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Mixed-Halide Double Perovskite Cs,AgBiX, (X=Br, 1) with
Tunable Optical Properties via Anion Exchange

Hua Wu,® Axel Erbing,” Malin B. Johansson,” Junxin Wang,”® Chinnathambi Kamal,™ ®

Michael Odelius,*™ and Erik M. J. Johansson*

Lead-free double perovskites, A,M"M>*X,, are considered as
promising alternatives to lead-halide perovskites, in optoelec-
tronics applications. Although iodide (I) and bromide (Br)
mixing is a versatile tool for bandgap tuning in lead perovskites,
similar mixed I/Br double perovskite films have not been
reported in double perovskites, which may be due to the large
activation energy for ion migration. In this work, mixed Br/I
double perovskites were realized utilizing an anion exchange
method starting from Cs,AgBiBrs solid thin-films with large

Introduction

Lead-halide perovskites with a general formula APbX; [A=Cs™,
CH;NH; " (MA); X=Cl~, Br7, I"] have shown great potential in
optoelectronic device applications." However, problems such
as toxicity of lead and instability of these materials have been
noticed.”? Therefore, research to address these issues by
replacing lead (Pb) with low-toxic elements while keeping
superior optoelectronic properties is imperative. Among the
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grain-size. The optical and structural properties were studied
experimentally and theoretically. Importantly, the halide ex-
change mechanism was investigated. Hydroiodic acid was the
key factor to facilitate the halide exchange reaction, through a
dissolution-recrystallization process. In addition, the common
organic iodide salts could successfully perform halide-exchange
while retaining high mixed-halide phase stability and strong
light absorption capability.

materials reported to date, the materials with a general
expression of Cs,MMX, show great promise in realizing low-
toxic and long-term stable optoelectronic applications.”! These
kinds of compounds are generally formed by replacing two
Pb?* ions into one monovalent M* and one trivalent M** ion,
leading to an elpasolite (“double perovskite”) structure (Fig-
ure 1a). Several combinations of M™ and M** ions are proved
to be stable, such as Cu™, Ag™, Na*, Bi**, Sb**, In*+@

So far, only a few types of double perovskites have been
experimentally prepared, such as Cs,AgBiBr,, Cs,AgBiClg,
Cs,AgInCls, Cs,NaBiCls, as well as some mixed compositions.”
Among these compounds, Cs,AgBiBrs has attracted wide
attention for photovoltaic applications, because it can absorb
light in the visible range of the solar spectrum and exhibit an
impressive heat and moisture stability.® Besides, Bi**, being

b
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Figure 1. (a) Double perovskite crystal structure of Cs,AgBiBr,. (b) Schematic
of the post-treatment process.
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isoelectronic with Pb?", provides great possibility of defect-
tolerance.” A long photoluminescence (PL) lifetime of micro-
seconds has also been demonstrated, indicating the promising
charge transport property.® Photovoltaic devices based on
Cs,AgBiBrs have been studied in recent years, with rising
photovoltaic power conversion efficiency over 3%.” However,
the relatively large bandgap is still considered as one of the
main limiting factors for photovoltaic applications.

Compositional engineering in lead-halide perovskites, which
creates advantageous optical and electrical properties, has been
investigated widely, leading to optoelectronic devices with
advanced performances.” In lead-free double perovskites,
mixed compositions have been explored by trivalent or
monovalent metal alloying,*'” as well as changing Br/Cl
ratios." However, Br/l mixed double perovskites have not
previously been obtained. The direct fabrication of Cs,AgBils or
Cs,AgBi(Br/I) thin-films from corresponding precursors followed
by annealing always failed, resulting in Cs;Bi,l; product (Fig-
ure S1), due to the either negative or slightly positive
enthalpies."”” Due to the low activation energy for ionic
migration, the anion exchange method is quite applicable in
lead perovskites for both bulk and nanocrystal (NC) forms,
treated by halide-containing solutions or vapors."® However,
the ionic migration activation energy of double perovskite
Cs,AgBiBrg (348 meV) is nearly three times that of MAPDbBr,
(126 meV), making halide less mobile and halide-exchange
more difficult®*¥ Until now, Cs,AgBils only in NC form from
direct synthesis,"¥ and from Cs,AgBiBrs NCs via anion exchange
by trimethylsilyl iodide (TMSI) has been achieved."” TMSX (X =
Cl, Br, I) were allowed to conduct anion exchange in double
perovskite NCs, while the common reagents caused NC
decomposition and formed impurity phases. However, it would
be advantageous to obtain the bulk form of mixed-halide
double perovskites, since most of the applications are in the
form of solid thin films.

In this work, we demonstrate halide-exchange on Cs,AgBiBr,
solid thin-films by post-treating with methylammonium iodide
(MAI) salt. To the best of our knowledge, this is the first
successful method to obtain mixed-halide double perovskite
films. The compositions, crystal structures and band gaps were
studied to demonstrate the successful incorporation of iodine.
Moreover, the anion-exchange mechanism was studied, where
hydro-iodide was demonstrated to be a key factor. Assisted by
hydro-iodide acid, the common iodide salts are allowed to
replace bromine with iodine while keeping the cubic crystal
structure, which makes the anion-exchange method a more
robust and versatile tool in double perovskites.

Results and Discussion

The post-treatment process for double perovskite Cs,AgBiBr,
films is illustrated in Figure 1b. In brief, CsBr (1 mmol), AgBr
(0.5 mmol), and BiBr; (0.5 mmol) were dissolved in DMSO (1 mL)
as precursor to fabricate Cs,AgBiBr, via spin-coating. Chloroben-
zene (CB) was used as antisolvent, followed by 280°C annealing
for 5 min. Then, MAI dissolved in isopropanol (IPA) at certain
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concentrations was dropped onto the Cs,AgBiBr; film, followed
by spinning to remove the excess solution. Except the wide
utilization in lead perovskites, the key advantage of MAI
includes its volatility at high temperature, avoiding undesired
by-products. After 3 min annealing, we found that the film
changed from yellow to red. The whole process was performed
in a nitrogen-filled dry box, and the details of the fabrication
process can be found in the Experimental Section.

To investigate the effect of MAI treatment on the Cs,AgBiBrg
film properties, MAI solution with various concentrations (1, 10,
20, 25, 35 mgmL™") were employed, named as C1, C2, C3, C4,
C5, respectively, while using a Cs,AgBiBr, film as the reference
sample. X-ray photoelectron spectroscopy (XPS) spectra of 13d
for these six samples clearly confirm the presence of iodine
after MAI post-treatment (Figure 2a). According to the N1 s XPS
spectra (Figure S2a), there were almost no MA™* ions detected,
and we therefore conclude that the iodine ions could at least
partly stay in films while the MA cations were evaporated
during annealing. For perovskites, an appropriate Goldschmidt
tolerance factor (between 0.8 and 1) is critical for achieving a
stable structure. We illustrate this point in Figure 2b, which
shows the calculated tolerance factor (a) of Cs,AgBiBrg.l, (x=0-
6). This calculation is according to Equation (1):

g PatRe
V2(Ry + Ry) )

where R,, Ry, and R are the ion radii for A, B, and X in the ABX,
perovskite."® In our case, Ry was modified as the average value
for Ag™ and Bi**. The ion radii used during the calculation are
listed in Table S1 in the Supporting Information, taken from
Ref. [17]. The tolerance factor shows that the values of a (over
0.83) of Cs,AgBiBr.l, (x=0-6) with different iodine contents fall
into the range required for stable perovskites, indicating that
the fabrication of Cs,AgBiBr,,]l, is theoretically feasible.

X-ray diffraction (XRD) patterns of these six samples are
shown in Figure 2c. The Cs,AgBiBrs film showed a typical
double-perovskite structure, matching well with the reference
pattern [Crystallography Open Database (COD) CIF 4131244] in
Figure S3a. Also, the lattice parameter a of Cs,AgBiBrs was
calculated from the (400) reflection, yielding a=11.26 A, which
is consistent with previous reports." After post-treatment with
MAI, the major diffraction peaks can be observed, but with
shifted angles. An extra peak at around 17° appeared, which
existed in previously reported Cs,AgBil; NCs and was ascribed
to an artifact or impurity."*'® Apparently, the diffraction peaks
shifted to smaller angle with increasing MAI treatment,
especially the main peak of (400) (as shown in the enlarged
view), which thereby suggests formation of Cs,AgBiBr,, |, mixed
halide phase. There could be a possibility that ion exchange
only occurred close to the film surface. In order to investigate it,
XRD patterns with various incident angles were measured for
the C5 sample. As shown in Figure S3, the main peaks remain at
the same positions when varying the X-ray incident angle,
confirming the assumption of a uniform phase. In addition, the
Br3d and 13d;, XPS elemental mapping for the C5 film also
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Figure 2. (a) XPS spectra of 13d for Cs,AgBiBr film and treated by MAI (at various concentrations C1-C5: 1, 10, 20, 25, 35 mgmL™"). (b) Calculated Goldschmidt
tolerance factor of Cs,AgBiBr,l, double perovskite, according to the ion radii in Table S1 in the Supporting Information. (c) The left column represents XRD
patterns of the Cs,AgBiBr, film and the films exposed to MAI post-treatment at various concentrations, while the right column represents the enlarged view of
the (400) peak for all samples in XRD patterns. The peak marked with “&” is from an impure phase.

supports the presence and uniform distribution of | (Fig-
ure S2b).

To examine the optical properties of the mixed-halide
double perovskites, UV/Vis reflectance (R) and transmittance (T)
spectra for these samples were collected and converted into
absorptance (A), via A=1-R-T. In Figure 3a, the absorptance of
Cs,AgBiBrg film is shown as the black line, with a peak at
426 nm induced from s-p transitions in bismuth (Bi), and long
band tail ascribed to indirect absorption.®*'® Post-treatment
with MAI resulted in changes of absorption features, such as
the sharper band tail and the wider absorption within visible
wavelength range, suggesting a change in band structure after
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Figure 3. (a) UV/Vis absorption spectra and (b) optical images of six samples
treated with different concentrations of MAI, increasing from left to right (Brg
to C5). (c) Change of bandgap energy (direct and indirect bandgap) and
lattice parameter of obtained films as function of MAI concentrations in the
preparation of the film. The lattice parameters were calculated from the
(400) reflection by Gauss fitting to obtain peak position (in Figure S7).

ChemSusChem 2021, 14, 4507 -4515 www.chemsuschem.org

4509

I incorporation. Moreover, Figure 3b shows that the film color is
turned from yellow to orange and then red with increasing
concentrations of MAI in the post-treatment, confirming a
narrowed bandgap, as expected.

XPS measurements were performed to determine the
atomic ratio in the obtained samples. Figure S4 presents the
survey XPS and detailed Ag3d, Cs3d, Bi4f, and Br3d core-level
spectra for samples treated by various MAI concentrations.
Table S2 summarizes the atomic ratios for the different samples.
The highest I/Br ratio was 4.5:1.0, indicating that iodine did not
completely replace bromine. XPS results also suggest that the
halide content is less than expected from the ideal ratio for Cs/
Ag/Bi/(Br+1) of 2:1:1:6, indicating halide deficiency in the
samples. Halide deficiency may lead to point defect formation,
which could act as carrier traps. According a report by Xiao
et al,'"” halide vacancy-induced defects located 0.03 eV below
the conduction band minimum (CBM) may act as shallow
donors, affecting the electrical properties of the material. The
halide deficiency might result in uncoordinated Bi**, and then
reduction to metallic bismuth (Bi°), indicated by the Bi® peaks
(157 eV at Bi4f,,, of Bi metal) in Figure S4d.

In order to understand the halide-exchange mechanism and
gain a higher I/Br ratio, we also investigated in detail the effect
of MAI concentrations on the structural and optical properties
(in Figures S5-S7). In Figure 3c, we monitor the trend for
bandgap energies (calculated from Tauc plots) and lattice
parameters as a function of MAI concentration (0-35 mgmL™"),
also summarized in Table 1. Three distinct regions are clearly
seen: at low concentration (below 5 mgmL™), halide exchange
was hardly observed; at concentrations between 5-25 mgmL™",
bromine was gradually replaced by iodine almost linearly; after
that region, the I/Br ratio hardly changed. When the MAI

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Table 1. Summary of the experimentally determined bandgap energies,

lattice parameters and estimated iodine amount as function of MAI

concentrations.

MAI Direct Indirect Lattice lodine

concentration bandgap bandgap parameter amount x

[mgmL ] [eV] [eV] (Al [0-6]

0 2.50 231 11.26 0

0.1 2.54 2.29 11.28 0.16

1 2.50 2.30 11.30 0.26

5 2.51 231 11.35 0.69

10 2.38 2.24 11.49 1.69

15 2.32 2.20 11.53 2.00

20 2.19 2.08 11.73 3.36

25 2.16 2.04 11.80 3.94

30 2.16 2.04 11.81 3.99

35 2.14 2.03 11.82 4.02

concentration is further increased (higher than 35 mgmL™"), the
absorptance (Figure S6a) and XRD patterns (Figure S7) both
show that the obtained samples changed to a new phase. Since
Cs;Bi,ly phase is a common impurity in Cs,AgBiX,, we fabricated
Cs;Bi,ly thin film from the stoichiometry precursor solution and
measured the XRD and optical absorption, as shown in
Figures S5-S7. Apparently, when MAI concentration is higher
than 35 mgmL™', the obtained films is more similar to Cs;Bi,ly
phase. For the double perovskite films treated with lower MAI
concentration, the main phase remained as mixed-halide
double perovskite. Thus, the study on mixed-halide double
perovskite in the following discussion will focus on samples
treated by MAI concentration lower than 40 mgmL~". The
lattice parameter increases as expected during halide exchange
reaction in Figure 3c. According to the lattice parameters of
these mixed samples, we estimated the intermediate composi-
tions using Vegard's law. Since it was not possible to fabricate
Cs,AgBil,, the reported lattice parameter of 12.09 A for the pure
iodine phase was used here."” Figure S8 and Table 1 show the
estimated iodine amount (x ranges from 0 to 6) in final films at
various MAI concentrations. The iodine amount x could reach at
most 4.02, which is close to the XPS results obtained above. For
electronic structure, the direct bandgap decreased from 2.50 to
2.14 eV, while indirect bandgap decreased from 2.31 to 2.03 eV.
For Cs,AgBiBre.,l,, a nonlinear dependence is observed for the
bandgap and x in Figure S8b. The relationship between
bandgap (E,) of Cs,AgBiBre,l, and iodine ratio (y=x/6 in our
case) can be expressed in Equation (2):"3*2”

Ey = (1 — y)E4(Cs,AgBiBrg) + yE4(Cs,AgBils) — by(1 —y)  (2)

The bowing parameter b [0.36 eV for indirect bandgap,
almost linear (0.02 eV) for direct bandgap] may reflect the
miscibility between | and Br material. A nonlinear dependence
for the bandgap versus halide ratio is not unfamiliar in lead
halide perovskite films. The Cs,AgBiBr, bandgap energies
obtained here are slightly larger than previous reports,®"
which could be due to differences in measurements and the
fitting procedures when extracting the bandgap from Tauc
plots. The obtained approximately 0.3 eV decrease in bandgap
and redshift of the absorption edge for increased iodine
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content demonstrate that we have achieved halide composition
mixing in the double perovskite thin-films. A redshift of
photoluminescence for the mixed-halide double perovskite
shown in Figure S8c is also consistent with the decreased
bandgap energy. However, both samples exhibited weak
emission at room temperature, due to the indirect bandgap
nature and the existence of defect states which can suppress
emission intensity."*

In addition, we also performed first-principles density func-
tional theory (DFT) calculations to study the electronic structure
of mixed-halide double perovskites. The calculations were
carried out in the CP2K package,”" using the Perdew-Burke-
(PBE) functional,”® with DFT-D3 dispersion
interactions,"®” and Godecker-Teter-Hutter (GTH)
pseudopotentials.”® The system geometry was generated
starting from previous experimental results of Cs,AgBiBr; and
then randomly substituting the halides until the target
composition was reached."® The optimized lattice parameters
(as shown in Table S3) were in good agreement with the results
from XRD, within approximately 1% difference and the
substitution-induced shift was well reproduced. The projected
electronic density of states (PDOS) was calculated in an
optimized 2x2x 2 supercell representation of the system at the
I'-point while the electronic band structure calculations were
performed using an optimized unit cell with k-point sampling
over a 3x3x3 Monkhorst-Pack mesh,” including spin-orbit
coupling (SOCQ) effects. In order to consider the SOC, the band
structure was calculated in the Quantum ESPRESSO program,”
at the PBE level employing fully relativistic Rappe-Rabe-Kaxiras-
Joannopoulos ultrasoft pseudopotentials.?”” More details about
the calculations and the level of theory used as well as
additional results including the band structure without SOC
effects and more detailed PDOS can be found in the Supporting
Information. Figures 4 and S9-S10 show the PDOS and band
structures calculated for various halide compositions.

For our reference sample Cs,AgBiBr, (Figure S9a), the CBM is
mainly made up of Bi p/Br p orbitals with slight contributions
from Br p- and s-states, and the valence band maximum (VBM)
corresponds to Ag d and Br p orbitals, yielding an indirect
bandgap in the I'-R direction. In Figure 4a, the substitution of |
for Br in Cs,AgBiBr,,l, introduces a shift in the CBM (Bi p and
halide p orbitals) towards lower energies while causing an only
marginal energy increase for the VBM, thereby reducing the
bandgap of Cs,AgBiBre. The bandgap of Cs,AgBiBr,,l, remains
indirect when more bromine atoms are substituted by iodine
atoms, consistent with the above bandgap analysis. The
calculated bandgap energies at various compositions are
summarized in Table S3 and Figure 4e, engineering from
1.15 eV (Cs,AgBiBr,) to 0.83 eV (Cs,AgBil) at direct bandgap.
Note that the bandgaps are underestimated from theory due to
the poor description of the energy derivative discontinuity of
generalized gradient approximation (GGA) level DFT.?® How-
ever, the relative bandgap shift caused by iodine substitution is
in good agreement with the experimental results, reproducing
both the direction and only slightly overestimating magnitude
of the shifts. The kink in both direct and indirect bandgap in
Figure 4e is likely related to the distribution of halides within
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Figure 4. (a) PDOS graph of double perovskite with various halide composi-
tions. DFT calculated band structures of (b) Cs,AgBiBr,, (c) Cs,AgBiBr;l,, and
(d) Cs,AgBiBr,l,. VBM of all figures are aligned at 0 eV for easy comparison.
The energy values [eV] represent movement of the CBM compared to the
Cs,AgBiBrg phase. () Summary of the calculated bandgap energies with SOC
and lattice parameters for various compositions.

unit cell. Including SOC lowers the overall dispersion and
considerably reduces the difference between the direct and
indirect bandgap (as shown in Figure S11). In addition to
shrinking the bandgap, iodine substitution also causes a split in
the lower part of the main valence feature at —3 eV in the
PDOS seen in Figure S9b, which for the case of the pure
Cs,AgBil, becomes an independent peak with a strong Ag d
state component, separating the antibonding and bonding Ag
and halide orbitals. The states composed of bonding orbitals
close to the VBM broadens slightly as the iodide content
increases.

Surface  morphology properties of these mixed-halide
samples were studied with scanning electron microscopy (SEM),
as shown in Figure S12. The Cs,AgBiBr, film is composed of
closely packed grains, with diameters of 200-800 nm (average
diameter of 420 nm). When the film was treated by MAI, pin-
holes appeared and the grains were not stacked as closely as in
the reference sample. The grain diameter and size distribution
also changed with MAI post-treatment. The average diameter
firstly decreased to around 230 nm at small | inclusion, then
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increased to 450 and 600 nm at larger | inclusion, respectively.
According to the Kirkendall effect,”” film morphology might
change after Br/I exchange between perovskites and reagents,
due to the different diffusion rates of bromine and iodine. In
lead-halide perovskites, halide-exchange does not induce large
morphology variation due to the robust Pb-MA framework and
the high diffusion ability of the halides. Only long-time
exposure of the sample to reagents made surface rougher.®” In
our case, exposure of double perovskites into MAI reagents lasts
within 30 s; thus, there is a possibility that grains may to some
degree be dissolved and recrystallized during the halide-
exchange reaction, inducing morphology variation.

To understand the halide exchange process, we monitored
the XRD patterns (Figure S13a). After MAI solution cast on the
Cs,AgBiBrg film, but before annealing the films, the XRD
diffraction peak turned to be much weaker and wider,
indicating partial dissolution of the initial double perovskite
crystals. The slight shift at peak position might be ascribed to
iodine bonded at the crystal surface, since a control sample
with MABI/IPA treatment (instead of MAI/IPA) did not cause
such a peak shift (Figure S13b). After annealing, the main
diffraction peaks appeared stronger, along with larger shift to
smaller angles, suggesting recrystallization to larger grain size
and increased iodide substitution in the crystal structure.
Previous results indicate that ion migration is more probable at
grain boundaries and surfaces, due to the almost half activation
energy compared to that in the bulk.”" Therefore, the partial
dissolution of Cs,AgBiBrg could boost halide migration for
desired composition.

It is also interesting to investigate if other organic iodide
salts could work for halide exchange. Then, we employed
formamidinium iodide (CH;IN, FAI) and guanidinium iodide
(CH¢IN; GAl) with the same iodide molar concentration as the
MAI solution (35 mgmL™") to treat the Cs,AgBiBr; film, as shown
in Figure S14a. Although the XRD diffraction peaks from these
post-treated samples also are shifted to smaller angle, the FAI
and GAl-treated samples exhibited less change, when compared
to sample treated by MAI. One main difference between MAI
and FAl is that MAI is more prone to decompose, resulting in
hydro ionic acid (HI) generation.?? Thus, we added very little HI
into 4 mL of FAI/IPA and GAI/IPA solution, respectively. The
post-treated samples showed obvious change after the addition
of HI (Figure 5a and Figure S14b). The XRD diffraction peaks
and the light absorption onset exhibited clear shift with 10 uL
of HI; however, no further change was observed upon the
addition of more HI amount. Finally, the 26 at the (400) peak
shifted from 31.76° (for Cs,AgBiBry film) to 30.20° for both
samples treated by FAI and GAI, assisted by HI, in contrast to
30.22° for MAl-treated sample. The light absorption onset for
samples treated by FAl and GAI shifted to around 600 nm,
which are relatively close to MAI-treated samples.

To further understand the role of the organic salt and Hl
during the halide reaction, pure HI (in IPA) and FAI
(108 mgmL™" to get more HI decomposition) solutions were
used to post-treat the samples (XRD shown in Figure S15a).
Both treatments did not result in a mixed-halide phase,
indicating the important role of the combination of HI and the
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Figure 5. (a) Effect of HI on the halide-exchange process. Comparison of XRD patterns (left column), enlarged view of (400) peak (middle column), and UV/Vis
absorption spectra (right column) when adding different amount of HI into FAI post-treatment solution. (b) Schematic of the halide-exchange reaction process
to fabricate mixed Br/I double perovskite (as an example of MAI/HI post-treatment solution).

organic iodide salt. In addition, as shown in Figure S15b, when
adding HI to the lower concentration MAI solution, the halide
exchange reaction was also promoted, while the reaction was
limited at C5 even with HI addition. Thus, we can conclude that
with the assistance of HI and certain content of organic iodide
salt, the Br/I halide exchange could be promoted in the double
perovskite. From the obtained results, we infer that in the anion
exchange process (Figure 5b) the Cs,AgBiBr, film is first partially
dissolved (with the HI addition in IPA), while iodine ions mainly
bind at the boundaries and surfaces, where ion-exchange
occurs more easily due to decreased activation energy needed.
During annealing, the organic bromide salt together with HBr is
formed via exchange reaction due to the stronger binding
energy. Then iodide and bromide salts would evaporate with
excess bromide,®¥ and the iodine ions left will enter into the
structure to fill the vacant position of bromine. The proposed
ion exchange method using a combination of hydroiodic acid
and organic iodide salt can be a promising way to tune
bandgap energies for the double perovskites.

Stability is also an important factor to consider when
evaluating the potential use for optoelectronic applications.
Regarding the structural stability of the substituted double
perovskite, the samples were stored in a dry box for six months
under dark condition, and the XRD patterns for the samples are
shown in Figure S16a,b. Neither Cs,AgBiBrg nor mix-halide film
showed any significant changes. We further tracked the
absorbance changes of the mixed-halide sample under 120°C
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annealing or under continuous light illumination in air (Fig-
ure S16¢,d). Compared to the temperature and light-induced
phase segregation in lead mixed-halide perovskites,®¥ there
was no obvious sign of phase separation in the samples studied
here, indicating phase stability of the obtained mixed-halide
films. However, decrease in absorbance occurred after 2 h
annealing or illumination in air, which was not recovered in
dark condition at room temperature. After continuous illumina-
tion or annealing, partial decomposition was observed in XRD
patterns (Figure S16e).

The slightly broader absorption towards long wavelength at
high temperature indicates a thermochromic behavior with a
decreased bandgap, which is consistent with measurements of
a double perovskite in a previous report.®

Conclusion

We report a halide exchange method on solid thin-films to
obtain mixed-halide double perovskites, Cs,AgBiBrg,l,, with
tunable bandgap energy as a function of iodide ratio x. The
composition, band structure, and bandgap of Cs,AgBiBrg.l,
were studied using different experimental techniques and
density functional theory. Band structure calculations indicate
that halide substitutions shift conduction band minimum and
valence band maximum positions, inducing bandgap energy
change in agreement with the measured samples. Compared to
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the reference sample of Cs,AgBiBr, the iodide-substituted
systems exhibit expanded cubic lattice constants, as well as
decreased bandgaps. The results suggest a promising way for
flexible engineering of the double perovskite bandgap. Impor-
tantly, the obtained mixed-halide double perovskites also show
a stable phase, for both long-time storage and continuous light
illumination/thermal annealing. Finally, it was found that hydro-
iodide could be the key factor to facilitate halide-exchange
process using volatile organic iodide salts, making our exchange
method more broadly applicable on double perovskites.

Experimental Section

Chemicals

Bismuth bromide (BiBr;, 98%), cesium bromide (CsBr, 99.9%),
chlorobenzene (CB, 99.8 %), dimethyl sulfoxide (DMSO, anhydrous,
99.8%), isopropanol (IPA, 99.5%), and hydroiodic acid (HI, 57 wt%
in H,0, 99.95%) were obtained from Sigma-Aldrich. Silver bromide
(AgBr, 99.998%) was bought from Alfa-Aesar. Methylammonium
iodide (MAI, >99.99 %), formamidinium iodide (FAI, >99.99 %), and
guanidinium iodide (GAIl, >99%) were obtained from Greatcell
Solar Materials. All solvents were used without further purification.

Fabrication of Cs,AgBiBr, double perovskite film

For preparing Cs,AgBiBr, precursor solution, a mixture of CsBr
(1.0 mmol, 2128 mg), AgBr (0.5mmol, 93.9mg) and BiBr;
(0.5 mmol, 224.3 mg) were dissolved in DMSO (1 mL) solvent. After
being heated at 75 °C for several hours, a light-yellow solution was
obtained.

The Cs,AgBiBrg film was deposited via spin-coating method. Drops
of the prepared solution were spun on the mesoporous TiO,
substrate at 3000 rpm for 30 s. 200 pL of CB was dipped onto the
film after 10s of spinning. The obtained film was annealed at
280°C for 5min to form the double perovskite phase. The
fabrication of TiO, substrates was according to our previous
work.B%

Halide-exchange via post-treatment

MAI/IPA solutions with different concentrations (0.1, 1, 5, 10, 15, 20,
25, 30, 35, 40, 45, 50 mgmL~") were used to treat Cs,AgBiBr, film to
replace bromide with iodide. For each treatment, 50 uL of MAI
solution was dropped on Cs,AgBiBr, film, followed by spinning at
3000 rpm for 30 s and annealing at 200°C for 3 min. Then, the
mixed-halide perovskite films were obtained as the film color
changed from yellow to orange or red. A control sample with only
IPA treatment did not show any changes. In this work, all used MAI
solutions were freshly prepared (without overnight storage before
use) to avoid the effect of further decomposition on halide
exchange.

Characterizations

UV/Vis absorption spectra were obtained from reflectance and
transmittance spectra, via A(1)=1-R(1)-T(4). Reflectance and trans-
mittance spectra of films were measured using a PerkinElmer
LAMBDA 900 spectrophotometer. XRD measurements were carried
out via a Siemens D5000 goniometer with CuK, radiation (1=
1.54051 A). XPS was performed using PHI Quantum 2000 Scanning
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ESCA Microprobe spectrometer using AlK, (photon energy=
1486.6 eV). The composition ratios were analyzed by Multipak
software. The steady-state PL spectra were recorded using a
Fluorolog spectrophotometer (HORIBA JOBIN YNON) with an
excitation at 365 nm. SEM measurements were performed using a
LEO 1550 FEG instrument and a secondary electron detector
operating at 3kV (10 KV for mapping). The photoluminescence
quantum vyield (PLQY) was measured using FLS 1000 photo-
luminescence spectrometer from Edinburgh Instruments, attached
with a barium sulfate-coated integrating sphere.

Stability measurement

The absorbance of double perovskite film was measured by in-situ
UV/Vis spectroscopy set-up with Ocean Optics QE6500 spectrom-
eter and DH-2000-BAL light source. For the thermal stress test, the
temperature was controlled by TMS-93 Stage Temp Controller
(Linkam), and absorbance data was recorded using the Ocean
Optics OceanView software every 5 min for 300 min. For the
illumination test, the sample was illuminated under AM 1.5G
(100 mWcm™) illumination from a solar simulator (Model: 91160),
which was calibrated with a standard Silicon solar cell (Fraunhofer
ISE). The absorbance spectra were recorded with Ocean Optics
OceanView manually, almost every 30 min for 9 h. Both tests were
performed in air.

Theoretical section

The geometry optimizations were performed at the PBE level,*?

including DFT-D3 dispersion interactions,”” and with GTH
pseudopotentials,® in the CP2K package using the Gaussian and
plane waves (GPW) method.*"**”” The Kohn-Sham orbitals were
described in a local Gaussian TZVP basis set,”"™ and the electron
density was expanded in a plane-wave basis set with a kinetic
energy cutoff of 600 Ry. Here, the number of valence electrons in
the pseudopotentials were Ag 4d'°5s’, Bi 5d'°%6s’6p®, Cs 5p°6s’, |
55°5p°, and Br 4s’4p°. The initial system geometry was set up
following previous experimental results"® and was represented
both as a unit cell and as a 2x2x2 super cell. For the unit cell
representations, k-point sampling over a 3x3x3 Monkhorst-Pack
mesh was employed.”” The correct halide distribution was
generated by randomly substituting Br until the wanted composi-
tion was achieved and both the atomic coordinates and cell
parameter were optimized while enforcing simple cubic symmetry.
The PDOS, projected on both the orbital angular momenta and the
atom element was obtained from optimized super cells at the I'-
point. Here, we interpret the occupied Kohn-Sham orbital energies
as the electron binding energies. An ad-hoc shift was added to set
the highest occupied orbital energy to zero for better comparison
with the band structure and the result was broadened using a
Gaussian convolution with a full width at half maximum (FWHM) of
0.4 eV for easier interpretation and comparison. Note that the same
energy shift, derived from the Cs,AgBiBr, was used for all
compositions. Starting from an optimized unit cell representation,
band structure calculations were performed by calculating the
Kohn-Sham orbital energies along high symmetric k-paths in the
first Brillouin zone using the previously converged potential. While
the pure Cs,AgBiBry has a face-centered cubic crystal symmetry,
this symmetry is lost for the mixed systems, and hence we use
simple-cubic symmetry and its corresponding high symmetric k-
paths for the band structure. The band structure calculations were
carried out with the inclusion of SOC effects in the Quantum
Espresso (QE) program,”® using fully relativistic Rappe-Rabe-
Kaxiras-Joannopoulos ultrasoft pseudopotentials,?” at the PBE level
of theory and with kinetic energy cutoffs of 45 Ry and 455 Ry for
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the wave functions and electron density, respectively. In this case,
the number of explicit electrons included in the calculations were
Ag 4d'5s', Bi 5d'%s°6p°, Cs 5p®s’, | 5s*5p°, and Br 3d'°4s%4p°. SOC
effects were not included in the cell and geometry optimizations.
However, the forces were verified to be small at the SOC level in
the unit cell cases. For the geometry optimizations and PDOS
calculations, the results for each mixed composition, hence
excluding the pure systems as they are unambiguous, were
averaged over five different realizations in order to obtain sufficient
statistics over the possible halide distributions. For the band
structures and bandgaps, only a single realization for each
composition was used.
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