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A B S T R A C T

Cationic substitution can be exploited as strategy to modulate the structural, electronic, and optical properties of 
perovskite materials. This work investigates the effect of doping Cs2AgBiBr6 double perovskite compounds as 
10 at% Rb, Zn, and Sb-substituted formulations, further incorporated in wet-processed solar cells. Impacts on 
crystal structure, light harvesting, and charge generation mechanisms are highlighted, especially in terms of 
photoconversion metrics and efficiency. Regardless of the doping atom, the morphology of the spin-coated 
photoactive layers presents high homogeneity and coverage rate as well as uniform thickness, matching the 
characteristics of the undoped benchmark. Advantageously, a significant enhancement of the harvested light is 
established from UV–VIS spectrometry analyses, with the layers optical band gap notably decreasing from 2.32 to 
2.20–2.28 eV following substitution. However, photovoltaic efficiencies calculated from J-V measurements drop 
from 1.6 % with undoped Cs2AgBiBr6, to 1.1, 0.3, and 0.4 % with Rb, Zn, and Sb- substituted formulations. 
Structural analyses of XRD and tolerance factor calculations, combined with Raman and XPS, rationalize these 
drops by a crystal lattice being too destabilized from the atomic substitutions, especially in Sb- and Zn- 
substituted samples, with the latest being further undermined by the occurrence of cationic vacancies. Joined 
UPS, PL and EIS studies also highlight differences of charge transfer properties in the different configurations of 
solar cells, notably owing to the materials energy levels (mis)alignment. All in all, the present contribution allows 
for an in-depth understanding of how such cationic substitutions affect Cs2AgBiBr6 intrinsic behavior and 
functionality as photovoltaic material, filling a key knowledge gap.

1. Introduction

Cs2AgBiBr6 double perovskite formulations present tremendous 
properties for photovoltaic applications. They show high optical ab
sorption coefficients, important chemical stability, and long-lived 
charge carriers [1–5]. On the other hand, this material is considered 
to be a promising alternative to lead-containing perovskites, given its 
low toxicity and long-term resistance to moisture. Nevertheless, its 
photovoltaic conversion efficiency remains limited to a maximum of 
7.9 % due to intrinsic shortcomings [4,6]: notably, its indirect band gap 

of ~1.8 eV and direct band gap of ~2.2 eV prevent it from efficiently 
absorbing low-energy photons; its carrier mobility is much lower 
(~1–12 cm2V− 1s− 1) than that of lead perovskites (~35 cm2V− 1s− 1); and 
the actual carrier lifetimes (about 13.7 ns) is due to numerous defects at 
the grain boundaries in the Cs2AgBiBr6 films, acting as dominant non
radiative recombination sites [7]

Therefore, there is a strong need to improve the contemporary effi
ciencies of Cs2AgBiBr6-based solar cells by modulating and globally 
improving the structural, optical, and electronic properties of the double 
perovskite compounds. An important limitation of Cs2AgBiBr6 is its 
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relatively large band gap. A promising approach, which is the subject of 
this article, is to control the cationic substitutions in its crystal structure, 
which offers the possibility to manipulate the fundamental character
istics of the material [8–18]. Cationic substitutions allow the incorpo
ration of alternative elements (homovalent and heterovalent) into the 
crystal structure of the double perovskite, which can lead to significant 
changes in its physical and chemical properties such as increase ab
sorption at long wavelength, decrease density of defect states, increase 
theoretical efficiency by decreasing band gap, etc. Indeed, the degree of 
disorder of the (Bi/Ag)Br6 octahedrons in Cs2AgBiBr6 strongly affects its 
electronic band structure, by increasing the number of intrinsic defects 
that widen the band edges, modify the valence band and conduction 
band energy levels, and therefore decrease the band gap [4]. Analogous 
to lead-based perovskites, anion exchange has also been investigated to 
tune the band gap of the double perovskite compound. In this regard, 
substituting Br− by I− reduces the material’s band gap, while the band 
gap is shifted toward larger values by substituting Br− with Cl− [4]. 
Moreover, it was shown that 1.64 eV band gap value can be achieved by 
hydrogenation of Cs2AgBiBr6, resulting from interstitial doping with 
atomic hydrogen atoms [7]. To determine which cation(s) would be the 
best to substitute for the different pristine cesium, silver, and bismuth 
elements in the Cs2AgBiBr6 double perovskite compound, first, their 
atomic radii are taken into consideration. Strong deformation of the 
crystal lattice should be avoided. Therefore, the atoms must have similar 
atomic radii in similar condition status (i.e., coordination numbers). 
Rubidium (Rb 172 pm), zinc (74 pm), and antimony (76 pm) are 
accordingly chosen to replace cesium (188 pm), silver (115 pm), and 
bismuth (103 pm), respectively [19]. Furthermore, suitable optical 
properties should be met, for which these substituents have been clearly 
identified and praised in previous theoretical studies [8,17,20]. How
ever, there are only few experimental studies on the subject [15,16,18]. 
Notably, Y. Ou et al. do not mention in their study the consequences of 
substituting a monovalent element (Ag+) by a heterovalent element 
(Zn2+) [16]. In fact, a Zn2+ cation must replace two Ag+ silver atoms to 
maintain electroneutrality. This is why cationic silver vacancies are 
anticipated to occur in the structure. Accordingly, the compound for
mula is written as Cs2(Ag1–2x□xZnx)BiBr6 in this work.

In the present study, the effects of substituting these three specific 
cations are investigated in deep. Specifically, comprehensive analysis is 
aimed for the substitution of cesium by rubidium ((Cs1-xRbx)2AgBiBr6), 
silver by zinc (Cs2(Ag1–2x□xZnx)BiBr6), and bismuth by antimony 
(Cs2Ag(SbxBi1-x)Br6).

From literature, substituting rubidium for cesium is expected to both 
improve absorption at long wavelengths and reduce the density of defect 
states, without impacting the crystal lattice. Consequently, the average 
power conversion efficiency (PCE) of doped devices was reported of 
nearly 15 % higher than that of standard devices (i.e., 1.39 % vs. 
1.21 %), with the champion device reaching 1.52 % with a high fill 
factor of 78.8 % [18]. Replacing silver with zinc can suppress charge 
recombination, enhance extraction at the TiO2/double perovskite 
interface, reduce the density of defect states in double perovskite ma
terials, and thereby improve the performances of the resulting solar cell 
[18,21]. The introduction of Zn2+ can promote the crystallization of 
perovskite to develop an excellent surface area and consecutively 
improve its optical absorbance [16]. Accordingly, the champion effi
ciency of Cs2(Ag1–2x□xZnx)BiBr6 (x = 0.10) solar cell increased in 
comparison with Cs2AgBiBr6 (2.16 % vs. 1.48 %) [16]. Finally, the 
substitution of antimony for bismuth led to a reduction in the direct 
band gap, which improves light absorption properties, and is therefore 
promising for enhancing photovoltaic performances [15,22]. The best 
performing Cs2Ag(SbxBi1-x)Br6 (x = 0.25) solar cells delivered a slightly 
increased performance than the reference Cs2AgBiBr6 (0.30 % vs. 
0.20 %).

This study aims at a methodological, step-by-step exploration into 
the effects of cation substitution on double perovskite compounds – (Cs1- 

xRbₓ)₂AgBiBr₆, Cs2(Ag1–2x□xZnx)BiBr6 and Cs₂Ag(SbₓBi1-x)Br₆ – offering 

novel insights into the structural tunability of the substituted com
pounds, correlated to its impact on the light absorption and electronic 
properties in the double perovskite layer and charge transfer phenom
ena in the assembled solar cell, which has not yet been established in the 
literature. By systematically analyzing substitution rates of 5, 10, 15, 
and 20 at%, this research allows for an in-depth understanding of how 
such modifications affect the material structural, optical and electronic 
properties, and its photovoltaic performances, filling a key knowledge 
gap in the development of efficient lead-free photoactive materials for 
photovoltaic applications.

2. Experimental section

2.1. Materials and chemicals

Fluorine-doped tin oxide (FTO) covered glass of 2.2 mm thickness 
and 15 Ω/sq sheet resistance (TEC15, Greatcell Solar Materials) is used 
as substrates. The following chemicals are obtained from various com
mercial suppliers, and used without further purification: hydrochloric 
acid HCl (VWR, 37 %), metallic zinc powder (Roth, ≥98 %), titanium 
diisopropoxide bis(acetylacetonate) TAA (Sigma-Aldrich, 75 wt% in 
isopropanol), anhydrous ethanol EtOH (Acros, 99.5 %), TiO2 nano
particle paste 18NR-T (Greatcell Solar), titanium chloride TiCl4 (Merck, 
≥97.0 %), cesium bromide CsBr (Alfa Aesar, ≥99.9 %), bismuth bro
mide BiBr3 (Alfa Aesar, ≥99.0 %), silver bromide AgBr (VWR, ≥99.5 %), 
rubidium bromide RbBr (Sigma-Aldrich, 99.8 %), zinc bromide ZnBr2 
(Thermo Scientific, 99.9 %), antimony bromide SbBr3 (Alfa Aesar, 
99.5 %), dimethylsulfoxide DMSO (Sigma-Aldrich, >99.9 %), N,N’- 
dimethylformamide DMF (Acros Organic, 99.9 %), anhydrous chloro
benzene CB (Sigma-Aldrich, 99.8 %), 2,2′,7,7′-Tetrakis[N,N-di(4- 
methoxyphenyl)amino]-9,9′-spirobifluorene – Spiro-OMeTAD (Borun, 
>99.9 %), lithium bis(trifluoromethanesulfonyl)imide Li-TFSI (Sigma- 
Aldrich, 99.95 %), 4-tert-butylpyridine tBP (Sigma-Aldrich, 96 %), 
anhydrous n-butanol n-BuOH (Fisher, >99.8 %).

2.2. Substrate preparation and deposition of electron transport material

First, FTO glass substrates are cut into 2.0 × 2.0 cm² pieces, then 
etched with HCl (2 M) and metallic zinc powder, so to strip parts of the 
FTO and prevent short circuits in the final PV cell. Substrates are cleaned 
over three consecutive washing steps (with soap, ethanol and acetone, 
respectively) under ultrasonication, before being dried under air. A 
compact hole blocking layer of TiO2 (c-TiO2 ~30 nm thick) is then 
deposited by ultrasonic spray pyrolysis of TAA (2.2 mL) in ethanol 
(30.0 mL), from a Sono-Tek ExactaCoat system combined with an 
AccuMist nozzle. The following spraying parameters are used: stall 
power of 3.5 W, oxygen carrier gas flow of 0.9 psi, flow rate of 0.25 mL. 
min− 1, nozzle speed of 100 mm.s− 1, area spacing of 4 mm, nozzle-to- 
substrate distance of 5.5 cm, and substrate temperature of 450◦C. The 
deposition pattern is repeated 3 times to obtain a 30 nm thick TiO2 film. 
Finally, a thermal treatment at 500◦C (ramp 100◦C/h) is performed for 
30 min, to crystallize TiO2 in form of anatase phase. After a cleaning 
treatment under UV-ozone for 15 min, a 150 nm thick mesoporous (mp-) 
TiO2 layer is deposited onto the c-TiO2 layer. Commercial TiO2 nano
particle paste (18NR-T, Greatcell Solar Materials) is diluted in absolute 
ethanol (1:9.8 wt ratio) and spin-coated at 1500 rpm for 30 s, followed 
by subsequent annealing at 500 ◦C (with a ramp of 100◦C/h) for 30 min. 
The mp-TiO2 layer is immersed in an aqueous TiCl4 solution (4.10− 2 M) 
for 30 min at 60◦C, to allow further improvement of the connectivity 
between the TiO2 nanoparticles. Then, samples are successively rinsed 
with water and EtOH, dried with compressed air, and then calcined for 
30 min at 450◦C in a preheated oven. Before depositing the Cs2AgBiBr6- 
based film, a final cleaning treatment under UV-ozone for 15 min is 
applied to the samples.
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2.3. Cs2AgBiBr6 double perovskite film preparation

A Cs2AgBiBr6 solution to produce reference sample is prepared by 
mixing BiBr3, AgBr and CsBr in 1.0 mL DMSO in an argon-filled glove
box. The preparation of (Cs₁₋ₓRbₓ)₂AgBiBr₆, Cs2(Ag1–2x□xZnx)BiBr6 and 
Cs₂Ag(SbₓBi₁₋ₓ)Br6 substituted films are respectively prepared by adding 
RbBr, ZnBr and SbBr3 to the conventional precursors used previously. 
The masses of precursors and solvent volume used in the synthesis of the 
different formulations are reported in Table S1.

Solutions are preheated at 75◦C to allow the complete dissolution of 
the precursors. Before spin-coating, both the solution and the substrate 
are preheated at 75◦C. 150 µL of the hot precursor solution is spin-coated 
onto the mp-TiO2/c-TiO2/FTO glass substrates at 2000 RPM for 30 s. 
The sample is then annealed at 285◦C for 5 min under argon atmosphere 
to allow the formation of the desired double perovskite crystal phase.

2.4. Solar cell fabrication

First, Spiro-OMeTAD (186 mg) and an additive solution (84 µL) are 
mixed with anhydrous chlorobenzene (2 mL). The additive solution is 
prepared from 0.175 g Li-TFSI and 312.5 µL of tert-butylpyridine in 1 mL 
of anhydrous butanol. The solution is then deposited by spin-coating at 
2000 RPM for 60 s.

After scratching off the TiO2/Cs2AgBiBr6 double perovskite/Spiro- 
OMeTAD layers from the photoanode contact, a gold counter- 
electrode layer is deposited by thermal evaporation (home-made appa
ratus) using a patterned mask.

The resulting photovoltaic device stack is represented by Fig. 1.

2.5. Characterization

A field emission gun microscope TESCAN CLARA, processed under a 
15 kV accelerating voltage and high vacuum, is used for the morpho
logical characterization of both individual layers and assembled cells by 
scanning electron microscopy (SEM). All samples are coated with 
sputtered gold (10 nm) before characterization.

X-ray diffraction (XRD) was conducted in the fixed θ–2θ geometry on 
a A Bruker D8 grazing incidence diffractometer instrument using a Cu 
Kα source (λ = 1.5406 Å) at a current of 40 A and voltage of 40 V. All 
references were taken from the PDF4 + database from the International 
Center for Diffraction Data.

A Shimadzu 3600 Plus instrument with an integrating sphere (ISR- 
1503) is used for optical measurements by UV–VIS-NIR spectrometry.

X-ray photoemission spectrometry (XPS) analyses are conducted on a 
Thermo Fisher K-alpha instrument (available by University of Namur, 
Belgium), equipped with a monochromatic Al Kα source and calibrated 
with the adventitious carbon (C1s) peak at 285.0 eV. Ultraviolet 
photoemission spectra (UPS) are acquired using an ESCALB 250 Xi 
Thermo Fisher instrument (also available by University of Namur, 
Belgium), equipped with a He lamp (He I-hν = 21.2 eV line) and a six- 
channeltron detection system, at constant pass energy of 2 eV. To 
eliminate the contribution of the spectrometer work function, a − 10 V 
bias voltage is applied to the samples. Both XPS and UPS data are 

processed using the Avantage v.5.9 software (Thermo Fisher Scientific 
Ltd., UK).

Raman spectra are obtained using a benchtop Labram 300 spec
trometer (Horiba), interfaced with a 785 nm DPSS laser (maximum 
input power of 40 mW, applied on the sample) and a thermoelectrically 
cooled CCD detector Andor iDus DU401 BRDD. The spectrometer is 
coupled to an Olympus BX40 microscope equipped with a computerized 
x,y mobile stage. Data are obtained across the 110–1000 cm− 1 wave
number offset range with a spectral resolution of ~3 cm− 1 (grating of 
1200 gr/mm). The laser footprint on the sample is ~1 µm in diameter 
(verified with an Olympus objective X100, NA.80).

Charge carrier lifetime measurements are conducted through time- 
resolved microwave conductivity (TRMC) measurements, under visible 
laser excitation (420 nm wavelength) generated with a laser energy of 
7.1 mJ cm− 2. Analyses are achieved on a nanosecond laser system 
(EKSPLA), which combines an Nd:YAG laser and an optical parametric 
oscillator (OPO) that emits 8 ns pulses at adjustable wavelengths 
ranging from 225 to 2000 nm, with a repetition rate of 10 Hz. For these 
studies, the probed perovskite layers are uniformly deposited onto glass 
slides (18 x 18 mm).

Briefly, free excess charge carriers (electrons e- / holes h+) induce a 
relative change in the reflected microwave power (ΔP(t)/P). Eq. 1 below 
defines the relationship between conductivity and microwave 
absorption: 

ΔP(t)
P

= AΔσ(t) = A e
∑

i
Δni(t) μi (1) 

Where Δni represents the number of excess charge carriers i at time t, μi 
is the mobility of charge carriers, and A is the time-independent sensi
tivity factor. A TRMC signal provides information on the maximum in
tensity value (Imax) and on the time decay (I(t)). The maximal intensity 
of the signal determines the number of created free excess charge car
riers upon irradiation, while time decay corresponds to the trapping, 
recombination, or transfer of charge carriers.

A class A solar simulator (Newport Spectra Physics), coupled to a 
Keithley 2400 sourcemeter, measures the PV conversion efficiency of the 
cells (with values averaged over 10 devices). Calibration is performed 
using a KG5 filtered silicon reference solar cell from Newport. Photo
current density vs. applied voltage curves (J-V curves) are measured on 
2.0 × 2.0 cm² devices under simulated 1 SUN illumination (filter AM 
1.5) at room temperature, using a black mask with a 0.0355 cm² aper
ture (active area). Forward (0.0–1.2 V) and backward (1.2–0.0 V) 
measurements are performed with an increment of 4 mV (0.2 s/step).

Electrochemical impedance spectroscopy (EIS) measurements are 
performed using a BioLogic SP-200 potentiostat (Science Instrument), 
and collected data are analyzed using the EC-Lab software. A sinusoidal 
potential perturbation is applied on the assembled devices and the 
current variation response is recorded. A frequency range of 3 MHz to 85 
mHz with 10 mV sinusoidal modulation is applied for data acquisition. 
Measurements are performed at room temperature under standard 1 sun 
illumination (AM 1.5 filter) and in open circuit potential (OCP) 
conditions.

For photoluminescence (PL) measurements, the samples are placed 
into an integrating sphere (Hamamatsu Photonics K.K. A10094) and 
illuminated with a 445 nm continuous laser (InsaneWare). An Andor 
Solis 803 System composed of mirrors and filters is used. A silicon de
tector with 670 nm center wavelength (CWL) grid is equipped to detect 
the PL signals, and a filter is used to filter out the signals below 500 nm. 
The laser intensity is adjusted to 1 sun equivalent intensity according to 
the specific band gap (2.32 eV) of the absorber, and the intensity is kept 
the same for all the samples. Photoluminescence quantum yield (PLQY) 
can be calculated as the ratio of the number of emitted photons to the 
number of photons absorbed by the samples. The emitted and absorbed 
photons can be determined by performing the following measurements: 

Fig. 1. Scheme of the double perovskite device stack.
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i. Without sample in the integrating sphere, with laser filter for 
remaining laser correction.

ii. With sample in the integrating sphere, without laser filter for 
absorptance.

iii. Without sample in the integrating sphere, without laser filter for 
reference.

iv. With sample in the integrating sphere, with laser filter for 
emission.

3. Results and discussion

3.1. Morphological, optical and structural properties of double perovskite 
thin films

Films of (Cs1-xRbx)2AgBiBr6, Cs2(Ag1–2x□xZnx)BiBr6 and Cs2Ag(Bi1- 

xSbx)Br6 double perovskites, with x = 0.00/0.05/0.10/0.15/0.20, are 
prepared according the following architecture: FTO-glass/c-TiO2/mp- 
TiO2/double perovskite.

The morphology of the substituted Cs2AgBiBr6 double perovskite 
films is evaluated by SEM (Fig. 2 and Figure S1). In general, the higher 
the substitution ratio, the larger the grain size, with the film appearing 
as a discontinuous layer of aggregates. Such discontinuity typically 
hinders charge transfers towards the electron transport layer (ETL), 

Fig. 2. SEM micrographs of reference Cs2AgBiBr6 films, and (Cs1-xRbx)2AgBiBr6, Cs2(Ag1–2x□x Znx)BiBr6, and Cs2Ag(Bi1-xSbx)Br6 counterparts, with x = (a) 5 at% and 
(b) 10 at%.
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increases recombination and lowers Jsc values in consecutive devices. 
We have therefore discarded the 15 and 20 at% formulations, hence
forth considering only films substituted at 5 and 10 at% for the 3 
cationic substitutions, Rb, Zn, and Sb, in addition to the undoped “0 at 
%” benchmark. Furthermore, literature has shown that, in general, 
optimal substitutions do not exceed 10 at% due to the formation of 
impurities such as Cs3Bi2Br9 when the substitution rate increases [18]. 
Focusing thus on the 5 and 10 at%-substituted films (Fig. 2a,b), their 
characteristics appear similar in terms of both morphology (coverage 
rate and uniformity) and thickness (approximately 200 nm overlayer), 
as compared to the reference sample. The white aspects observed for 
some grains is attributed to an artifact from charging effects, occurring 
on selected crystals being more prominent than their neighbors.

The UV–VIS absorbance spectrum of the spin-coated Cs2AgBiBr6 
reference thin film is reported in Fig. 3a. The absorption peak at 350 nm 
corresponds to the absorption of FTO-glass and TiO2. Another strong 
absorption peak is visible at a 440 nm wavelength, as previously 
observed for Cs2AgBiBr6 and other double perovskite materials like 
Cs3Bi2I9 [23]. However, the origin of this peak remains unclear [24]. It 
could be associated to trapped excitonic transitions below the 
high-energy direct band gap intraband transitions, or to color centers in 
the material, being defects or imperfections in its crystalline structure 

[25,26].
Optical spectra of substituted samples (Fig. 3b, c and d) show similar 

signatures. However, the samples substituted at 10 at% (Rb, Sb and Zn) 
all absorb more than those substituted at 5 at%. For this reason, only the 
10 at%-substituted samples have been considered for further processing 
into devices. In addition, the overall absorbance of the substituted 
samples, having the same layer thickness, is greater than that of the 
reference Cs2AgBiBr6 sample without substitution. Tauc plots (Fig. 3e) 
allow for the determination of a reduced band gap for the 10 at 
%-substituted samples. Indeed, direct band gap values of 2.20, 2.26, and 
2.28 eV are respectively measured for Sb, Zn, and Rb 10 %-substituted 
samples, whereas the band gap value of the reference sample is 2.32 eV. 
These values are in accordance with the ones previously reported in the 
literature for similar synthesis conditions [27,28]. The absorbance data 
highlight the significant potential of cation substitution for modifying 
the electronic structure and/or for distorting the crystal lattice towards 
enhanced light absorption.

To investigate the bulk emission properties, the photoluminescence 
(PL) spectra of the reference and cations substituted films are measured 
and shown in Fig. 4. PL peaks of the Cs2AgBiBr6, (Cs1-xRbx)2AgBiBr6, 
Cs2(Ag1–2x□xZnx)BiBr6 fall at a similar energy of ~1.9 eV, while the PL 
peak for Cs2Ag(Bi1-xSbx)Br6 shifts to a lower energy of ~1.8 eV. This is 

Fig. 3. Absorbance spectra of (a) Cs2AgBiBr6 (b) (Cs1-xRbx)2AgBiBr6, (c) Cs2(Ag1–2x□x Znx)BiBr6, (d) Cs2Ag(Bi1-xSbx)Br6, with x = 5 at% and 10 at%; (e) Tauc plots 
(dashed lines: direct band gap estimation) of (Cs1-xRbx)2AgBiBr6, Cs2 (Ag1–2x□x Znx)BiBr6 and Cs2Ag(Bi1-xSbx)Br6 with x = 10 at%.
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consistent with the lowering of the optical band gaps, as shown earlier in 
the Tauc plots (Fig. 3e). The PL spectra are therefore dominated by 
recombination across the indirect gap, although recent low-temperature 
studies suggest that PL emission may arise from color centers in 
Cs2AgBiBr6 rather than from band-to-band transitions. The PL peak in
tensity is higher in the spectrum of the reference film than in those of the 
substituted ones. An increase in PL intensity is usually attributed to a 
reduced number of defect sites or to less active defect sites responsible 
for trap-assisted recombination, showing that cation substitution does 
indeed impact the electronic structure of the material [5,29].

X-ray diffraction (XRD) analysis are then conducted on all 10 at 
%-substituted Cs2AgBiBr6 layers. No secondary phases (Cs3Bi2Br9 – with 
reflections at 12.8◦ and 30.9◦, AgBr – with reflection at 44.2◦) are visible 
in the diffractograms (Figure S2). However, at this stage, there is no 
evidence of the effective insertion of the cationic substituents in the 
crystal structure of the double perovskite. Indeed, the diffraction peaks 
are broad, and the low resolution limits the precise study of the crystal 
lattice parameters modification that would have been induced by an 
effective cation substitution, as the errors intrinsic to the measurement 
method are greater than the structural variations being potentially 
induced. Furthermore, the cationic substituent is incorporated only in 
very small quantities, hence the variation on the diffractograms is ex
pected to be too small to be detected. Therefore, basing solely on the 
diffractograms, the presence of the substituent cannot be confirmed, 
neither denied, with certainty.

Still, it is crucial to make sure that the substituent cations have been 
incorporated in the films. Hence, X-Ray photoelectron spectroscopy 
(XPS) measurements are carried out on (Cs1-xRbx)2AgBiBr6, 
Cs2(Ag1–2x□xZnx)BiBr6 and Cs2Ag(Bi1-xSbx)Br6 (with x = 5, 10, and 
20 at%) samples, as well as on Cs2AgBiBr6 reference one. This surface- 
sensitive method, which has not been implemented in the previous 
literature works on cationic substitutions of Cs2AgBiBr6 compounds, 
does confirm here the presence of rubidium (Rb 3d), zinc (Zn 2p) and 
antimony (Sb 3d) in the considered samples (Figure S3). Further quan
tification of the presence of the various elements is achieved, focusing 
the analysis on the substitution of the original cation Cs, Ag, or Bi, by Rb, 
Zn, or Sb, respectively, and using corresponding high-resolution spectra 
(Fig. 5).

The different signals (Fig. 5 and Table 1) are then analyzed indi
vidually to quantify the substituted elements, based on integrated area 
values. It should be noted that a peak deconvolution analysis is carried 
out to discrete the oxygen (O1s around 530 eV) and the antimony peaks, 
for which changes of intensities in function of Sb doping ratio are 
difficult to discretely perceive as signals significantly overlap in the 
same binding energy range. XPS being surface-sensitive, the typical 
detection depth is generally in the order of a few nm (up to 5 nm) [30]. 
This is why, according to the measured atomic percentages (Table 1), 

variations between theoretical and experimental percentages can be 
observed. As a representative illustration, the Zn-substituted samples 
have higher Zn at% values than expected. For zinc, as we substitute Ag 
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Fig. 4. Photoluminescence spectra of Cs2AgBiBr6, (Cs1-xRbx)2AgBiBr6, Cs2 
(Ag1–2x□x Znx)BiBr6 and Cs2Ag(Bi1-xSbx)Br6 films with x = 10 at% under 1 sun 
intensity for photoluminescence quantum yield calculation.

Fig. 5. XPS spectra of (a) (Cs1-xRbx)2AgBiBr6 (Rb 3d), (b) Cs2 (Ag1–2x□x Znx) 
BiBr6 (Zn 2p) and (c) Cs2AgBi1-xSbxBr6 (Sb 3d) films with x = 5, 10, and 20 at%.

Table 1 
Atomic percentage (average value calculated on 3 measurements) determined 
by XPS from Cs2AgBiBr6, (Cs1-xRbx)2AgBiBr6 (Rb 3d), Cs2(Ag1–2x□x Znx)BiBr6 
(Zn 2p), and Cs2AgSbxBi1-xBr6 (Sb 3d) films, with x = 5, 10, and 20 at%.

Theoretical atomic percentage 
(%)

Experimental atomic percentage 
(%)

σ

Rb 5 4.3 ± 0.3
10 12.3 ± 0.6
20 25.4 ± 1.8

Zn 5 34.3 ± 1.9
10 30.1 ± 7.3
20 23.1 ± 4.8

Sb 5 6.0 ± 0.3
10 8.3 ± 2.5
20 18.8 ± 0.3
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monovalent cation by Zn divalent cation, we can expect the introduction 
of cationic vacancies. This is why some of the zinc is probably outside 
the lattice and present in larger quantity at the film surface.

Raman spectroscopy is then considered, in complementarity with 
XRD and XPS analyses above, for the purpose of phase identification and 
for probing the effect of substitution in the different samples. Raman 
spectra of the reference sample (non-substituted Cs2AgBiBr6 perovskite), 
and of the 10 at%-substituted (Rb, Zn, and Sb) compounds are presented 
in Fig. 6a. The Raman spectra of each compound present two bands 
identified at 134 and 178 cm− 1, being respectively attributed to the 
asymmetric stretching vibration (Eg mode), and to the symmetric 
stretching vibration (A1 g mode), of the (Bi/Ag)Br6 octahedrons. In 
addition, according to the literature, for Sb substitution level greater 
than x = 0.40, an additional band appears around 206 cm− 1, but not for 
lower ratios [31]. Indeed, Sb is known to hardly substitute Bi beyond a 

40 % substitution, except when using mechanochemical or spray-drying 
synthesis [4]. In consequence, the Raman spectra of the reference, Rb 
and Sb-substituted (10 % of substitution) samples are similar, and no 
shift or broadening is observed. However, for the Zn 10 %-substituted 
sample, the 134 cm− 1 band is slightly shifted toward higher wave
numbers, highlighting a structural modification in this material 
formulation.

To the best of our knowledge, no information is provided in literature 
to explain this peculiar behavior for the Zn-substituted sample. Knowing 
that the electroneutrality is not preserved for Ag substitutions by Zn, 
Raman analysis is conducted for the whole range of substitution rates, i. 
e. 5, 10, 15 and 20 at% (Fig. 6b). A sudden change in the Raman spectra 
occurs for the 20 at% sample, with two new bands appearing at 165 and 
190 cm− 1 that are assigned to the vibrations of the Bi-Br bonds into the 
distorted octahedrons in the Cs3Bi2Br9 compound. The presence of both 
zinc atoms and cationic vacancies at the B-sites of the Cs2AgBiBr6 
compound introduces structural instability, leading to a phase trans
formation toward the non-stoichiometric Cs3Bi2Br9 compound. Both 
materials, Cs2AgBiBr6 and Cs3Bi2Br9 compounds, are then coexisting 
into the deposited film.

In order to compare the influence of the zinc atoms with respect to 
the presence of cationic vacancies on the structural stability of the 
Cs2AgBiBr6 compound, Ag deficient materials are synthetized under the 
same experimental conditions – therefore not containing any Zn sub
stituent. Raman spectra are reported in Fig. 6c. By increasing Ag deficit 
(from 5 to 25 at%) and therefore inducing cationic vacancies at the B- 
sites, that should compensate for electroneutrality by converting some 
Bi3+ cations into Bi5+ ones, a strong change occurs in the vibrational 
behavior of the (Bi/Ag)-Br bonds. Again, we notice that the partial 
oxidation from Bi3+ to Bi5+ can induce local distortion of the octahe
drons, the ionic radius of Bi5+ being of 0.76 Å vs. 1.03 Å for Bi3+. The 
effect of the cationic substitution on the crystal lattice stability is spe
cifically addressed in Section 3.3. Two bands occur at 134 and 
145 cm− 1, probably due to the contribution of both Bi3+ and Bi5+ ions to 
the stretching vibrations of (Bi/Ag)-Br bonds. A decrease in the intensity 
of the 178 cm− 1 band, assigned to the symmetric stretching of the Bi/Ag 
atoms around the Br atoms, also occurs probably due to the progressive 
loss of ordering into the structure with increased Ag deficit. For the 25 at 
% silver deficit, again, the bands at 165 and 190 cm− 1 (assigned to the 
vibrations of the Bi-Br bonds into the distorted octahedrons in the 
Cs3Bi2Br9 compound) appear, which indicates a partial phase trans
formation from Cs2AgBiBr6 into Cs3Bi2Br9, due to structural instability.

All in all, we are thus able to confirm the presence of Rb, Zn, and Sb 
in the different samples. However, none of the studied techniques 
formally prove the substitution itself, i.e. the presence of the substituent 
within the lattice, replacing the targeted cationic element.

3.2. Devices assembly and charge properties characterization

The films are then used for further assembly into solar cells, with the 
following configuration: glass/FTO/c-TiO2/mp–TiO2/lead-free double 
perovskite/Spiro-OMeTAD/Au (Fig. 1), to evaluate photoconversion 
metrics and efficiencies.

The PV performances of the Cs2AgBiBr6, (Cs1-xRbx)2AgBiBr6, 
Cs2(Ag1–2x□xZnx)BiBr6, Cs2Ag(Bi1-xSbx)Br6 films (x = 10 at% in each 
case) are shown in Fig. 7 and Table 2. Globally, the substitutions lead to 
a drop of the photovoltaic performances. Indeed, PCE values fall quite 
significantly for the substituted samples as opposed to the reference one 
(1.6 %), even more for the Zn (0.4 %) and Sb substitutions (0.3 %) than 
for the Rb-substituted sample (1.1 %).

To rationalize the evolution of the Voc values of the different samples, 
the photoluminescence quantum yields (PLQYs) of the Cs2AgBiBr6, (Cs1- 

xRbx)2AgBiBr6, Cs2(Ag1–2x□xZnx)BiBr6 and Cs2Ag(Bi1-xSbx)Br6 films 
(x = 10 at% in each case) were calculated from the PL spectra (Note 
S1). Decreasing PLQY values are observed for the Cs2AgBiBr6, (Cs1- 

xRbx)2AgBiBr6, Cs2(Ag1–2x□xZnx)BiBr6 and Cs2Ag(Bi1-xSbx)Br6 films 

Fig. 6. Raman spectra of (a) Cs2AgBiBr6, (Cs1-xRbx)2AgBiBr6, Cs2(Ag1–2x□x Znx) 
BiBr6, and Cs2Ag(Bi1-xSbx)Br6 films with x = 10 at%; (b) Cs2(Ag1–2x□x Znx)BiBr6 
films with x = 0/5/10/15 and 20 at%.(c) Cs2AgBiBr6 films with 0(reference)/
5/10/15/20 and 25 at% AgBr deficit in precursor solutions (CsBr, AgBr and 
BiBr3 in DMSO).
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(x = 10 at% in each case), from 0.1 % over 0.06 %, 0.03–0.009 %, see 
Figure S4a. This suggests increased non-radiative recombination and 
corresponds well to the trend observed for solar cell performance and 
VOC. Since the PL emission originated from a weak indirect band gap 
transition with lower energy compared to the dominating direct band 
gap [32], relative quasi-Fermi-level splitting changes (ΔQFLS) were 
analyzed only. As shown in Figure S4b, this analysis suggests a direct 
correlation of ΔQFLS and ΔVoc for the substituted samples, with a 
decrease in VOC and QFLS (Table S2) stemming from increased 
non-radiative recombination with cation substitution.

Electrochemical impedance spectroscopy (EIS) analyses are further 
conducted on the different Cs2AgBiBr6-based solar cells, and the corre
sponding results are presented as Nyquist plots in Fig. 8. Data are fitted 
with the equivalent circuit model shown in the inset of Fig. 8, and are 
summarized in Table 3. [5,33–36]

The equivalent electrical circuit consists of: a R1 resistance associ
ated with wires and contacts (high frequency); a R2//Q2 element (with Q 
as constant phase element modelling an imperfect capacitor) charac
teristic of the selective contacts, including c-TiO2 and mp-TiO2 for 
electron-selective contact and Spiro-OMeTAD for hole-selective contact 
respectively (medium frequency); and a R3//Q3 element for interfacial 
recombination between electrons and holes (low frequency).

The R2 selective contacts resistance is observed as slightly higher for 
substituted samples (300, 300, 330 Ω for 10 at%-Rb, Zn, Sb containing 
materials, vs. 200 Ω for Cs2AgBiBr6 reference), corresponding to less 
efficient charge transfer to the selective contacts for these devices, and 
rationalizing the lower Jsc values obtained by J-V measurements (1.9, 
1.2, and 1.0 mA/cm2 for 10 at%- Rb, Zn, and Sb formulations, respec
tively, vs. 2.7 mA/cm2 for the Cs2AgBiBr6 reference).

Regarding R3, a high value is usually considered as beneficial as the 
recombination rate at the TiO2/double perovskite and double 
perovskite/Spiro-OMeTAD interfaces is inversely proportional to R3, so 
it reveals lower interfacial recombination in higher R3 value-device. 
However, a much higher Q3 value is observed for the 10 at%-Rb, Zn, 
and Sb devices than for the reference one, which means a high accu
mulation of charges at the interfaces. This trend is not beneficial for PV 
devices, as blocked charges do not contribute to PV efficiency. There
fore, the reference device allows a globally better charge transfer, and 
EIS corroborates PV parameters.

These results provide a first step towards explaining the efficiency 
trend. Obviously, it needs to be consolidated with complementary 
characterizations.

Accordingly, the effect of cationic substitution is further evaluated 
regarding the charge carrier lifetime of the double perovskite formula
tion, thanks to time-resolved microwave conductivity (TRMC) mea
surements. These are not conducted on fully-assembled devices, well on 
thin glass samples coated with the perovskite material. The TRMC signal 
intensity, following laser excitation (420 nm), directly translates the 
photogenerated free electrons and holes (Figure S5) [37]. Then the free 
charges face recombination, charge trapping, and surface reaction, 
which explains the observed decay lifetime [38].

The TRMC signal for the reference sample exhibits the shortest 
charge lifetime, as shown in Table 4. As the substitution operates, the 
photogenerated charge carrier lifetime increases, reaching its maximal 
value for Zn-substituted sample (Table 4). These results are awaited, as a 
reduced band gap extends charge carrier lifetime [39]. Other parameters 
such as trap states or exciton binding energy can also influence charge 
lifetime. So, the substitution of Rb, Zn, and Sb reduces the band gap 
compared with reference (2.28, 2.26, and 2.20 eV, respectively, vs. 

Fig. 7. J-V curves of champion Cs2AgBiBr6, (Cs1-xRbx)2AgBiBr6, Cs2(Ag1–2x□x 
Znx)BiBr6, and Cs2Ag(Bi1-xSbx)Br6 devices, with x = 10 at%.

Table 2 
Photovoltaic parameters of champion Cs2AgBiBr6, (Cs1-xRbx)2AgBiBr6, 
Cs2(Ag1–2x□x Znx)BiBr6, and Cs2Ag(Bi1-xSbx)Br6 devices, with x = 10 at%.

Voc (V) Jsc (mA/cm2) FF (%) PCE (%) PCE (%)

Reference 0.976 2.7 61 1.6 1.5 ± 0.1
Rb 0.784 1.9 69 1.1 1.0 ± 0.2
Zn 0.707 1.2 49 0.4 0.2 ± 0.1
Sb 0.608 1.0 59 0.3 0.2 ± 0.2

Fig. 8. EIS Nyquist plots of Cs2AgBiBr6, (Cs1-xRbx)2AgBiBr6, Cs2(Ag1–2x□xZnx)BiBr6 and Cs2Ag(Bi1-xSbx)Br6 based PV devices, with x = 10 at%.
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2.32 eV). However, a longer charge lifetime could be expected for Sb 
doping in comparison with Zn one, due to the lower band gap. It is 
therefore speculated that Zn-substituted samples could induce electron 
trapping in the vacancies created by the substitution of a monovalent 
cation (Ag+) by a divalent (Zn2+) one (see previous Raman analysis), 
favoring the electron-hole separation and increasing their lifetime.

A narrow band gap and a larger charge carrier lifetime is expected to 
improve PCE. However, the PCE results (from J-V curves, Fig. 7 and 
Table 2) contrast with the evolution of both charge carrier lifetimes 

(from TRMC, Figure S5 and Table 4) and the electronic properties (from 
EIS, Fig. 8 and Table 3). For this reason, ultraviolet photoelectron 
spectroscopy (UPS) is exploited to determine the position of valence 
energy levels (Figure S6), aiming at correlating them with the 
decreasing of the PCE values [40–43].

The valence band energy (EV) is determined from EF and EF-V (see 
Supporting Information). The energy level of the conduction band is 
calculated from the measured optical band gap values for the reference 
and for the 10 at%-Rb, Zn and Sb substituted samples (2.32, 2.28, 2.26, 
and 2.20 eV, respectively), obtained from UV–VIS spectroscopy (Fig. 3). 
The energy diagrams accordingly drawn for all 4 samples are then 
shown in Fig. 9. Values obtained for the valence and conduction band 
energies of the Cs2AgBiBr6 reference sample match literature data [7, 
40–43]. However, there are no previous measurements reported for Rb, 
Zn and Sb-substituted formulations.

The UPS measurements therefore show that in the case of reference 
and Rb-substituted samples (Fig. 9a and b), a suitably graded cascade of 
energy bands is obtained within the solar cell architecture, which 
consecutively promotes transport of electrons and holes within the de
vice. On the other hand, for the Zn- and Sb-substituted samples (Fig. 9c 
and d), the conduction band of the photoactive material is of lower 

Table 3 
Fitting resistance (R) and constant phase element (Q) parameters obtained from EIS data measured on Cs2AgBiBr6, (Cs1-xRbx)2AgBiBr6, Cs2(Ag1–2x□x Znx)BiBr6 and 
Cs2Ag(Bi1-xSbx)Br6 devices, with x = 10 at%.

PCE (%) R1 [Ω] Q2 [10− 3 F. sa− 1] a R2 [Ω] Q3 [10− 6 F.sb− 1] b R3 [Ω]

Reference 1.6 % 10 0.381.10− 6 0.751 200 0.702 0.793 400
Rb 1.1 % 10 0.455.10− 6 0.867 300 0.795 0.868 826
Zn 0.4 % 10 0.894.10− 6 0.945 300 1.797 0.792 1566
Sb 0.3 % 10 1.403.10− 6 0.869 330 3.11 0.766 1785

Table 4 
Calculated τ1, τ2, and τaverage values (see Supporting Information) for Cs2Ag
BiBr6,(Cs1-xRbx)2AgBiBr6, Cs2(Ag1–2x□xZnx)BiBr6, and Cs2Ag(Bi1-xSbx)Br6 thin 
films, with x = 10 at%, from TRMC measurements recorded upon pulsed laser 
excitation (λ = 420 nm) at room temperature.

λ¼ 420 (nm) τ1 (s) τ2 (s) τaverage (ns)

Ref 1.7E− 07 4.6E− 09 4.8
Rb 5.5E− 09 1.5E− 07 6
Zn 1.8E− 07 1.00E− 08 14
Sb 1.4E− 07 7.70E− 09 9.78

Fig. 9. Energy level diagrams of (a) Cs2AgBiBr6, (b) (Cs1-xRbx)2AgBiBr6, (c) Cs2(Ag1–2x□xZnx)BiBr6, and (d) Cs2Ag(Bi1-xSbx)Br6 PV devices architectures, with 
x = 10 at%.
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energy level than the TiO2 ETL. This shift impedes the transfer of elec
trons from the photoactive material to the ETL, which explains the 
(much) lower values of Jsc and PCE obtained with these samples. The 
energy level values used for FTO, TiO2, Spiro-OMeTAD and Au in Fig. 9
are taken from the literature [44,45].

3.3. Effect of the substitution on the double perovskite lattice

At this stage, it appears crucial to correlate the experimental char
acterizations of the thin films and devices, described above, with a 
theoretical investigation of the structural changes potentially induced 
by the cationic substitution introduced in the Cs2AgBiBr6 double 
perovskite crystal lattice.

Very generally, the stable crystalline phase of Cs2AgBiBr6 belongs to 
the Fm3m cubic space group, which consists of alternating corner- 
sharing AgBr6 and BiBr6 octahedrons forming an ordered 3D pattern, 
with Cs in the center of the cavities (Fig. 10a). First-principles 

calculations show that the large band gap typically observed for 
Cs2AgBiBr6 exists due to this highly ordered structure. However, the 
distortion/tilting of octahedrons can have a significant effect on the 
electronic structure and consequently on the optoelectronic properties 
of the double perovskite compounds, including band gap, defects, car
rier mobility, and can therefore be used to manipulate light absorption, 
as shown above [4].

Perovskite and double perovskite structures are usually expected to 
allow numerous cationic (or anionic) substitutions with very little 
impact on their structural stability.

The Goldschmidt tolerance factor, t, is often used to determine the 
stability of perovskite-like ABO3 structure, as an evaluation tool of the 
mismatch between the different constitutive layers of the structure. It is 
calculated from the ionic radii of the atoms involved in the structure. An 
ideal cubic structure is obtained with a tolerance factor t close to unity.

The tolerance factor (t) is defined in Eq. 2: 

t =
rA + rO

̅̅̅
2

√
× (rB + rO)

(2) 

where:
rA is the ionic radius of the A cation (Cs);
rB is the ionic radius of the B cation (Ag and Bi);
rO is the ionic radius of the O anion (Br).
This value predicts whether a given ion can substitute for another ion 

on a particular crystal lattice site in the perovskite-like structure, 
without inducing any distortion. A stable structure requires a tolerance 
factor between 0.75 and 1 [46–48].

As Cs2AgBiBr6 compound features an A2BB’X6 double perovskite 
structure that can be assimilated to two ABX3 lattices, the Goldsmith’s 
tolerance factor is applied as a first approximation to this formulation in 
order to assess its stability during cationic substitution. Calculations are 
made for the four presently-considered compounds, using the Shannon 
ionic radii, which take into account the coordination numbers of the 
cations [19].

Fig. 10a shows the evolution of the calculated Goldschmidt tolerance 
factor for Rb, Sb, and Zn-substituted Cs2AgBiBr6 double perovskite 
compounds, as a function of the substitution rate. The values obtained 
for all substitution rates match the requirements for stability.

In addition to the above, it should be pointed out that almost all 
known perovskites have t values between 0.75 and 1.0. However, some 
perovskite structures were found to be unstable within the favorable t 
range of 0.8–0.9 [47]. The Goldschmidt tolerance factor may therefore 
present some limitations for determining the effect of a cationic sub
stitution on the structural stability of the Cs2AgBiBr6 compound, espe
cially considering its A2BB’X6 structure.

Therefore, for a better understanding of the Cs2AgBiBr6 structure 
stability, an alternative tolerance factor, t’, (Eq. 3) has been proposed by 
Bartel et al., more suitably predicting structural stability for perovskite 
and double perovskite materials containing heavier halides, as in 
Cs2AgBiBr6 [49]. 

t’ =
rX

rB
–nA(nA −

rA/rB

ln
(

rA
rB

)) (3) 

where:
rA is the ionic radius of the A-site (Cs);
rB is the ionic radius of B-site (Ag and Bi);
rX is the ionic radius of the halide (Br);
nA is the oxidation state of A.
Their algorithm selects the optimal value as t’ = 4.18 through the 

analysis of ~3 × 109 candidate descriptors, so to define the decision 
limit for classification as (double) perovskite or non-perovskite material. 
The tolerance factors t’ calculated for all presently-considered substi
tution rates satisfy the stability criteria (i.e., below 4.18) required for the 
double perovskite structure (Fig. 10b).

Fig. 10. (a) 3D representation of the crystal structure of the double perovskite; 
(b)Goldschmidt tolerance factor and (c) Bartel tolerance factor calculated for 
Cs2AgBiBr6,(Cs1-xRbx)2AgBiBr6, Cs2(Ag1–2x□xZnx)BiBr6, and Cs2Ag(Bi1-xSbx) 
Br6, with x = 5, 10, 15 and 20 at%.
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However, in the Cs2AgBiBr6 compound, the B-sites are mainly 
occupied by two to three cations with different ionic radii, which means 
that a mean value of B-site ions radii has to be used for the calculation, 
which is known to not reflect the real situation of the double perovskite 
structure. The tolerance factors, t and t’, should therefore be used with 
caution, in order to obtain robust information about the crystal struc
tural stability for B-sites substituted double perovskite compounds 
(which is the case for the zinc and antimony substitution).

To improve the reliability of structural stability predictions, one can 
also combine the tolerance factor t’ with the octahedral factor μ, which 
is probably more appropriate for targeting the formability of the double 
perovskite structure, with respect to the local stability of the octahe
drons for B-site substitution. For halide perovskites, the octahedral 
factor μ (= rB/rX) should be in the range 0.44 < μ < 0.90 [50].

In our case, if we consider the ionic radii in octahedral coordination 
for Ag+, Bi3+, Sb3+, and Zn2+, equal to 1.15, 1.03, 0.76, and 0.74 Å, 
respectively (the ionic radius of Br- is equal to 1.96 Å), the octahedral 
factor for AgBr6 is equal to 0.59, for BiBr6 to 0.53, for SbBr6 to 0.39, and 
for ZnBr6 to 0.38.

AgBr6 and BiBr6 octahedrons are thus stable, but SbBr6 and ZnBr6 are 
not matching the stable range to form the double perovskite compound. 
We can thus conclude that Sb3+ and Zn2+ substitution in Cs2AgBiBr6 is 
not favorable based on these crystal structure considerations, and would 
destabilize the Cs2AgBiBr6 structure. Moreover, for the Zn2+ substitu
tion, the charge neutrality condition is not preserved introducing 
cationic vacancies at the B-sites, which should also be considered in the 
instability of the crystal structure. By such local distortions on the 
octahedral sites, a phase change can occur, transforming the Cs2AgBiBr6 
structure into a non-stoichiometric Cs3Bi2Br9 structure (as observed 
experimentally from Raman spectroscopy, Fig. 6). This has been showed 
to induce strong localization of electron-hole pairs and a wide band gap, 
rendering Cs3Bi2Br9 not suitable for optoelectronic applications [51]. In 
Cs3Bi2Br9, the Bi atoms partially occupy Br6 spaces in an ordered 
arrangement, leading to a vacancy-ordered double layer structure, 
which leads to distorted BiBr6 octahedrons [51]. When Ag is incorpo
rated in the structure to form the Cs2AgBiBr6 compound, the empty 
octahedral sites in Cs3Bi2Br9 become occupied, and Ag and Bi are 
alternatively distributed into the crystal lattice. The incorporation of 
silver therefore leads to the elimination of the structural distortion in the 
BiBr6 octahedrons.

The theoretical calculations of tolerance and octahedral factors 
conducted above rationalize the nature and degree of structural insta
bility introduced into the Cs2AgBiBr6-based crystal lattices by the 
different cation substituents, notably in terms of the level of distortion 
occurring in their constitutive (Bi/Ag)Br6 octahedrons. These structural 
perturbations, which are particularly significant in the case of Zn- and 
Sb-substituted formulations (substitution in B-site), clearly have a 
detrimental impact on the occurrence and efficiency of the electronic 
phenomena for the collection and transport of the photogenerated 
charges in the assembled PV devices, as established in particular by the 
J-V (see Fig. 7 and Table 2) and UPS measurements (Fig. 9 and 
Figure S6). These effects must therefore be considered with high sig
nificance, as they obviously counterbalance the benefits provided by the 
cationic substitution strategy in terms of increased light absorption (as 
determined by UV–VIS and PL measurements, Fig. 3 and Fig. 4) and 
longer carrier lifetimes (as determined by TRMC measurements, Table 4
and Figure S5).

4. Conclusions

This study provides new insights into the effects of cationic substi
tution in double perovskite compounds, such as Cs2AgBiBr6. The find
ings are crucial as they explain why reduced photovoltaic performances 
are obtained for these materials, despite their theoretical potential. 
Indeed, the results show that 10 at%-substituted formulations achieve 
an improved absorption and reduced band gap, while maintaining high 

quality of film morphology and thickness comparable to undoped 
Cs₂AgBiBr₆ benchmark. Further exploiting and discussing Raman, XPS, 
and structural analyses, the study confirms the successful incorporation 
of substituents, while revealing critical structural changes as distortions 
in the crystal lattice, with the specific creation of cationic vacancies in 
the case of a monovalent Ag+ being substituted with a divalent Zn2+. 
Finally, photovoltaic performance is shown to decline, as a result of 
shifts in valence and conduction bands (UPS) and of less efficient charge 
transfer mechanisms (EIS), with efficiencies of 1.1 % (Rb), 0.3 % (Zn), 
and 0.4 % (Sb), compared to 1.6 % for the reference. The combined use 
of complementary, advanced techniques such as PL, QFLS, EIS, TRMC, 
and UPS, enables to further qualify and quantify the disruptions 
occurring in terms of charge transport, specifically rationalizing them 
with the structural transformations that occur in the crystal lattice of the 
double perovskite formulations as a function of the nature and ratio of 
cationic dopant. Such correlations should be further investigated in 
future corresponding works, notably through theoretical investigations 
based on DFT calculations.

This work carries thus a dual focus on intrinsic material behavior and 
device implications, highlighting that cationic substitutions and the 
resulting modifications of the crystal lattice and electronic structure 
must be considered with caution, as the modification of the band gap 
and energy levels of the valence and conduction band can have a posi
tive impact on light absorption as well as charge carrier mobility and 
lifetime, but be detrimental in terms of charge transfer between the 
different layers involved in the device stack due to a misalignment of 
their energy bands, leading to a drop in PV efficiencies. It therefore 
paves the way for future fundamental and applied studies. By unveiling 
the complex interplay between substitution mechanisms and functional 
performance, the present research provides a valuable roadmap for 
rationalizing the chemical design of Cs2AgBiBr6 double perovskite for 
PV applications. This will be achieved through a better understanding of 
their defects physics as well as their structural arrangements upon 
cationic and/or anionic substitution. Besides, band alignment between 
Cs2AgBiBr6 and ETL as well as HTL can also be optimized to increase 
further the PV performances of the devices [52]. These results contribute 
to the advancement of photovoltaic materials in the scientific commu
nity, opening new pathways for optimizing novel (substituted) com
pounds for solar cells applications, while providing insights for avoiding 
structural destabilization in future studies.
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