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Abstract

The ability to continuously tune the band gap of a semiconductor allows its optical properties to be precisely
tailored for specific applications. We demonstrate that the band gap of the halide perovskite CsPbBr; can
be continuously widened through homovalent substitution of Sr?* for Pb?" using solid-state synthesis,
creating a material with the formula CsPb1xSr«Brs (0 < x < 1). Sr?* and Pb?* form a solid solution in CsPby.
«SrkBrs. Pure CsPbBr; has a band gap of 2.29(2) eV, which increases to 2.64(3) eV for CsPhg.25Sro.7sBrs.
The increase in band gap is clearly visible in the color change of the materials and is also confirmed by a
shift in the photoluminescence. Density-functional theory calculations support the hypothesis that Sr
incorporation widens the band gap without introducing mid-gap defect states. These results demonstrate

that homovalent B-site alloying can be a viable method to tune the band gap of simple halide perovskites.
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Halide perovskites are best known as semiconductors that have large absorption cross-sections and long
carrier diffusion lengths, which allows them to serve as a high-performing active layer in solar cells.*®
They typically have the chemical formula ABXs, where A is a 1+ cation, B a 2+ cation, and X a halogen.
The relative sizes of the ions restricts the formation of halide perovskites, formalized through the
Goldschmidt tolerance factor.”® The band gap of a material is generally determined by the relative
electronegativities of its constituents and its electron count, and halide perovskites are no exception.®!!
Tunable band gaps are desirable because they allow the optical properties of a material to be optimized for
a specific application, such as fabricating a light-emitting diode that emits a specific color of light.*? To
tune the band gap of a halide perovskite, a frequently employed method is to change the halogen—chloride-
based halide perovskites generally have wider band gaps than bromide-based perovskites, which have wider
band gaps than iodide-based perovskites, for example.™® Incorporating a mixture of halogens allows the
band gap to be continuously tuned. Unfortunately, under illumination, phase segregation of the halogens
can occur, which lowers the effective band gap of a mixed halide perovskite material to that of one of the
end-member perovskites.?® Incorporating mixtures of A-site cations also allows for limited band gap
tunability,** but this method is limited in application for all-inorganic lead and tin halide perovskites

because Cs* is the only inorganic cation large enough to stabilize a pure-phase perovskite structure.!>

Another method to tune the band gap is by replacing a fraction of the B-site cations with an alternate
cation. This can be accomplished by creating an ordered double perovskite,!’ for example, with the formula
A:BB’Xg where B is a 1+ and B’ a 3+ cation, maintaining an average 2+ charge for the B site.!#1° This is
also found for vacancy-ordered halide double perovskites, where for instance B is a 4+ metal and B’ is left
vacant.??* The most prominent examples of vacancy-ordered double perovskites are members of the
A2SnXs family, where Sn is in the 4+ oxidation state.?2? Traditional double perovskites do not allow for
continuous band gap tuning in the great majority of cases—the ratio between B and B’ is fixed at 1:1—
although the band gap of the double perovskite Cs,AgBiBrs has been tuned by replacing some of the Bi®*

cations with other trivalent cations.?



The band gap can be tuned by mixing two different cations on the B-site, but reports of two fully
miscible 2+ B-site cations in halide perovskites are limited. Lead and tin can be fully mixed in any
concentration on the B-site in halide perovskites, and crystals of this type of material can be grown in
solution. Lead and tin halide perovskites have similar band gaps, which limits the overall amount of band

gap tunability that perovskites containing lead-tin solid solutions can achieve.®?>%

Other reports have found limited uptake of homovalent B-site cations (i.e., with a 2+ charge) other than
tin into a lead halide perovskite, also resulting in only weak band gap tuning.?-32 It was found that when
the precursor solutions have a B-site dopant concentration of less than 1 mol percent, then the dopant B-
site cation will be incorporated into the parent lead halide perovskite. At higher doping concentrations,
however, a secondary phase containing a higher concentration of dopant is formed at the surface.®? Existing
solution-based methods can therefore not be used to widely tune the bandgap of halide perovskites.
Heterovalent B-site doping (incorporating B-site cations of a different charge) charge is difficult, and
reports of such doping are controversial because incorporating B-site cations that do not have a 2+ charge

often results in compensating defect formation elsewhere in the perovskite.3-3°

Here we show, using solid-state synthesis, that the band gap of the halide perovskite CsPbBr; can be
continuously tuned over hundreds of meV through homovalent B-site doping with strontium by melting the
precusors together. We synthesize the perovskite CsPb1SrxBrs (0 < x < 1) solid solution, where Sr?* and
Pb?* are interchangeable and randomly distributed on the B-site. Pb?* and Sr?* have nearly identical ionic
radii.® CsPbBr; and CsSrBr; are both known. CsSrBrs; is a wide-band gap white orthorhombic halide
perovskite that is used as a scintillator when doped with rare earth ions.3”3® Compared to the 2.29(2) eV
band gap of pure CsPbBrs, replacing 75% of the Pb?* cations with Sr?* increases the band gap by 350 meV
to 2.64(3) eV. Pure phase CsSrBrs; has a band gap beyond the visible regime, so it is colorless because it
does not significantly absorb visible light. Density functional theory calculations support the observation
that replacing Pb?" with Sr?* increases the band gap, consistent with the relative electronegativities of Sr2*
and Pb?*. These results demonstrate that homovalent B-site alloying is a viable strategy to continuously
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tune the band gap of halide perovskites without forming midgap defects, which may enable the use of halide
perovskites in optical applications such as in color-pure light-emitting diodes where it is necessary to dial

in the precise band gap of a material.®’

Figure 1 shows the powder X-ray diffraction patterns for CsPbBrs and CsSrBrs. All the observed
reflections index to reported orthorhombic unit cells.*%° The reported lattice constants of CsPbBrs and
CsSrBr3 differ from one another by less than 1%, consistent with the nearly identical ionic radii of six-
coordinate Pb%" and Sr?*, which only differ by 0.01A in Shannon’s table.®® The powder diffraction patterns
for CsPb1.SrxBrs are shown in Figure 1, and like pure-phase CsPbBr; and CsSrBr3 they are all orthorhombic
perovskites with no obvious differences in their patterns compared to the patterns of pure-phase CsPbBrs;
and CsSrBrs. Importantly, the mixed Pb-Sr species do not exhibit any superlattice reflections when
compared to CsPbBr; and CsSrBrs, indicating that Pb?* and Sr?* do not order within the perovskite structure
even for a 1:1 mixture of Sr and Br (CsPbosSrosBrs, x =0.5). Instead, Pb?* and Sr?* form a solid solution
where they are randomly distributed among B-sites, like what was found in mixed lead-tin halide
perovskites.?® Because Sr?* and Pb?* have the same charge and are approximately the same size, any driving
force toward ordering would have to involve the difference in their relative electronegativites, which is
apparently not sufficient. In contrast, other reported mixed cation halide perovskites such as Cs,AgBiBrs
form double perovskites, where Ag* and Bi®*" are ordered within the crystal and occupy adjacent B-
sites.!11841 Thus, B site order in heterovalent double perovskite halides appears to be promoted by the

distinct charges of each of the two cations.
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Figure 1: Structural characterization. Powder X-ray diffraction patterns of CsPb;SrBrs (x = 0-1).
Locations of reflections for CsPbBr; and CsSrBrs from previously reported patterns are indicated by orange
and grey bars, respectively.

Figures 2a and b present pseudoabsorbance and photoluminescence spectra of CsPb1,SrBrs (x = 0,
0.02, 0.05, 0.1, 0.2, 0.5, 0.75 and 1). A photograph of the materials is shown in Figure 2c to highlight the
color change in this family of materials. Most previous solid-state perovskite synthesis methods rely on
mechanosynthesis or solid-state diffusion by heating powders of the precursor chemicals to temperatures
below their melting points.*?> Here, by melting the CsBr, PbBr,, and SrBr. precursors together and slowly
cooling the melt, we ensure phase-purity with an even distribution of Sr?* throughout the synthesized
material. Tauc band gaps (circles, Figure 2d, with standard errors in black and linear regression as a dashed
black line, and Figure S1), pseudoabsorption maxima (squares), and photoluminescence maxima (stars) are
plotted in Figure 2d. CsPbBrs is a bright orange solid with a band gap of 2.29(2) eV, matching what has
been previously reported.’> As the concentration of Sr?* increases, the color of the material becomes a
lighter orange and then a light yellow, reaching a band gap of 2.64(3) eV for x = 0.75, which is 350 meV

larger than that of pure-phase CsPbBrs. Pure-phase CsSrBrs is a wide band gap semiconductor that is white

in color, consistent with its absorption spectrum which suggests it has an optical band gap exceeding 3.5



eV (Figure 2b). CsSrBrs; has been explored as a scintillator for X-ray detection when doped with 2+ rare

earth cations such as Eu?*.3"%
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Figure 2: Optical characterization. (a) Pseudoabsorption spectra of powders and (b) photograph of
powders of CsPb1SrxBrs with x indicated on corresponding vial. (¢) Photoluminescence spectra excited at
378 nm. (d) Tauc band gaps (circles) for CsSr«PbixBrs with a linear regression (black, R? = 0.95),
pseudoabsorbance maxima, and photoluminescence maxima (stars). Error bars on Tauc band gaps represent
standard error. The color of each trace in (a) and (b) and point in (d) is set to the color of the material in
(b), with pure CsSrBr3shown in grey.

Like the absorption spectra, the photoluminescence maximum also increases in energy as the Sr
concentration increases (Figures 2b and 2d), indicating that CsPb1..SrBrs may be an attractive material for
perovskite-based light-emitting diodes or photodetectors because the absorption onset and emission
wavelengths can be precisely tuned. This result confirms that Sr?* is evenly distributed throughout the
synthesized material; if there were separate grains of CsPbBr; and CsSrBrs, the photoluminescence spectra
of CsPbiSrBrs would emit at the same energy as pure CsPbBr3 regardless of the nominal Sr?

concentration. Higher levels of strontium incorporation also increase the photoluminescence lifetime

(Figures S2-3). While pure CsPbBrs; as well as CsPbi,SrBrsz for x <= 0.25 have sub-nanosecond



photoluminescence lifetimes, CsPbosSrosBrs and CsPbo2sSro.7sBrs have longer lifetimes of 4.06(4) and

5.36(4) ns. Details on lifetime fits are provided in the Supporting Information.

It was previously reported that the band gap of the orange-colored halide perovskite CsPbBr; could be
continuously reduced through heterovalent doping. In that case, a small amount of Bi** was said to replace
Pb2*. Crystals incorporating Bi** became much darker than those of pure CsPbBrs.%* However, later studies
showed that the intrinsic band gap was not changed through Bi®* incorporation and instead compensating
defects were formed in the crystal to offset the excess charge of the Bi®** cation. This process creates
localized states that absorb a small fraction of sub band-gap light.3% The increased band gap reported here
from Sr?* incorporation cannot be caused by the formation of localized defects. Mid-gap defects can only
decrease the apparent band gap of the material, whereas the band gap of CsPb1.SrBrsincreases with Sr?*
content. This conclusion is supported by photoluminescence measurements (Figure 2b) because the onset
of the photoluminescence resonance as well as the photoluminescence maximum (stars, Figure 2d) increase
in energy in a similar fashion to the optical band gap as the Sr?* concentration increases. The bulk electronic

structure of the perovskite is therefore changed through strontium incorporation.
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Figure 3: Results of the electronic structure calculations. Relaxed structures used to compute projected
density of states (top), with Cs depicted in purple, Pb in grey, Sr in green, and Br in brown, and computed
projected density of states of non-halogen atoms (bottom) for (a) CsPbBrs, (b) CsSro.2s5Pbo 7sBrs, and ()
CsSrBrs, with (black arrow) band gap Egy. The Fermi energy set to 0 eV in all panels.

Density-functional theory calculations support our observation that Sr?* substitution for Pb?" in
CsPbBr; increases the band gap. Figure 3a shows the projected density of states of the Cs and Pb atoms in
CsPbBrs. The projected density of states for all atoms including Br is shown in Figure S4. Computed band
structures (Figures S5-7) demonstrate that CsPbo7sSro2sBrs and CsSrBrs have direct band gaps like
CsPbBrs3, indicating that Sr incorporation does not result in a change to an indirect band gap. In line with
previous computations for CsPbBr; and other lead halide perovskites,*** the top of the valence band is
predominantly composed of halide p orbitals with some contribution from Pb s orbitals, and the bottom of
the conduction band is mostly Pb p in character. We find that CsPbBr; has a computed band gap of 1.00
eV, which is much smaller than the experimental value. DFT calculations are known to dramatically

underestimate the band gap of lead halide perovskites,*® and our computed band gap is consistent with

earlier calculations account for spin-orbit coupling that like our calculations.*6

Replacing the Pb atom at (0,0,0) with Sr results in the model compound CsSro25Pbo75Brs, and the
projected density of states of the Cs, Pb, and Sr atoms is shown in Figure 3b. CsSro2sPbo7sBrs has a
computed band gap of 1.53 eV, 0.53 eV larger than that of CsPbBrs. Like in pure CsPbBrs, the top of the
valence band is predominantly composed of halide p orbitals with some contribution from Pb s orbitals,
and the bottom of the conduction band is predominantly Pb p in character. There is negligible contribution
of Sr orbitals near the top of the valence band or the bottom of the conduction band, but the presence of Sr
in the material opens the band gap, consistent with Sr?* being more electropositive than Pb?". Sr
incorporation does not introduce any mid-gap states. This computational result is consistent with an earlier
result that showed the computed band gap of the hybrid perovskite methylammonium lead iodide increased
with 25% Ba?* substitution for Pb?*.28 We note that the structural model that we used for the computation
of the electronic structure of CsSro.25Pbo75Brs contains a Pb-Sr superlattice because the Sr atom is located
at a single well-defined crystallographic position. More sophisticated random site occupancy models for
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the doped material may be of interest in future calculations. Figure 3c shows the projected density of states
of the Cs and Sr atoms in CsSrBrs, which has a much larger computed band gap of 4.45 eV (Figure 3c),

consistent with its wider experimental band gap.

The result of our calculations can also be realized intuitively by noting that the exciton Bohr radius of
CsPbBrs is 35 A,* so the volume of the Bohr sphere is 180,000 A3. A single unit cell of CsPbBrs has a
volume of 795.4647 A® and contains four Pb?* atoms.*® Since Pb?* and Sr?* form a solid solution on the B-
site, the probability of Sr?* occupying a given B-site is stochastic and can be modeled by the Poisson
distribution. For the most lightly doped material we made, CsPbo.gsSro02Brs, 18 B-sites with a standard
deviation of 4.24 per Bohr sphere will contain Sr?*. Therefore, 99.9% of Bohr spheres will contain at least
5 Sr2* atoms, and excitons will not find a Bohr sphere that does not contain any Sr?*, which is why the band

gap of the doped materials is larger than that of pure CsPbBrs.

Upon exposure to atmosphere, CsPb1.Sr«Brs (x # 1) rapidly turns orange. Pseudoabsorbance spectra of
air-exposed CsPb1Sr«Brs are shown in Figure 4a. The band gaps of the air-exposed materials are
statistically indistinguishable from that of pure CsPbBr; (Figure 4b). Pure CsSrBr; is deliquescent and
rapidly dissolves itself when taken out of inert atmosphere. X-ray diffraction patterns of air-exposed CsPb;.
xSrBr3 (x # 1) are shown in Figure 4c. The diffraction patterns demonstrate that the orange color upon
exposure to air is caused by the decomposition of CsPb;xSriBrs(x # 1) into CsPbBrs. Two other phases are
also present and are especially evident in the x = 0.5 and 0.75 samples: CssPbBrs (red, Figure 4c) and
SrBr-H.0 (blue, Figure 4c).*84° An additional unidentified phase containing Pb must also be present to
account for all atoms, which may be PbBr; even though several reflections characteristic of PbBr, are
missing from the patterns.®® The hump in the absorption spectrum centered around 2.7 eV in CsPb1xSr«Brs
(x=0.5 and 0.75) is consistent with the presence of Cs4PbBres, which has a band gap of 2.37 eV.%! There is
also a strong absorption feature beginning around 3.6 eV in the air-exposed CsPb:xSriBrs (x = 0.5 and 0.75)
materials, and we do not know what material causes it. Further study is needed to understand how and why
exposure to air causes Sr?* to come out of the perovskite lattice, leaving pure CsPbBr; behind in addition
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to other byproducts. We hypothesize that the degradation mechanism is likely similar to the still-unknown
mechanism by which metastable black perovskite-phase CsPbls; is converted to a non-perovskite yellow

phase when exposed to moisture because moisture is likely responsible in both cases.®
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Figure 4: Sample degradation in air. (a) Pseudoabsorption spectra, (b) optical band gaps, and (c) powder
X-ray diffraction patterns of air-exposed CsPb1.,SrxBrs, with indexed reflections for CsPbBrs, Cs,PbBrs,
and SrBr,-H20 shown in orange, red, and blue, respectively.

We demonstrate that B-site alloying is a viable method to tune the band gap in simple halide perovskites
by synthesizing and characterizing CsPb:SrBrs (x = 0 - 1) as a case study. While most solution-based
syntheses limit the amount of B-site dopant that can be incorporated into the perovskite lattice, solid-state
synthesis removes this limitation. In CsPbBrs, we replace up to 75% of Pb?" with Sr?*, allowing the band

gap to be continuously increased from 2.29(2) eV for pure CsPbBrs; to 2.64(3) eV for CsPh 25Sro.75Brs. Sr2*
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and Pb?* form a solid solution in CsPb1.Sr«Brs where they are randomly distributed throughout the lattice.
The identical charge and similar size of Pb?* and Sr?* does not allow them to spontaneously segregate onto
distinct lattice sites, unlike in charge-ordered or vacancy-ordered double perovskites. DFT calculations
support the widening of the band gap of CsPbBrs; upon Sr?* substitution. Furthermore, homovalent B-site
substitution also shifts the photoluminescence spectrum in addition to the absorption edge, allowing halide
perovskites made in this manner to be used in luminescent applications such as light-emitting diodes and
incorporated in solid-state lighting.'>%® The lack of mid-gap photoluminescence peaks indicates that the
band gap truly widens without introducing defect states. In the future, it may be possible to develop
solution-compatible processes that will allow for the incorporation of large amounts of homovalent B-site
dopants to provide another route to tune halide perovskite band gaps for optical applications,®” such as
through the spray-coating of inorganic perovskite precursors followed by in-situ high-temperature melt

processing.**

Experimental

SrBr, (Alfa Aesar, 99%, anhydrous) was dried overnight under rough vacuum at 230 °C. It was then
brought into an argon-filled glove box, loaded into a quartz tube, transferred to an ampoule sealing line,
and evacuated to high vacuum. While under high vacuum, the SrBr, was melted with a methane-oxygen
torch to assist in removing residual moisture. Black impurities formed that were not soluble in molten SrBr-.
The quartz tube was refilled with argon, a graphite piece was added to the top of the tube to aid in removing
residual moisture, and the tube was evacuated to high vacuum (10 torr) and then sealed. The ampoule was
heated at 700 °C in a furnace, cooled to room temperature at 30 °C/hr, and opened in an argon-filled glove
box. The solidified melt containing the black impurities was loaded in a new quartz ampoule with quartz
wool placed above the impure SrBr to act as a filter in hot centrifugation. The tube was evacuated and
sealed under high vacuum, and the ampoule was then heated to 900 °C in a furnace. It was removed from

the furnace while hot, inverted, and centrifuged. The quartz wool trapped the black impurities, allowing the
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molten SrBr; to pass to the other end of the ampoule, where it solidified into a very light gray lump. The

ampoule was opened in an argon-filled glove box, and the purified SrBr2 was ground into a white powder.

CsPb1SrBrs (x = 0, 0.02, 0.05, 0.1, 0.2, 0.5, 0.75 and 1) was synthesized by weighing out
stoichiometric amounts of CsBr (Sigma-Aldrich, 99.999%, anhydrous), SrBr» (purified as described above),
and PbBr; (Alfa Aesar, 99.999%, ultra dry) in an argon-filled glove box and placing the reagents in quartz
tubes. The quartz tubes were sealed under vacuum (107 torr), and the ampoules were heated to 810 °C in a
furnace, melting the reagents. The ampoules were subsequently cooled to room temperature, at which point

they were brought into a nitrogen-filled glove box, opened, and the melt ground in a mortar.

Powder X-ray diffraction patterns were taken on a Rigaku Miniflex Il diffractometer that was located
inside a nitrogen-filled glove box, using Cu ko radiation (A = 1.5406A). Diffuse reflectance spectra were
taken on an Agilent Cary 5000 UV-Vis-NIR spectrometer equipped with an Agilent DRA-2500 internal
diffuse reflectance accessory. For the diffuse reflectance measurements, CsPb;xSrBrs was diluted to
approximately 10% w/w with dry MgO and placed in Agilent powder sample holders that were sealed with
an O-ring. Diffuse reflectance spectra were converted to pseudoabsorbance spectra using the Kubelka-
Munk function.® Band gaps were calculated using the direct band gap Tauc model.%® Photoluminescence
spectra and time-correlated single-photon counting data were collected using an Edinburgh Instruments
FLS1000 spectrometer with a Hamamatsu R13456 photomultiplier tube with a 5 nm band pass using 378nm
laser excitation from a Picoquant LDH-D-C-375M diode laser on powders of CsPbi.,Sr«Brs sealed in

evacuated quartz ampoules.

Density-functional theory calculations were performed with Quantum Espresso®’®® version 6.8 using
the generalized gradient approximation functionals by Perdew, Burke, and Ernzerhof*®® and PSLibrary
v1.0.0 pseudopotentials.®® The starting structure of CsPbBr; employed was the crystal structure published
in Ref. ©* accessed through the Inorganic Crystal Structure Database®® (ICSD Collection Code 243735). The

initial structure of CsSrBr; was generated by replacing the Pb atoms in the CsPbBr3 structure with Sr. The
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initial structure of CsSro2sPbo7sBrs was generated by converting the orthorhombic CsPbBrs structure to
triclinic P-1 and replacing the Pb atom at (0,0,0) with Sr. The coordinates of all structures were optimized
using the vc-relax routine in a scalar relativistic calculation, and the scalar relativistic-optimized structures
were then optimized once more using a fully relativistic calculation. An automatically generated 5x5x5
unshifted k-point mesh was used for structural relaxation. The density of states was calculated using an
automatically generated 10x10x10 unshifted k-point mesh in a fully relativistic calculation that accounts
for spin-orbit coupling effects. The kinetic energy cutoff for wavefunctions was set to 60 Ry, and the kinetic
energy cutoff for charge density and potential was set to 300 Ry for all calculations. The total energy
convergence threshold was set to 108, the force convergence threshold was set to 10°, and the self-
consistency convergence threshold was set to 108, 50 meV of Gaussian broadening was used when

generating the projected density of states.
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