a larger ionic radius was shown to be highly stable under synthesis and in ambient 

conditions.40 Moreover, Al-Anesi et al. showed local symmetry enhancement through Sb 
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doping of Cu2AgBiI6, thereby improving photovoltaic efficiency through enhanced local 

structural symmetry and thus reduced defect density.33 Consequently, we also prepared a system 

with only a small addition of 5 % Bi, resulting in a decrease in band gap (see below) and 

improved morphology. The corresponding XRD patterns show no significant change when 

comparing Bi-alloyed structures versus the pristine antimony thin films (see Figure S4). 

In the following, we focus on samples with 0%, 40% and 60% Cu:Ag, as they are exemplary 

for the electronic and morphological changes in this system. The SEM images for those 

samples, shown in Figure 2a-f, highlight the strong impact of the monovalent halide precursor 

on morphology and crystallization. First of all, the addition of Bi seems to generally aid the 

crystallization, resulting in films with significantly better coverage and homogeneous 

morphologies. Enhanced lattice stability may further rationalize the increased coverage and 

high homogeneity at 40 % Cu, resulting in overall homogeneously covered films. Beyond 50 

% Cu, the homogeneity decreases again. 

XPS spectra confirm the incorporation of Cu and the presence of the expected elements, 

verifying the formation of the pure silver and copper-alloyed phases, see SI Figure S2a-c.  

Interestingly, the XPS spectra of the pure AgSbI4, shown in SI Figure S2c, show additional 

states of either SbOx, which could result from surface oxidation, or SbIx side phases at 

approximately 585.5 eV.  These side phases vanish when Cu is added to the system (see SI 

Figure S2).  

 

Figure 2: Scanning electron microscopy images of CuxAg1-xSbI4 thin films on FTO/c-TiO2/mp-TiO2. 

a)-c) Increasing amount of Cu (0%, 40%, 60%) and d)-f) increasing amount of Cu (0%, 40%, 60%) 

combined with 5% Bi/Sb substitution. 
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Figure 3: a) Fitted absorption coefficient of AgSbI4 (green), Cu0.4Ag0.6SbI4 (blue), AgBi0.05Sb0.95I4 

(yellow), Cu0.4Ag0.6Bi0.05Sb0.95I4  (red). The red and blue boxes highlight the bandgap extracted from 

the Elliott fits. The straight lines around the band edge are fitted with Elliott’s method and the black 

lines in the bandgap are exponential Urbach tails. b) Mobility values extracted from TRMC 

measurements for Ag concentrations of 100%, 60%, 40% without (blue) and with 5% Bi 

substitution (red). c) Averaged spectra from photoluminescence measurements for incremental Cu 

percentage from 0% to 100% without Bi addition (dark to light blue: increasing Cu content). The 

yellow box highlights the self-trapped exciton emission and the light blue box the band-to-band 

emission. d) Averaged time-resolved photoluminescence measurements for incremental Cu 

percentage from 0% to 100% without Bi addition. (dark to light blue: increasing Cu content) e) 

Hyperspectral images of the photoluminescence intensity and time-resolved photoluminescence 

intensity distribution on a 5 μm x 5 μm large area of a CuxAg1-xSbI4 thin film with composition 

ranging from 0% to 60% Cu/Ag ratio. The pixel size is 35x35. 



 

 10 

 

We now employ a combined fitting procedure following Elliott’s method for the absorption 

coefficient close to the band edge and Urbach’s tail to quantify the bandgap and sub-bandgap 

states.51 The band gap of AgSbI4 lies within the range of 2.0 - 2.2  eV, as in Figure 3a for AgSbI4 

(green), Cu0.4Ag0.6SbI4 (blue), Bi0.05:AgSbI4 (orange), Bi0.05:Cu0.4Ag0.6SbI4 (red). Changing the 

Cu:Ag ratio does not significantly alter the band gap, while the addition of Bi reduces the 

bandgap by 0.2 eV. The decrease in band gap upon Bi/Sb alloying has previously been 

successfully assigned to the formation of aggregates rich of either Sb or Bi for similar materials, 

being the source of the reduction in the electronic band gap.52 24 Furthermore, the Urbach tails 

all converge to the same energy of around 1.6 eV, pointing to the presence of trap states. This 

deep contribution is reduced through incorporation of 40 % Cu, which is most likely tied to the 

improved crystallinity and morphology, suggesting that fewer defects are introduced in the 

synthesis compared to the reference systems as confirmed by absorbance log plots (SI Figure 

S6). These disorder-related deep levels are also confirmed by the photoluminescence emission 

as seen in Figure 3c, where the main emission maximum lies at around 1.6 eV as well, with 

only a small contribution at the band edge (2.3 eV), which agrees well with the band gap 

obtained from the Elliot fits. This low energy emission is probably caused by self-trapped 

excitons and defects dominating the emission behavior, which was reported to be induced by 

exciton-phonon coupling and the resulting ultrafast carrier localization in multiple lead-free 

perovskite materials.53–55 Furthermore, the lifetimes are also unaffected by additional Cu 

doping, and occur in the range of only ps (Figure 3d).  The detailed spectral trends of 

photoluminescence and lifetime measurements for all samples are shown in Figure S8, with 

only negligible intensity and lifetime differences evident. 

Mobility values for the thin films, extracted from TRMC, highlight an overall increase when 

reducing the silver contribution, shown in Figure 3b. This is in line with previous reports on the 

related Cu4x(AgBi)1−xI4 compound, where small polaron formation was found to be responsible 

for ultrafast charge carrier localization that could be mitigated via the introduction of Cu.53,54 

The mobility values are mostly low when compared to other double perovskites like 

Cs2AgBiBr6.
56 Moreover, Bi addition does not increase the overall mobility in the pure AgSbI4, 

but significantly boosts the mobility for systems with Cu in excess of 60%. 

To connect the optical properties with the morphology changes upon Cu doping, we performed 

FLIM measurements; results are shown in Figure 3e. Here, the intensity of the PL emission and 

the lifetime are spectrally and spatially resolved on a film area of the size 5 μm x 5 μm. These 
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results confirm the trend of increased homogeneity of the surface of film samples alloyed with 

40 % Cu, showing the most consistent lifetimes overall and the best (homogeneous) distribution 

of luminescence intensity. The latter decreases sharply at 50 % Cu and above, drastically 

decreasing the lifetime of the whole sample area. Keeping in mind the similar electronic 

characteristics over the whole substitution range, these measurements reveal the important role 

of the A cation in such structures, directing morphology, excitation behavior over a bigger 

sample size and, as shown in Figure 5, device performance and statistics. 

DFT calculations were then performed to shed light on the impact of composition of the Ag-

Sb-I and Cu/Ag-Sb-I rudorffite phases. Ionic positions and cell parameters were optimized on 

the PBE level of theory including D3 dispersion corrections, with refined PBE0+SOC 

calculations for formation energies and electronic band gaps; see computational details in the 

SI. The cubic ThZr2H7-type AgSb2I7 stoichiometry47,57–59, see Figure S9, is unlikely to form as 

seen in the large formation energies of 4.86 eV/f.u., see Table 1. Additionally, predicted band 

gaps of 0.39 eV, far below the experimental values, rule out the existence of AgSb2I7 

stoichiometry, in line with studies on its Bi-based counterpart.47 AgSbI4 and Ag3SbI6 phases 

show disorder in their position of Sb and Ag ions, see Figures S10 and S11. Starting from the 

structure of the Bi-based counterparts,38,57,60 a configurational screening was performed to 

obtain low energy configurations using DFT. Both compositions (AgSbI4 and Ag3SbI6) show 

low energy structures with formation energies of -0.01 eV and 0.03 eV with band gaps of 2.07 

and 1.78 eV for AgSbI4 and Ag3SbI6, respectively. Recalling the experimental bandgap values 

of ~2.0 – 2.2 eV, this supports the existence of layered AgSbI4 phases, see Figure 4a, while 

Ag3SbI6-rich side phases may contribute to the sub-gap absorption and emission features. The 

DOS of the AgSbI4 phase shows the expected dominant role of iodide at the valence band edge, 

while the conduction band edge is dominated by Sb and I states from the SbI6 octahedra, with 

limited contribution from Ag, see Figure 4b. Note that entropic contributions, neglected in our 

study, likely contribute to the phase stabilization of such disordered phases. 

Table 1: Optimized lattice parameters (PBE, D3) of the low energy configurations of the Ag-Sb-I and 

the Cu/Ag-Sb-I rudorffite phases. Formation energies per formula unit and electronic band gaps are 

given at the PBE0 level of theory with inclusion of SOC corrections on the PBE+D3 optimized 

geometries. Table S2 summarizes a configurational analysis for each composition. 

System Formation 

Energy (eV/f.u.) 

Band Gap (eV) Lattice constants (Å) Cell Angles (°) 

AgSb2I7 4.86 0.39 a=b=c=14.637 α=β=γ=90 
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AgSbI4 -0.01 2.07 a = 8.671 

b = 8.665 

c = 20.804 

α=88.97 

β=91.11 

γ=120.58 

Ag3SbI6 0.03 1.78 a = 9.178 

b = 8.751 

c = 20.763 

α=86.57 

β=92.47 

γ=122.65 

Cu2AgSbI6 0.42 1.90 a = 8.551 

b = 8.525 

c = 21.452 

α=89.96 

β=90.11 

γ=119.52 

Cu0.5Ag0.5SbI4 0.14 2.13 a = 8.671 

b = 8.665 

c = 20.804 

α=88.97 

β=91.11 

γ=120.58 

 

 

Moving to the (Cu/Ag)-Sb-I compositions, especially the Cu2AgSbI6 phase has recently been 

proposed to form in the Bi-counterparts.61 The structure of the given phase is highly disordered, 

with many cations occupying same lattice positions, requiring a configurational screening, see 

Figure S12. The proposed low energy structure shows a formation energy of 0.42 eV/f.u., 

containing layers of Ag/Cu-I without Sb incorporated, see configuration c11 in Figure S12, 

which is substantially lower than fully mixed structures, see Table S2. This may point to 

favorable phase segregation in such compounds. Electronic band gap values of 1.90 eV are in 

fair agreement with experiments. Still, the successful incorporation of Cu ions over a wide range 

of Cu:Ag alloying in our experimental investigation raises concerns about the relevance of the 

Cu2AgSbI6 phase. Thus, we performed DFT calculations on the Cu0.5Ag0.5SbI4 composition, 

keeping the overall A-B-X stoichiometry of 1-1-4 and replacing half of the Ag ions by Cu, as 

suggested by our XRD data in Figure 1. Interestingly, the formation energy of the 

Cu0.5Ag0.5SbI4 phase, see Figure 4b, decreases to 0.14 eV/f.u. with a band gap of 2.13 eV, in 

excellent agreement to our experimental thin films.  We further predict an upshift of the valence 

band edge by 0.24 eV compared to the AgSbI4 phase, see Figure 4c. Notably, valence band 

(VB) XPS spectra (SI Figure S2d) show an increase in the VB energy upon Cu addition by 

~0.15-0.25 eV, which confirms our DFT results and, most importantly, supports the existence 

of the 1:1:4 stoichiometry in our synthesized thin films. Thus, we can expect that the 1:1:4 

stoichiometry is accessible over a large range of Cu:Ag alloying.   
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We further calculate the defect formation energies, see Figure S-C5 to S-C7, and 

thermodynamic ionization levels (TILs), see Figure 4d, for the pure AgSbI4 and the alloyed 

Cu0.5Ag0.5SbI4  compounds, respectively. All geometries were optimized on the PBE+D3 level 

of theory, with refined calculations for DFE and TILs based on the PBE0 level of theory with 

inclusion of spin-orbit coupling corrections. We observe low DFEs of 0.16 eV for Ag vacancies 

(VAg
-) and interstitials (Agi

+), representing hole and electron trap states at 0.44 eV above the 

VBM and 0.25 eV below the CBM, see Figure 4d and Figure S14. This suggests that sub-gap 

emission features at 1.6 eV may likely be caused by recombination of electrons trapped at Ag 

vacancies. The low formation energies of Ag point defects further are in line with features of 

Ag-Bi-I compounds that previously have been considered for ionic conduction due to their 

  

Figure 4: (a, b) Structural representation of AgSbI4 and Cu0.5Ag0.5SbI4, respectively, with following 

color code: Ag = silver, Cu = blue, Sb = orange, I = purple. (c) Density of states on the PBE0+SOC 

level of theory of (top) AgSbI4 and (bottom) Cu0.5Ag0.5SbI4. Electronic band gap values are given in 

each panel. The potential of the considered systems has been aligned with respect to the vacuum level 

to obtain the VB shift between AgSbI4 and Cu0.5Ag0.5SbI4, as highlighted in red color. The VB 

maximum of the AgSbI4 phase has been set to zero energy. (d) Thermodynamic ionization levels of 

point defects, vacancies VX and interstitials Xi for each element X = (Ag, Cu, Sb, I), based on hybrid 

PBE0+D3 DFT calculations with inclusion of SOC. The orange colored parts highlight the valence 

band (bottom) and conduction band (top). Computational details on the defect calculations are 

provided in the SI.  



 

 14 

mobile Ag ions.38 Notably, Sb and I point defects also act as trap states within the band gap, 

see Figure 4d, while showing moderate formation energies of ~0.7 to 0.9 eV, thus being of less 

relevance for the optoelectronic properties of AgSbI4. Moving towards the alloyed 

Cu0.5Ag0.5SbI4, we observe negligible differences in the TILs and DFEs (Figure S15) for Ag 

and Cu vacancies and interstitials, in line with the low dependence of sub-gap emission on 

Cu:Ag alloying as shown in Figure 4c. This suggests further that the reduction of sub-gap 

absorption upon Cu addition is due to the growth of more homogeneous morphologies rather 

than a suppression of point defect formation.  Consequently, Cu alloying is mainly relevant for 

reducing AgI rich side phases, while the concentration incremental Cu alloying  shifts the type 

of detrimental defects between Ag and Cu.  

After elaborating the structural and electronic properties of the CASI rudorffites, photovoltaic 

devices were fabricated in the n-i-p architecture with increasing amounts of Cu. Mesoporous 

titania was used as electron transporting layer and PTAA as hole transporting layer.27,45,62 The 

statistical analysis of the device performance can be seen in Figure 5a-f. Firstly, the overall 

performance increases significantly when employing only a small substitution of 5% Bi, 

attributed to the band gap decrease. Interestingly, this minor incorporation of Bi additionally 

stabilizes the performance over a wide range of Cu:Ag ratios, while the performance of pristine 

Sb-based solar cells breaks down at Cu concentrations above 50 %. We attribute this impact of 

Bi to the improved homogeneity of the morphology as seen in Figure 2f, hinting at a highly 

beneficial role of BiI3 in the precursor solution.  In the Bi-free series, samples prepared with 40 

% Cu are generally the most efficient, showing the overall highest PCE, mostly due to the 

increased current density. Notably, the low open circuit voltage is the main bottleneck in these 

systems, as also suggested previously.28,29 In our studies, only samples with added Bi surpass 

0.4 V open circuit voltage in some cases, whereas Cu-alloyed samples show only small 

improvements. We attribute the low voltage to non-radiative recombination processes mediated 

by Ag point defects, representing trap states with low formation energies as shown by our DFT 

calculations, and ultrafast carrier localization.51,53  
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To further estimate the potential of Sb-based rudorffites for indoor photovoltaics, EQE 

measurements were carried out on well-performing solar cells with and without white light 

background illumination. As shown in Figure 5g, the EQE measured under white light 

illumination at 100 mW/cm2 is comparably small, with a maximum of 20 % for Cu-alloyed 

 

Figure 5: Characterization of photovoltaic devices. a-c) PCE, Jsc, Voc statistical box plots with 

median, interquartile range and statistical outliers for 10% changes of the Cu/Ag ratio from 

Cu0.9Ag0.1SbI4 to Cu0.0Ag1.0SbI4. The same color scheme for the colored boxes as for Figure 4a was 

used to highlight the reference and the most efficient alloying step. d-f)  PCE, Jsc, Voc statistical box 

plots for 10% changes of Cu/Ag ratio with fixed 5% Bi content from Cu0.9Ag0.1Bi0.05Sb0.95I4 to 

Cu0.0Ag1.0 Bi0.05Sb0.95I4.  The same color scheme for the colored boxes as for Figure 4a was used to 

highlight the reference and the most efficient alloying step. g) and h), EQE spectra and integrated 

photocurrent density of the most efficient solar cells for AgSbI4 (green), Cu0.4Ag0.6SbI4 (blue), 

AgBi0.05Sb0.95I4 (orange) and  Cu0.4Ag0.6Bi0.05Sb0.95I4 (red). The data in g) were measured with a 

constant 100 mW/cm2 white light source in the background, while the data in h) were measured 

without white light bias. 
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films at 450 nm without Bi and at 550 nm with Bi. Interestingly, when using a chopped white 

light source without a white light bias, the overall EQE increases significantly by approximately 

10% overall for all thin films except Cu0.4Ag0.6SbI4, which could be explained by a different 

recombination mechanism at high fluence intensities in this system as seen in the TRMC curves 

in Figure S7b. This is in line with the behavior of Cu2AgBiI6 rudorffites, where the efficiency 

for indoor light illumination almost doubles up to 10 % iPCE,33 being attributed to reduced non-

geminate recombination, which seems to be an intrinsic feature of (Cu/Ag)-(Sb/Bi)-I based 

materials.  

Although the initial performance falls behind Bi-based “rudorffites”27,33,58 this class of materials 

offers great potential for indoor applications while being easily tunable. Furthermore, our 

results demonstrate the compositional freedom of solution-processed rudorffites. We propose 

that through stoichiometry tweaking, precursor engineering - i.e. by employing acetates or other 

metal sources14,21 - or further additive modification, the performance could be strongly 

improved to offer a viable alternative for low-cost indoor photovoltaics. 
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CONCLUSION 

To summarize, we successfully synthesized “rudorffite”-type Cu/Ag-Sb-I thin films using the 

Lewis-base additive thiourea. We establish control of the thin film morphology by partial 

alloying of Ag with Cu atoms, resulting in homogeneous coverage, which was even improved 

upon partial substitution with Bi. DFT calculations and optical characterization point to the 

formation of a AgSbI4 phase in the pure Ag case and the incorporation of Cu ions, partially 

replacing Ag and forming Cu1-xAgxSbI4. Other phases that have been previously discussed for 

the Bi-based counterparts could be ruled out due to large formation energies or low predicted 

band gaps. Our results further reveal the detrimental role of Ag point defects, which induce sub-

bandgap electronic states that may act as recombination centers resulting in sub gap emission 

and absorption features. We further demonstrate that Cu alloying does not significantly alter 

the electronic band gap, which consequently represents a facile strategy for the optimization of 

Sb-based rudorffites. Solar cells based on the CASI rudorffites show low power conversion 

efficiencies of around 0.3%, mainly hampered by large losses in the open-circuit voltage. 

Interestingly, substituting a small amount of 5% bismuth raises the efficiencies to up to 0.7%, 

mainly through a reduction of the electronic band gap. We observe an apparent stabilization in 

current density and open-circuit voltage upon addition of Bi over a wide range of Cu:Ag alloys. 

Finally, white light bias-free EQE measurements suggest a much-improved performance of 

these materials for indoor photovoltaic applications, which we attribute to reduced geminate 

recombination at low light intensity. These observations offer opportunities for the control and 

design of novel Sb-based rudorffites as perovskite-inspired semiconductors with potential for 

diverse optoelectronic applications such as indoor photovoltaics. 
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