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1) Structural characterization
1.1 Single crystals

Single crystal X-ray diffraction has been performed using an Agilent Supernova
Diffractometer with Mo-Ka radiation to investigate the structural properties of the material.
We performed the symmetry analysis with the use of the Isotropy Suite [1]. In Figure S1, we
show the results of the fittings for the Cs2AgInyBiixBrs single crystals. The F?aic parameters
almost perfectly coincide with the F?obs ones, demonstrating the extremely high quality of the
crystals. Table ST2 contains the structural information for the fittings. Table ST1 shows the
values of indium percentages (in comparison with the bismuth content) determined from
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and X-ray diffraction. The XRD
values have been calculated from the site occupancy in the structural refinement. For ICP-MS
measurements, crystals (5-15 mg) were dissolved fully in concentrated HBr including 30min
sonication treatment. Samples were then appropriately diluted with milliQ water (18.2
MQcm). Quantification was carried out using an external calibration from single-element
standards (Sigma-Aldrich) prepared in milliQ water (18.2 MQcm) from 0-50 pg/L, matrix-
matched to the corresponding HBr amount. Analysis was carried out using an Agilent 8800
ICP-QQQ-MS system on '"°In* and 2*’Bi* using helium as a collision gas (5

mL/min). !Rh" was used as an internal standard to account for possible matrix effects. We
decided to use the ICP-MS values as our final percentages throughout all the manuscript, as
they are more precise.

Table ST1 Indium percentage in single crystals determined by ICP-MS and XRD, in comparison with

the starting percentage of indium that has been added to the starting solution.

%In in solution %In (ICP-MS) %In (XRD)

0 0.00208 + 0.00388 0

1 1.18 £ 0.03 1+4

5 7.25+0.38 112
10 12.1+0.3 10+3
15 17.0 £0.9 12+2
20 25.4 +0.4 21+3
50 25.1 £0.3 232
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Figure S1 Plot of F2.c versus F2os for the structural refinement of Cs>AglnsBi;«Brs single crystals.

The black line is a guide to the eye.




Table ST2 Lattice parameters and atomic coordinates from Cs,AgBi,«InxBrs single crystals fittings.
Number in parentheses are statistical errors of the last significant digit. In Fm3 m, the atoms are
located at the following Wyckoff positions Cs: 8c(1/4,1/4,1/4) , Bi/In: 4a(0,0,0) , Ag: 4b(1/2,1/2,1/2) ,
Br: 24e(x,0,0).

X a (A) x(Br) Occ(In) Rint/Rw

0 | 11.2741(2) 0.25093(2) - 5.33/5.07
1 | 11.26101(1) 0.2508(2)  0.01(4)  9.24/7.13
12 | 11.2375(3) 0.24988(2) 0.10(3)  7.25/5.82
17 | 11.2289(2) 0.24971(1) 0.12(2) 4.34/4.26
25 | 11.20772(1) 0.24885(1) 0.23(2) 4.62/4.54

1.2 Polycrystalline powders

Powder X-ray diffraction has been performed using a PANalytical X’Pert PRO
Diffractometer with Cu-Ka radiation. Figure S2 shows the Rietveld refinements for all the
samples. Structural parameters are reported in Table ST3. We notice the presence of impurity
phases in the XRD patterns of PW10, PW35, PW45, and PW60, that we have not been able
to characterize. The percentage of indium has been extrapolated using the occupancy of

indium also in this case, and then compared with the ICP-MS results, as shown in Table ST4.
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Figure S2 X-ray diffraction patterns with Rietveld refinement for the Cs,AgInsBi;.«Brs double
perovskite polycrystalline powders for the different indium percentages. The percentages of indium in
the plots refers to the amount of indium in the starting precursors. The red dots represent the
experimental points, while the black pattern is the calculated one. The green vertical lines represent

the peaks positions, and the blue line shows the residuals.

Table ST3 Lattice parameters and atomic coordinates from Rietveld refinements of the XRD patterns
of Cs2AgBil-xInxBr6 polycrystalline samples. Number in parentheses are statistical errors of the last
significant digit. In Fm3 m, the atoms are located at the following Wyckoff positions Cs:

8c(1/4,1/4,1/4) , Bi/In: 4a(0,0,0) , Ag: 4b(1/2,1/2,1/2) , Br: 24e(x,0,0).

X a (A) x(Br) Occ(ln)  Rp/Rwp
0 | 11.27245(16) 0.25154(54) ; 16.6/22.1
10 |11.25002(14) 0.2510(4) 0.031(10) 14.0/17.9
35 | 11.1789(3)  0.2487(4) 0.404(12) 13.3/17.7
45 | 11.1450(3) 0.2473(6) 0.542(15) 13.8/19.6
60 | 11.1184(4) 0.2456(8) 0.678(18) 15.0/20.1

Table ST4 Indium percentage in powders extrapolated by inductively coupled plasma mass
spectroscopy (ICP-MS) and XRD, in comparison with the starting percentage of indium in the

precursors powders.

%In precursors %ln (ICP-MS) %In (XRD)

0 0.0120 +£0.0325 0

10 10.1 +0.2 0.31+0.1
40 359 +0.5 40.4+1.2
50 45.2 +0.5 53+1.5
60 59.3 £0.9 70+1.8




1.3 Thin films

X-ray diffraction on the thin films (quartz) has been measured using PANalytical X’Pert PRO
Diffractometer with Cu-Ka radiation, as in the case of powders. In Figure S3 we show the
patterns for all the samples. We measured the thickness of the perovskite films using a
DektakXT Stylus profiler, and the results are reported in Table STS5. The thickness decreases
with increasing percentage of indium because the solubility of the starting solution decreases

when indium is added, so the molarity was slightly different for each sample.

Table ST5 Thicknesses of each thin film of Cs,AgIn,Bii«Brs for each indium percentage.

Thin film Thickness (nm)

TFO 142 + 10
TF10 167 + 10
TF35 180 + 10
TF45 200 + 10
TF60 280 + 10
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Figure S3 X-ray diffraction pattern for the Cs,AgIn,Bi;«Brs thin films for the different indium

percentages. The asterisks indicate the quartz peaks.



2) Structural transition

Temperature-dependent X-ray diffraction and heat capacity measurements have been used on
the powders to investigate the presence of a low-temperature structural transition in the
alloyed materials, as it appears in the neat Cs2AgBiBrs double perovskite [2]. Sample cooling
was achieved employing an Oxford Cryosystems PheniX cryostat. The heat capacity has been
measured with the use of a Quantum Design Physical Properties Measurement System,

varying the temperature of the samples.

The (400). peak of the room-temperature cubic phase was measured on the powder samples
as a function of temperature. Figure S4a) and S5a) show the peak splitting for PWD10 and
PWD35 relative to the cubic-to-tetragonal transition, while the lattice parameters determined
from the fits are reported in panels S4b) and S5b). The absence of a clear anomaly at the
transition in panel c) of Figure S6 can be explained considering the transition of the neat

Cs2AgBiBrs to be close to a tricritical point [3], as explained in the main text.
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Figure S4 a) X-ray diffraction pattern of PWD10 plotted in the range ~ [31.3-32.5] °, where the
(400)c peak of the cubic room-temperature structure is present, in function of temperature. b) Lattice

parameters extrapolated from the peaks fitting in function of temperature.
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Figure S5 a) X-ray diffraction pattern of PWD35 plotted in the range ~ [31.3-32.5] °, where the

(400)c peak of the cubic room-temperature structure is present, in function of temperature. b) Lattice

parameters extrapolated from the peaks fitting in function of temperature.
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Figure S6 a) X-ray diffraction pattern of PWDG60 plotted in the range ~ [31.3-32.5] °, where the

(400)c peak of the cubic room-temperature structure is present, in function of temperature. b)

Transition temperature T. in function of indium concentrations. Values are also taken from heat

capacity measurements. c) heat capacity measured on the single crystal SC25.



3) Photoluminescence, Ellipsometry and pictures

Steady-state photoluminescence has been measured by exciting single crystals and
polycrystalline powders of Cs2AglnkBii1xBrs with a fibre-coupled 405nm laser. The signal
has been detected from the top surface via a fibre bundle (Ocean Optics QR600-7-SR125BX)
coupled with a spectrometer (QE Pro, Ocean Optics). Figure S7a) shows the PL emission
from polycrystalline powders samples. The photoluminescence peak position shifts towards
higher energies with increasing indium concentration, as we can also notice in the

measurements on single crystals in panel b.
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Figure S7 a) Absorption measured on thin films and photoluminescence emission measured on
polycrystalline powders samples. b) Normalized photoluminescence spectrum of CsxAglnBi;.«Brg

single crystal samples, excited with a 405 nm laser.

We show pictures of thin films, single crystals and polycrystalline powder samples in Figure

S8 below. The maximum crystal size is about 2mm.

The n and k values derived from spectroscopic ellipsometry data are shown in Figure S9. The
measurements were carried out using a J.A.Woollam RC2 ellipsometer. Due to the small size
of the crystals, the maximum angle at which the data (from 210-1690 nm) could be measured
off the surface of the crystals was 65° (along with 55°) using focussing lens. Cubic spline fits
to the data were carried out for the refractive indices and surface roughness of the crystals,
which ranged from 3-8 nm. The fitting was performed in CompleteEase software
(J.A.-Woollam company). The mean squared error of the fits ranged from 2.3 (for SC1) to
13.1 (for SC25).
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Figure S9 Optical constants a) n and b) k determined from spectroscopic ellipsometry measurements

of single crystals with a range of indium contents.



4) Computational methods

We modelled the alloys of Cs2AgIngBiix)Brs employing a 2x2x2 supercell of the primitive
Fm-3m lattice of A2,BB’X¢ double perovskite. For the different indium concentrations (i.e. x
=0.125, 0.25, 0.5) we replace 1,2 and 4 bismuth atoms with indium, respectively, as shown

in Figure S10.

Cs,(Biy4In,)AgBrg

x=0.25

dipn=2V2a dpn=2a dipn=122

Figure S10 Representation of the simulated supercell of the primitive Fm-3m for the Cs,AgInBi.

xBr6 structure.

The lattice parameters are kept fixed at the measured values of 11.27 A, 11.21 A, 11.18 A
and 11.15 A for x=0, 0.125, 0.25 and 0.5, respectively, and we perform only an optimization
of the atomic positions, within DFT-PBE.

All the structural optimization calculations are based on the density-functional theory as
implemented in the Quantum-Espresso Suite [4]. We used fully-relativistic norm-conserving
pseudopotentials [5], the PBE exchange correlation functional [6] from pseudo-dojo [7]. The
kinetic energy for the plane waves cut-off was set at 100 Ry, and for the supercells we
employed a 2x2x2 I'-centered k-point grid. Spin-orbit coupling was taken into account for all

electronic structure calculations, including hybrid calculations.

The spectral functions representing the band structures of all doped systems were obtained by
the zone unfolding technique [8,9], as implemented for plane waves in the Quantum espresso
package [9]. The procedure consists of calculating the electron spectral function in the Lehman

representation given by:

A = ) Pacad (e = i), (D
mK



where e,k is the energy of the Kohn-Sham state |2 ) in the doped structure, and Pk 1s the

spectral weight given by:

Prcic = ) NWlpnl2. ()

The spectral weight represents the overlap probability between the state |2, ) of wavevector
K with all Kohn-Sham states |i,,;)in the conventional cell of wavevector k. In practice, we
evaluate Pk using an equivalent expression to Eq. (2) that requires only the plane wave
coefficients of the states in the doped structure [8,9]. We select a set of 200 K-points that are
mapped one by one onto equally-spaced k-points along the L-I'-X path in the BZ of the
conventional cell. The mapping is performed via a reciprocal lattice vector of the doped
structure. For each of these K-points we calculate Pk and ek, in order to evaluate the
spectral function Ay (€). This quantity represents essentially the momentum-resolved density

of states of the electrons in the doped structure.

For the HSE [11] hybrid functional calculations we employed the VASP code [12], within the
projector augmented wave method [13], and including spin-orbit coupling effects. We set the
cut-off for the kinetic energy of the wavefunctions at 400 eV, and perform calculations

employing the I'-point and checked convergence with a 2x2x2 I'-centered k-point grid.

For the calculations on the unit-cell shown in Figure 3b of the main text, we employ a dense
I'-centered 30x30x30 k-point mesh and an adaptive smearing of 25-100 meV. For calculations
employing the 2x2x2 super-cell shown in Figure 3d, a I'-centered 6x6x6 uniform k-point mesh
was employed for the sampling of the Brillouin zone and an adaptive gaussian smearing of
100-150 meV. We used the HSE hybrid functional to calculate the band-gap correction of the
doped systems and rigidly shifted the spectra in Figure 3c.



5) PDS and Tauc-plot
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Figure S11 a) PDS absorption measurements on thin films and b) tauc-plots measured on

Cs2AgBi1xInkBrs for different concentrations of indium.

Photothermal Deflection Spectroscopy (PDS) is a scatter-free surface sensitive absorption
measurement capable of measuring several orders of magnitude weaker absorbance than the
band edge absorption. For the measurements, a monochromatic pump light beam is shined on
the sample (double-perovskite thin film on quartz substrate), which on absorption produces a
thermal gradient near the sample surface via non-radiative relaxation induced heating. This
results in a refractive index gradient in the area surrounding the sample surface. This
refractive index gradient is further enhanced by immersing the sample in an inert liquid FC-
72 Fluorinert® (3M Company) which has a high refractive index change per unit change in

temperature. A fixed wavelength CW laser probe beam is passed through this refractive index



gradient producing a deflection proportional to the absorbed light at that particular
wavelength, which is detected by a photo-diode and lock-in amplifier combination. Scanning
through different wavelengths provide the complete absorption spectra. The perovskite
samples were deposited on quartz substrates for PDS measurements following the same
deposition method described in the main manuscript. We show the normalized PDS signal in

panel a of Figure S11, and the Tauc plot in panel b.

In Table ST6 we show the values of the band gap extrapolated from the Tauc-plot and also
values of the Urbach energy, extrapolated from the exponential fitting of the absorption curve

with a linear subtracted background (Figure S12).

Table ST6 Values of the band gaps and Urbach energies (Eu) for CsxAgln,Bii.«Brs thin films.

Thin film Band gap (eV) E. (meV)

TFO 2.23 65.13+0.77
TF10 2.24 63.22+0.89
TF35 2.27 61.91+£0.55
TF45 2.30 54.03 £ 0.67
TF60 2.32 50.91+0.76

Linear background subtracted

——TFO
—TF10
—— TF35
TF45
TF60
- - - fitting

PDS signal (normalized)

1.8 2.0 2.2 2.4 26
Energy (eV)

Figure S12 PDS signal with a linear background subtracted, from measurements on thin films of

CsAgBixInBrswith different percentages of indium, and fitting.



6) Device characterization

6.1 Preparation

Devices were fabricated in the n-i-p structure: ITO/SnO; nanoparticles/Cs>AgBii-

«InxBre/Spiro-OMeTAD/Ag. Pre-cut ITO coated glasses were cleaned by sequential

sonication in soap, water, acetone and isopropanol. After being dried with a N> gun, the

substrates were further cleaned with O; plasma for 10 minutes. Tin oxide nanoparticles were

prepared using 0.178 mL SnO> dispersion (15% in H20) in 0.822 mL of milliQ water. For the

perovskite CsxAgBii«InsBrs layer we dissolved the precursors: AgBr (99%), BiBr3 (>98%),

InBr3 (99.998%) and CsBr (99.9%) in DMSO (0.3M). The solution has been spin-coated at

4000 rpm (with an acceleration of 4000 rpm/s) for one minute in air and then heated at 285°C

for 5 minutes. The hole transport material (Spiro-OMeTAD, Lumtec) was dissolved in

chlorobenzene (85 mg/mL) and doped with 20 pl of LiTFSI (500 mg/ml in BuOH) and 30 pl

of tert-butylpyridine. The solution was then deposited on the active layer by spincoating in air

at 2000 rpm (2000 rpm/sec) for 45 sec. The devices were then left overnight in a desiccator in

air atmosphere, and then completed by the evaporation of 100 nm silver contacts. All the

characterizations were performed in air.

6.2 Characterization
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Figure S13 J-V scans for the best devices made with a) Cs,AgBiBrs and b) Cs,AgBig olng 1Brs as

absorbing layer.
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