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ABSTRACT

Herein, we report room temperature Cr-doping for all-inorganic perovskites that have attracted great attention in recent years due to their
extraordinary optical properties, low cost, and ease of synthesis. Incorporation of Cr>" ions into the perovskite crystal lattices is achieved by
following a facile route involving an antisolvent recrystallization method at room temperature. It is shown that both Cr-doping and formation
of crystals in the CsPbBr,Cl;_, phase are provided by increasing the concentration of the CrCl; solution. It is also observed that the
doping procedure leads to the emergence of three types of distinctive peaks in the PL spectrum originating from CsPbBr,Cl;_, domains
(476-427 nm), Cr-strained host lattices (515 nm), and midgap states formed by Cr dopants (675-775 nm). It is also found that the Cr-doped
perovskites emitting a dark violaceous color change their color to white with a high color rendering index (88) in 30-day time intervals. Easy-
tunable optical properties of all-inorganic Cs perovskites indicate their great potential for future optoelectronic device applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5092779

I. INTRODUCTION

Lead halide perovskites (APbX3, where X=Cl", Br~, ") are a
promising class of materials for future optoelectronic applications
and are attracting much attention lately due to their outstanding
photophysical'™ and optical*™ properties such as strong light
absorption, high photoluminescence quantum yield, wavelength
tunability, and long carrier lifetime. To date, lead halide perovskites
have been obtained in the form of APbX; [where A = methylammo-
nium (MAT), formamidinium (FA%), Cs*]. Depending on the
cation, these materials can be divided into two categories: organo-
metallic and all-inorganic, where it is organometallic if the cation
is MA"™ or FA' or all-inorganic when it is Cs*. Among those,
all-inorganic perovskites can show higher intrinsic stability due to
their higher melting point (>500°C) and photostability compared
to organometallic perovskites.'” Starting from its first solution-
process based synthesis of CsPbBr; by Protesescu et al.," these materi-
als have been applied to various kinds of devices including solar cells,
LEDs, lasers, etc.'' Meanwhile, apart from its well-known structure

as CsPbBr3, various stoichiometries such as CsyPbBrg and CsPb,Brs
have also been characterized.' """

Optical and electronic properties of these materials can be con-
trolled by manipulation of their intrinsic crystal configuration such
as anion-exchangem’15 and mixed-cation'®” reactions. Moreover,
additional control over the optical and electronic properties can be
achieved via introducing dopants into a crystal system.'*** Doping
of lead halide perovskites with the different impurities has emerged
as a promising step, providing a compositional difference and struc-
tural perfection, for the alteration of many properties such as light
conversion, stability, and crystal growth.”” In addition, dopants can
induce additional states in the lead halide perovskite materials,
which may lead to the appearance of additional emission signals.””**
To date, a wide variety of impurities including alkaline-earth,
rare-earth, and transition metals have been incorporated with perov-
skites. Among these metal dopants, divalent cations have been
widely employed as Mg?*, Sn?*, Sr*t, Cd**, or Ca** for modifica-
tion of intrinsic properties of the crystals.”>** On the contrary, the
heterovalent doping in semiconductors may also lead to switching
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the sign of the majority charge carrier from n- to p-type or reverse.
Therefore, one can expect heterovalent dopants as efficient elements
to control the optical and electronic properties and enhance device
performances of the lead halide perovskites.””

In this paper, motivated by the studies reporting Cr-doping
driven modifications in various materials such as increasing
grain,28 metal-insulator transition,”’ acting as electron traps and
retard photoinduced charge recombination, leading to enhanced
photoelectrochemical activity,”” decrease in bandgap and excita-
tion independent luminescence,”’ the effect of Cr dopants on
the structural, optical, and electronic properties of all-inorganic
halide perovskites was investigated both theoretically and
experimentally. First, doping Cr’" ions was achieved at room
temperature via the antisolvent recrystallization method. The
crystallographic information of the formed perovskite crystals
including both undoped and doped ones was compared, and
structural changes in the presence of CrCl; were monitored.
Second, the effect of incorporated Cr** ions into the host lattice
on the optical and electronic characteristics of the resulting crys-
tals was tracked through PL measurements. As a consequence of
the doping process, the blue shift and additional emission peaks
are observed in the presence of CI”~ and Cr*" ions, respectively. It
is seen that the resulting color of the material strongly depends
on the Cr concentration. Afterward, the electronic band disper-
sion of Cr-doped perovskite crystal is calculated by density func-
tional theory (DFT) based simulations. The resulting midgap
states confirmed that the PL peaks in the red region originated
from Cr atoms in the host lattice. In addition, as scanning elec-
tron microscopy (SEM) images and X-ray diffractograms put
forth the phase transition, the interaction simulations of CsPbCl;
and CsPbBr; structures with water elucidated the difference of
degradation time.

The paper is organized as follows: experimental and theoreti-
cal methodology are given in Sec. I, results on the atomic structure
are discussed in Sec. III, Cr-induced modifications in electronic
and optical properties are explained in Sec. IV, environmental
stability of the doped perovskite is investigated in Sec. V, and the
obtained results are concluded in Sec. VI.

Il. METHODOLOGY
A. Experimental methodology
1. Materials

Cesium bromide (CsBr, 99.9%, Sigma-Aldrich) and lead(II)
bromide (PbBr,, >98%, Sigma-Aldrich) were used as raw materials
for all-inorganic perovskites, whereas chromium(IIl) chloride
(CrCls, 99%, Sigma-Aldrich) was the dopant salt. Typical surfac-
tants, namely, oleic acid (OA, 90%, Alfa Aesar) and oleylamine
(OAm, 90%, Sigma-Aldrich), were employed in the solution
process to obtain relatively small and stable crystals. The synthesis
procedure was carried out via antisolvent recrystallization using
dimethylformamide (DMF, >99.9%, Tekkim) and toluene (>99%,
Merck) as solvent and antisolvent, respectively. Hexane (>98%,
Sigma-Aldrich) was supplied to disperse the synthesized crystals.
All reagents were purchased and used as received without any
further purification.

ARTICLE scitation.org/journalljap

2. Synthesis of undoped cesium lead halide perovskite

To obtain undoped lead halide perovskite, the method reported
by Li et al is followed.”” After dissolving 0.4 mmol CsBr and
0.4 mmol PbBr, in 10 ml of DMF, ligands OA (1.0ml) and OAm
(0.5ml) were added under vigorous stirring in order to obtain an
ion source. 0.5ml of the ion source that is composed of Cs*
and Pb*" was injected into 5 ml of toluene under vigorous stirring.
After 3 min, the prepared mixture was centrifuged for 5 min under
6000 rpm and precipitate was redispersed in hexane.

3. Synthesis of Cr-doped cesium lead halide perovskite

To obtain Cr-doped lead halide perovskite, the method pro-
posed by Zhu et al. is followed with slight modifications.”” CrCls
(0.8 mmol) was dissolved in 10 ml of DMF to obtain dopant solu-
tion. An aliquot of precursor solution (0.5ml) and different
amounts of the chromium source (0.25ml, 0.50 ml, and 0.75 ml
and are labeled as Cr25, Cr50, and Cr75 in the text, respectively)
were injected into 5 ml of toluene simultaneously under vigorous
stirring to obtain chromium doped cesium lead halide perovskite
NCs. The color of the solution turned to green. The color became
darker as the amount of dopant solution increases. Solutions were
centrifuged under 6000 rpm for 5min. Precipitates were redis-
persed in hexane.

4. Characterization

The diffraction profiles of the perovskite nanocrystals were
recorded with an X-ray diffractometer (XRD, X Pert Pro, Philips,
Eindhoven, the Netherlands). Emission spectra were monitored by
USB2000+ Spectrometer (Ocean Optics Inc., Dunedin, FL, USA)
via a premium fiber cable.

B. Computational methodology

To investigate CrCl; dopant induced modifications in the
structural and electronic properties of all-inorganic Cs-perovskites,
density functional theory-based calculations were done by using
Vienna Ab initio Simulation Package (VASP).>*** DFT calculations
were performed by using the projector augmented wave (PAW)’ >
potentials as implemented in VASP. Local density approximation
(LDA)™ including spin orbit coupling is used to describe the
exchange and correlation potential.”” The charge transfer between
atoms was analyzed by the Bader technique."’

For plane-wave basis set, kinetic energy cutoff was taken as
500 eV for all the calculations. The total energy difference between
the sequential steps as a convergence criterion for ionic relaxations
was set as 107> eV. For electronic and geometric relaxations, a, b, ¢
and positions of atoms are optimized. All structures are fully
relaxed until pressure in X, y, z directions is less than |1|kB. In
the unit cell, the total force was reduced to a value less than
10*eV/A. T-centered k-point meshes of 3 x 3 x 3 were used
for 20-atom cell of perovskites. Spin-polarized calculations were
performed in all cases, and Gaussian smearing of 0.1 eV was used
for the electronic density of states calculations.
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lll. CrCl3-DRIVEN MODIFICATIONS IN ATOMIC
STRUCTURE

Since all the electronic, magnetic, vibrational, and optical
characteristics of materials emerge as a result of the crystal symme-
try, a detailed understanding of their structural properties is of
importance.

As shown in Fig. 1(a), under daylight, undoped sample has
orangelike color and its appearance turns into a yellowish color
upon introducing the CrCl; solution. Further increase in the addi-
tional CrCl; concentration leads to bright white color. Moreover,
under the UV illumination (4 = 254 nm), undoped sample shows
an intensive green emission. However, in the case of introducing the
CrCl; solution, resulting emission shifts significantly toward a weak
violaceous color. It is observed that such an emission remains almost
unchanged with the increasing amount of CrCl; concentration.

X-ray diffraction was used to characterize the structural prop-
erties of doped and undoped samples. For the undoped crystal pre-
sented at the top of Fig. 1(d) (orange solid line), the sharp signals
are observed matching with the ones of Cs4PbBrs."' On the other

26 (Degree)

ARTICLE scitation.org/journalljap

hand, the addition of 0.25 ml CrCl; solution during the synthesis
leads to the appearance of extra reflections in the XRD pattern of
Cr25 (green solid line). These reflections substantially match with
the characteristic signals of CsPbBr,Cli_y) perovskites, which are
labeled with the dashed lines.* As shown by Guner et al., rhombus-
shaped Cs4PbBrs phase is an indirect semiconductor with a wide
bandgap, while cubic CsPbBr; and CsPbCl; crystals are direct
bandgap semiconductors.”

While some signals referring to Cs4PbBrs (labeled with “*”)
still remain, as the CrCl; concentration increases, X-ray diffracto-
gram is dominated by the CsPbBr,Cl;_y) signals. Moreover, slight
shift toward higher 20 angles is expected since lattice parameter of
the samples is reduced due to the Br——Cl~ exchange and Cr'?
incorporation to the host lattice."

To gain further insight into the influence of the dopant on the
structure, further characterization on the structural properties is
performed via SEM imaging. As presented in Figs. 1(b) and 1(e), in
the case of undoped perovskite, two different structure types, which
are distributed almost homogeneously, were spotted, ones having

Element EmICHs
Br I 552
Cs b 29.53
po 12.95
Weight% 50%|  100.00

2pm
50.000x

Element Atomic %)
Cs s 19.57
Pb N 11.68
cr 49.86
Br Il 9.28
cr | 9.6]
Weight% 40%| 100.00

FIG. 1. (a) Photographic images (under daylight and UV), [(b) and (e)] SEM images of undoped and Cr75 samples, [(c) and (f)] energy dispersive X-ray (EDX) analysis
of undoped and Cr75 samples, and (d) X-ray diffraction patterns of undoped, Cr25, Cr50, and Cr75 samples.
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certain cubic symmetry highlighted by green regions and the others
showing rhombus shape indicated with yellow rhombuses. As dem-
onstrated by the XRD reflections, most of the sample is composed
of Cs4PbBrg crystals that have a rhombus-shaped primitive unit
cell. In addition, lower panel of Figs. 1(b) and 1(e) shows that an
increase in the Cr dopant leads to the formation of a significant
amount of nanocrystals that are crystallized into the cubic phase
indicating the presence of the CsPbBr,Cl;_y) phase.

The corresponding EDX results of the undoped and Cr75
samples in the right column of Fig. 1 reveal that the undoped sample
contains Br and Cs atoms, intensively hinting about the formation of
Cs4PbBrg, where the amount of Br is the highest. On the other hand,
Cr75 sample shows that there are also Cr atoms in addition to Cs,
Pb, and Br atoms, which are found in relatively close amounts and
higher than the amount of Cr. Since the more electronegative nature
of CI” compared to Br~, all Cr-doped perovskites contain various
amounts of Cl™ in the host lattice. Therefore, stoichiometry of crys-
tals as a result of anion exchange can be considered as follows:
CsPbBr 41Cly 50:Cr for the Cr25 sample, CsPbBry ¢3Cl, g7:Cr for the
Cr50 sample, and CsPbBrgeCly3;:Cr for the Cr75 sample.
According to the EDX result of the Cr75 sample, the CL:Br ratio is
consistent with the calculated stoichiometric value.

The influence of the Cr dopants on the structural properties
of CsPbBr; and CsPbCl; crystals, which are representative elements
of the product of the synthesis, is also analyzed theoretically by
performing state-of-the-art first-principles calculations. The struc-
tural analysis of undoped orthorhombic (Pnma) CsPbBr; and
CsPbCl; crystals reveals that optimized lattice parameters are
a=83A,b=793A, c=1131A and a=7.934, b=7.594,
¢=10.83A, respectively. Each Pb atom in the CsPbBr; crystal
bonds with six Br atoms with a bond length of 2.92 A. Besides, in
the CsPbCl; crystal, each Pb atom bonds with six Cl atoms with a
bond length of 2.79 A as seen in Fig. 2.

(a) CsPbBr, (b)

Pb-Br Bond
Length=2.92 A

(c) CsPbBr,:.Cr (d)

Cr-Cl Bond
Length=2.79 A

ARTICLE scitation.org/journalljap

On the other hand, Cr-doping scenarios are also examined by
means of total energy calculations. It is found that the Cr-Pb sub-
stitution is quite preferable for both CsPbBr; and CsPbCls. Thanks
to substitutional doping of the chromium atom, CsPbBr; and
CsPbCl; have 0.34 eV and 0.62 eV energy gain in doped structure.
In addition, Cr-doping leads to 6.77% and 7.16% shrinkage in their
lattice, respectively. Bader charge analysis shows that the Cr atom
donates le and 1.2e to the host crystals CsPbBr; and CsPbCls,
respectively, which is similar to the amount of charge donation of
the Pb atom in the undoped case. However, the length of the bond
between Pb and Br/Cl shortens, when the Cr atom is replaced with
the Pb atom. Therefore, an increase in the charge density of the
bond may strengthen the structure and provides extra stability.

In addition, theoretically predicted X-ray diffraction patterns
of the bare CsPbBr; crystal and Cr-doped CsPbBrs are presented
in Fig. 3. The characteristic reflection signals of the CsPbBr; appear
at 15°, 22°, 31°, and 37° (20) marked with dashed lines. In the case
of Cr-doping, no additional signal is observed due to the dopants;
however, there is a certain shift toward higher 26 values.

When the calculated and experimental reflection signals of
bare perovskite NCs are compared, the characteristic ones of bare
CsPbBr; overlap. Also, the shift of the signals of Cr-doped
CsPbBr; NCs is observed in both calculated and experimentally
obtained XRD patterns. The calculated and experimental results
reveal that the Cr atoms that are placed in the host lattice by Pb-Cr
substitutional doping cause a shrinkage in the lattice. Such shrink-
age can also be seen in XRD peaks shifting to higher 26 angles.

IV. ELECTRONIC AND OPTICAL PROPERTIES

Cr-doping procedure not only leads to the structural modifica-
tion but also results in anomalous coloring emission of the perov-
skites. In this section, to understand the change in the emission,

CsPbCl,

FIG. 2. Crystal structure of undoped
(@) CsPbBrj, (b) CsPbCls, Cr substi-
tuted for Pb in (c) CsPbBr; and (d)
CsPbCls.
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FIG. 3. Calculated XRD patterns of
bare and doped (a) CsPbBrs, (b)
CsPbCls.
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both optical measurements and electronic band dispersion calcula-
tions are performed.

The normalized UV-Vis photoluminescence (PL) spectrum of
undoped and doped perovskite NCs is presented in Fig. 4(a). A
single and sharp emission peak arises at 525 nm at the PL spectrum
of the undoped sample, shown with a green solid line under the
excitation of 254 nm UV light.

However, upon Cr-doping, the PL spectrum shown in Fig. 4(a)
displays additional characteristic peaks between the 400 and

30 0
20 (degree)

60

775 nm region. Since these peaks are localized at blue, green, and
red areas of the visible spectrum and behave differently, the PL
spectrum is divided into three sections and clarified separately.

The first group in the PL spectrum includes the peaks local-
ized between 476 and 427 nm. As reported by Nedelcu et al., such
a peak in the spectrum, which is strongly dependent on the CrCls
density, of cesium lead halide perovskites simply originates from
the anion (Br~—Cl~) exchange.” Obviously, in our synthesis pro-
cedure, the increase in the amount of Cl™ entering the system
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Br-Cl
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Mid-gap States in CsPbBr3 ,
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FIG. 4. Normalized (a) PL and (b) absorption spectrum of the undoped and doped samples with a concentration of 0.25 ml, 0.50 ml, and 0.75 ml.
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during the doping process enables more anion exchange and, there-
fore, the larger the number of Cl ions in the host lattice, the higher
the blue shift in the emission.

The second group in the PL spectrum is observed at the vicin-
ity of 515 nm. While this peak emerges as a result of the doping, it
is clearly independent from Cr concentration. As shown by DFT
calculations, Pb-Cr substitution is energetically favorable and leads
to slight shrinkage in the host lattice. As verified by our XRD mea-
surements and DFT simulations, the existence of Cr dopants leads
to shrinkage in the lattice of CsPbBr; and CsPbCl; (6.77% and
7.16%, respectively). Therefore, the bandgap that belongs to the
host lattice increases and the emission peak shifts from 525 to 515
nm. Moreover, for dense doping cases in Cr50 and Cr75, its inten-
sity increases to a certain extent as shown in Fig. 4(a). Here, it is
worth noting that the presence of Cr dopants in the CsPbBr; host
lattice acts as a barrier to the Br——Cl~ exchange and is indepen-
dent from the dopant solution concentration second peak appear-
ing at the same wavelength.

In addition to these two regions in the PL spectrum, a third
group that leads to broad emission peaks between 675 and 775 nm
is also observed. Obviously, this region is formed upon Cr-doping
and its intensity is increased with increasing dopant concentration.
Electronic band dispersions shown in Fig. 5 reveal that both
CsPbBr; and CsPbCl; perovskites display one broad and one
narrow impurity bands in the whole Brillouin zone. This emission
is originated from the Cr-induced midgap states, where electrons
make radiative energy transitions.
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Though the PL spectrum is quite a useful tool displaying the
characteristics of semiconducting crystals allowing direct transi-
tions, for identification and characterization of indirect bandgap
semiconductors, the absorption spectrum provides a more reliable
method. The normalized UV-Vis absorption spectra of the doped
samples in the presence of varying CrCl; concentration is pre-
sented in Fig. 4(b) in comparison with the undoped sample.
Regardless of doped or not, all samples show two sharp distinct
excitonic absorption peaks. In the case of the undoped sample pre-
sented with a solid green line, the first absorption peak is located at
325 nm, which is sharper and has the highest absorption intensity,
and the second one is located at the vicinity of 520 nm. The absorp-
tion spectrum of the undoped material reveals the formation of the
Cs4PbBrg phase‘“’42 together with a trace amount of CsPbBr; phase,
leading to a step at 520 nm.

Cr-doping also leads to significant modifications in the absorp-
tion spectrum. Upon increasing dopant solution concentration, a
blue shift of the absorption edge from 510 toward 460 nm is also
observed, while the position of the 325 nm peak changes negligibly
(~10nm). It is also seen that increasing the dopant ratio drives the
second excitonic absorption peak toward the first one and a broad
total absorption signal at 300-450 nm is formed. On the other hand,
the absorption intensity of the second peak in doped samples shows
a significant increase. As the intensity of the second peak increases
due to the dopant concentration, the form of the absorption spec-
trum recorded from our samples begins to resemble the CsPbBr;
NC spectrum.”’ We attribute this increase to a rise in the amount of

FIG. 5. Electronic band dispersion of
Cr-doped and undoped (a) CsPbBrs
and (b) CsPbCl;. Fermi levels are set
to zero.
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FIG. 6. Photoluminescence spectrum of the Cr75 sample (a) at t =0 and ¢t = 30 days. Inset: the photographic image of the sample under 254 nm UV light and (b)

plotted on the CIE diagram at t = 30 days.

the nanocrystals that are crystallized in a cubic shape, which refers to
the CsPbBr; phase.

V. COLOR CHANGE AND SINGLE-PHASE WHITE LIGHT
GENERATION

Although there is no visible change in the macroscopic struc-
ture, interaction with environment leads to significant modifica-
tions in the electronic and optical properties. While the structure
initially emits violaceous color due to the excessive amount of Cl
ions, the emission color of Cr-doped lead halide perovskites explic-
itly turns into white after 30 days. This intensity change in time
was tracked by collecting their PL in time and presented in Fig. 6.
The PL spectrum of the doped perovskite reveals that the intensity
of the peaks originates from the halide exchange region (bluish
emission) and from compressively strained Cr-free (greenish emis-
sion) decrease in time and eventually becomes comparable to the
intensity of peaks originating from the Cr-induced impurity states.
Therefore, it is expected to observe white color since the intensity
of these three PL groups becomes comparable.

In addition, our DFT simulations show that water molecules
can penetrate into the host lattice of doped and undoped perov-
skites of CsPbCls and CsPbBr; without seeing any energy barrier.
Adsorption energy per H,O molecule is calculated to be 190, 420,
and 150meV for CsPbBr;, CsPbCl;, and Cr-doped CsPbBrs,
respectively. Apparently, the Br-Cl exchanged perovskite domains
strongly interact with H,O molecules, and, therefore, emission that
originates from the CsPbBr,Cl;_, crystals dramatically decreases in
time due to moisture.

Commission Internationale de I'Eclairage (CIE) chromaticity
diagram shown in Fig. 6(b) precisely characterizes colors by a lumi-
nance parameter and two color coordinates x and y. Chromaticity
curve surrounding all the colors perceivable by a normal human

eye shows that the red circle located at the color coordinates of
(0.3161, 0.3938) confirms the generation of white light which is
close to the coordinates for pure white light (0.3333, 0.3333).
Furthermore, this sample shows high Color Rendering Index (CRI)
of 88 and Correlated Color Temperature (CCT) of 6000 K indicat-
ing that it is commercially viable.

VI. CONCLUSIONS

In summary, Cr-doped mixed halide perovskites have been
obtained by following a facile route involving the antisolvent
recrystallization method at room temperature. Structural characteri-
zation confirms that there is a phase transition from Cs4PbBrg to
CsPbBr,Cls_, when the dopant is introduced, and DFT calcula-
tions verify this phase transition by indicating that it is favorable.
On the other hand, incorporation of the Cr*" ions into the lattice
forms multiple emission peaks, which are identified as they appear
due to strained lattice, and forms midgap states. Interestingly, due
to the strong interaction of the mixed halide perovskite domains
with the moisture, the PL intensity corresponding to CsPbBr,Cl;_,
crystals is reduced dramatically in time, and Cr-doped halide
perovskite samples then start to exhibit clear white light emission
with a high CRIL Our results reveal that Cr-doped all-inorganic
perovskites are promising candidates for single-phase white light
sources with high quantum efficiency.

SUPPLEMENTARY MATERIAL

See the supplementary material including computational
details for indentation of the water molecule through the doped
and undoped CsPbX; (X = CI, Br) surfaces.
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