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ABSTRACT: Perovskite compounds in the oxide and halide
families have generated interest as light absorbers for photocatalytic
and photovoltaic applications, respectively. In both of these classes,
biaxial strain can be used to tune structural distortions and,
consequently, band gaps and solar energy conversion efficiencies.
While strain has usually been explored perpendicular to the cubic
perovskite unit cell axis (i.e., the 001 direction), strain in other
crystallographic directions presents opportunities for qualitatively
different changes to the electronic structure or even a range of local
band gaps within the same material. For oxide (BaTiO3) and halide
(CsGeX3) perovskites with polar ferroelectric distortions at room temperature, the present work explores how and why strain in all
crystallographic directions tunes the band gap and band-edge orbitals. It is determined that, for reasons traceable to the interactions
of atomic orbitals at the band edges, the band gaps of both oxide and halide compounds under achievable compressive biaxial strains
vary by several tenths of an eV depending on the direction of strain. Notably, the range of band gaps accessible in CsGeI3 is
predicted to span the most intense regions of the solar spectrum.

■ INTRODUCTION

Perovskite compounds (ABX3) have shown promise as light-
absorbing materials for solar energy conversion. Oxide
perovskites (e.g., SrTiO3) have been studied as solar
photocatalysts for reactions such as water splitting for several
decades.1−5 Halide perovskites (e.g., CH3NH3PbI3) have more
recently become the subject of extremely active study in
photovoltaics.6−9 Because the composition and atomic
structure of perovskites can be modified in a variety of ways
(e.g., doping and substitution,10−17 defects,18−21 and reduced
dimensionality22−26), there are ongoing experimental and
computational efforts to tune their band structures, band
gaps, and optoelectronic properties.
Among these modes of perovskite tunability is biaxial strain.

In the most controlled manifestation of biaxial strain, epitaxial
thin films can be grown on perovskite substrates varying in unit
cell size, such that the in-plane axes of the perovskite film are
compressed or stretched by up to approximately ±3%. This
type of synthesis has been done extensively for oxide
perovskites27−29 and has been developed more recently for
halides.30−33 While such films have most often been grown in
the 001 direction resulting in films strained perpendicular to
the 001 axis (i.e., a B−X bond axis), they can in principle be
grown on different substrate surfaces to achieve strain
perpendicular to other axes. Even apart from epitaxial thin
films, perovskite materials and nanostructures with defects
often have nonuniform, local internal strains. Therefore, a
perovskite material may be subjected to biaxial strains in a

variety of directions, sometimes multiple directions, within a
given sample.
The possibility of strain in a variety of crystallographic

directions presents complex fundamental questions of how the
direction of strain can be used to tune structural distortions in
perovskite compounds and consequently, their electronic
structure and band gap. It also hints at opportunities for
technological applications, as a material with a variety of
nonuniform internal strains could have a range of band gaps
and could therefore absorb light in different parts of the solar
spectrum and harness a larger fraction of solar energy, akin to a
multijunction solar cell.
In this paper, we explore the relationships among the

magnitude and direction of perovskite strain, the resulting
structural distortions, and features of the band-edge orbitals
and band gaps. Compounds with polar ferroelectric distortions
at room temperaturean oxide (BaTiO3) and a family of
halides (CsGeX3)are the main focus of this work because
such distortions allow for significant tunability as a function of
the direction of strain. Ferroelectric materials have generated
significant interest in solar energy conversion.34−36 While
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germanium-halide perovskites are challenging to synthesize as
films and tend to oxidize from Ge2+ to Ge4+, CsGeI3 and other
AGeI3 compounds have been identified as promising materials
for photovoltaic applications due to their appropriate band
gaps and band offsets,37,38 favorable electronic structure for
hole transport,39 and (relevant to this work) tunability under
hydrostatic pressure.40 Given the current interest in lead-halide
perovskite solar cells, we also briefly discuss the case of CsPbI3
(a compound with octahedral rotations rather than ferro-
electric distortion). We focus on trends in band gap and band-
edge orbitals, highlighting similarities and differences between
the oxide and halide families. The results presented in this
paper enable quantitative predictions of band gap tunability
with an eye toward solar energy conversion applications and
fundamentally rationalize them based on qualitative features
and trends in the near-gap band structure and orbital character.

■ COMPUTATIONAL METHODS
Crystal structures are optimized and band gaps are computed
within density functional theory (DFT) using the VASP
package41−44 and PAW potentials.45 A Γ-centered 6 × 6 × 6 k-
point mesh is used for unit cells with a single perovskite
formula unit, while proportionally fewer k-points are used for
structures with larger unit cells. When multiple options are
available, pseudopotentials are chosen such that as many
electrons are possible are computed explicitly (details in the
Supporting Information46). In cases where absolute band-edge
energies are discussed, they are referenced to the energy of the
flat, lowest-energy, semi-core band at k-point Γ (Ti 3s in
BaTiO3, Ge 3d in CsGeX3, Cs 5s in CsPbI3).
Structural geometry optimizations employ the PBE func-

tional47 (a generalized gradient approximation) and a plane-
wave basis set cutoff of 500 eV. Because PBE calculations tend
to underestimate band gaps relative to experiments, a hybrid
functional is used to compute most band gaps (with the
exception of those of larger-unit-celled CsPbI3). The HSE06
functional48 is chosen for its ability to replicate the
experimental band gaps of the relaxed room-temperature
structures of BaTiO3 (HSE06 = 3.23 eV, experiment = 3.2
eV49) and CsGeI3 (HSE06 = 1.53 eV, experiment = 1.63
eV37). The basis set cutoff for these hybrid DFT calculations is
500 eV for BaTiO3 and 350 eV for CsGeX3.
Biaxial strain is modeled by fixing two Cartesian coordinates

of each unit cell vector and allowing the third to relax. The
magnitude of strain is expressed as a percent change in length
relative to the optimized cubic unit cell size. For example, −2%
strain refers to a case in which in-plane axis lengths are
compressed by 2% relative to the optimized cubic cell. Most
previous computational work has focused on strain perpen-
dicular to the 001 axis (Figure 1a, left), modeling epitaxial thin
films grown in the 001 direction. In this work, we focus on
biaxial strain in all crystallographic directions, modeling thin
films grown on a variety of surfaces, or more generally, the
nonuniform internal strains present in real materials.
Compressive strains perpendicular to high-symmetry axes
(001, 011, and 111) are illustrated in Figure 1a. Given the
cubic symmetry of the prototypical perovskite structure, a
triangle connecting those three high-symmetry directions
includes all unique directions of strain (Figure 1b). In this
paper, perovskite compounds are computed with strains
perpendicular to the 15 directions illustrated on the grid in
Figure 1c. To ensure that the global energy minimum is
identified for each direction of strain, the lowest-energy

optimized structure is chosen from several calculations, with
distortions initially oriented in a variety of directions.
It is worth noting that the DFT-computed structural

geometries in this work are implicitly at zero temperature
and lack the entropic contributions that may lead perovskite
compounds to adopt higher-symmetry phases at higher
temperatures. Still, there is reason to believe these computed
zero-temperature geometries are strongly representative of
what would be seen at higher temperatures. In BaTiO3, for
example, it has been shown through the agreement of
experiment50 and computation51 that the effect biaxial strain
has on stabilizing and enhancing particular distortive modes at
low temperature also expands the temperature range in which
those distortions are observed. Therefore, while zero-temper-
ature DFT calculations may not capture the details of the
temperature dependence of phase transitions, they do capture
changes in the preferred direction of distortion that accompany
changes in the direction of strain.

■ RESULTS AND DISCUSSION
Effect of Strain on the Direction of Distortion. The

room-temperature crystal structures of BaTiO3 and CsGeI3 are
shown in Figure 2. Both feature ferroelectric distortion, in
which their cation and anion sublattices are shifted slightly
relative to each other. The presence of ferroelectric distortion
in these compounds is often rationalized based on the relative
sizes of their ions, invoking Goldschmidt tolerance factors52 or

Figure 1. (a) High-symmetry directions of biaxial strain (001, 011,
and 111) of a perovskite unit cell. (b) All unique directions are
spanned by a triangle connecting these three high-symmetry
directions. (c) A grid of 15 strain directions sampling this triangle
is computed.

Figure 2. Room-temperature phases of (a) BaTiO3 and (b) CsGeI3.
The former has polar ferroelectric distortion along the 001 axis, the
latter along the 111 axis. Images of crystal structures throughout this
paper are made using the software VESTA.57
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related ideas.53 Because BaTiO3 and CsGeI3 have relatively
large A-site cations and small B-site cations (resulting in
respective tolerance factors of t 1.06r r

r r2 ( )
X

X

A

B
= =+

+ and 0.98

based on their Shannon crystal radii54), both see their B-site
cations shift within their octahedral cages. In room-temper-
ature BaTiO3 (Figure 2a), the distortion is oriented in the 001
direction, resulting in tetragonal P4mm space group
symmetry.55 In room-temperature CsGeI3 and the correspond-
ing bromide and chloride compounds (Figure 2b), the
distortion is oriented in the 111 direction, resulting in
rhombohedral R3m space group symmetry.56

When biaxial strain is applied to these compounds, the
direction of ferroelectric distortion may be altered. In general,
ions tend to shift in such a way that they maintain physically
reasonable distances from their nearest neighbors. For
example, when in-plane compressive strain threatens to shorten
the distance between a B-site cation and its X-site neighbors,
the B-site cation tends to shift in the perpendicular direction to
avoid these close contacts. Therefore, compressive strain is
expected to lead to ferroelectric distortion along or near the
axis perpendicular to the strain. Somewhat less consistently,
tensile strain is expected to lead to ferroelectric distortion close
to the plane of strain.
These expectations are borne out in Figure 3. As a function

of the direction of biaxial strain, the plots show the direction in

which the B-site cation shifts away from the center of its
octahedron of nearest neighbors, expressed as an angle from
the axis perpendicular to the strain. To clarify, 0° refers to
distortion along the axis perpendicular to the strain, while 90°
refers to distortion in a direction in the plane of strain. For
BaTiO3 under −2% compressive strain (Figure 3a, left), all
directions of strain result in distortions at angles less than 7°.
This suggests that it is possible to induce a distortion along a
desired axis of BaTiO3 by applying compressive strain
perpendicular to that axis. The results are similar for CsGeI3
under −2% compressive strain (Figure 3b, left), in which all
distortion angles are less than 24°. Distortions in CsGeI3 are

less aligned with the axis perpendicular to the strain because of
the strong natural tendency of CsGeI3 to distort in the 111
direction in the absence of strain. In BaTiO3 under +2% tensile
strain (Figure 3a, right), distortion angles are all greater than
65°, relatively close to the plane of strain. In CsGeI3 under
+2% tensile strain (Figure 3b, right), distortion angles are less
predictable, highly dependent on the direction of strain. The
numerical results corresponding to Figure 3, as well as the
qualitatively similar results for CsGeBr3 and CsGeCl3, are
provided in the Supporting Information.
The ability to use strain to control the direction of

ferroelectric distortion implies the ability to tune the electronic
structure and band gap. This will be explored later in the paper
after a brief overview of the band structure and band-edge
orbitals of these classes of perovskites.

Near-Gap Electronic Structure of Oxide and Halide
Perovskites. The basic features of the band structures and
band-edge orbitals of oxide and halide perovskites have been
described at length in previous work.58−64 We briefly review
some key points in this subsection in preparation to explore
the optoelectronic effects of strain in all directions.
In d0 transition metal oxides (BaTiO3 and related

compounds), the valence band consists primarily of filled
oxide 2p states. Therefore, the valence band maximum (VBM)
is the most antibonding combination of these states. In the
undistorted cubic phase, the VBM lies at k-point R = (1/2, 1/
2, 1/2), with threefold degenerate crystal orbitals residing in
the xy-, xz-, and yz-planes. The conduction band consists
primarily of unfilled B-site d states, of which the conduction
band minimum (CBM) is the least antibonding combination.
In the undistorted cubic phase, the CBM lies at k-point Γ = (0,
0, 0) and consists of threefold degenerate nonbonding
combinations of B-site t2g states (dxy, dxz, and dyz). The near-
gap band structure and computed electron densities of the
band-edge crystal orbitals of cubic BaTiO3 are shown in Figure
4a.

In general, structural distortions in d0 oxide perovskites are
known to break the band-edge degeneracies in Figure 4a,
shifting the energies of band-edge orbitals.59 Recent work in
our group has shown that the crystallographic orientation of
ferroelectric distortion in d0 oxide perovskites has a significant
impact on band gap, which can be rationalized based on crystal
orbital symmetry and mixing.65 Specifically, distortion along a
B−X bond axis (i.e., the 001 axis of the cubic unit cell) widens

Figure 3. Plots of the orientation of ferroelectric distortion (i.e., the
direction in which the B-site cation shifts among its nearest
neighbors) in (a) BaTiO3 and (b) CsGeI3 under biaxial strain in
various directions. Plots on the left show −2% (compressive) strain,
while plots on the right show +2% (tensile) strain. Angles are defined
such that 0° points along the axis perpendicular to the strain, while
90° points in the plane of strain.

Figure 4. Near-gap DFT-PBE band structures and electron densities
of the band-edge crystal orbitals for cubic (a) BaTiO3 and (b)
CsGeI3. Isosurfaces of the electron densities associated with the band-
edge crystal orbitals are shown in yellow. Valence bands are shown in
color (red or purple), conduction bands in gray. The valence band
maximum (VBM) is defined as zero energy.
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the band gap less than distortion along linear combinations of
the B−X bond axes (e.g., 011 or 111). Given that we showed
in the previous subsection that strain in different directions
induces ferroelectric distortion along different crystallographic
axes, this suggests the possibility that strain in different
directions could lead to a wide range of band gaps.
In Group 14 (B = Ge, Sn, Pb) halide perovskites, the valence

band is a combination of filled X-site p states and B-site s
states, of which the VBM is the most antibonding combination.
In the undistorted cubic structure, the VBM lies at k-point R =
(1/2, 1/2, 1/2). The conduction band consists primarily of
unfilled B-site p states. In the undistorted cubic structure, the
CBM lies at k-point R = (1/2, 1/2, 1/2) and consists of
threefold degenerate nonbonding combinations of B-site p
states (px, py, and pz). The near-gap band structure and
computed electron densities of the band-edge crystal orbitals
of cubic CsGeI3 are shown in Figure 4b.
Most previous work aiming to understand the effects of

distortion and strain on the electronic structure of halide
perovskites has (for technological reasons) focused on Pb-
based compounds, whose structural distortions take the form
of octahedral rotations.66−70 It stands to reason that the
direction of strain in Ge-based compounds (and the associated
variability in the direction of ferroelectric distortion) will also
have a particularly strong effect on the band gaps and band-
edge orbitals. This will be explored in the next subsection.
Effect of Strain on the Band Gap. When perovskite

compounds undergo compressive and tensile biaxial strain in
various crystallographic directions, their DFT-computed band
gaps spread out to ranges of values. These ranges of band gaps
are shown pictorially and numerically for DFT-HSE06
calculations in Figures 5 (for BaTiO3) and 6 (for CsGeX3).

The numerical DFT-HSE06 results corresponding to Figures 5
and 6, as well as the corresponding DFT-PBE results that show
similar trends, are provided in the Supporting Information.
We begin by focusing on the left side of Figure 5, BaTiO3

under −2% compressive strain, to illustrate how these results
can be interpreted. Among the directions of strain, the smallest
band gap corresponds to strain perpendicular to the 001 axis
(and consequent ferroelectric distortion in the 001 direction).
The largest band gap corresponds to strain perpendicular to
the 111 axis (and consequent ferroelectric distortion in the 111
direction). The band gaps in the left side of Figure 5 span the
range 3.28−3.81 eV. The calculations show that changes in
band gaps are brought about by shifts in the absolute energies

of both band edges rather than just one (see Supporting
Information); that is, a strain direction with a larger band gap
has both a lower-energy VBM and a higher-energy CBM.
These qualitative findings are consistent with previous work

on d0 perovskite distortions,65 which explains based on the
mixing of atomic orbitals at the band edges that ferroelectric
distortion tends to widen band gaps more when oriented along
a linear combination of the B−X bond axes. In the absence of
distortion, the VBM of BaTiO3 consists of oxide 2p states,
while the CBM consists of titanium 3d states. Distortion
lowers the structural symmetry, allowing oxide 2p and titanium
3d to mix in both band edges, pushing their energies apart.
When distortion occurs along a Ti−O band axis (e.g., 001),
this mixing occurs in only one or two of the threefold
degenerate states at each band edge, which has little effect on
the band gap. When distortion occurs along a linear
combination of perovskite bond axes (e.g., 111), mixing
occurs in all band-edge states, significantly widening the band
gap.
From the standpoint of solar energy conversion, the ability

to tune the band gap of BaTiO3 (which has a large gap relative
to the solar spectrum) has modest technological appeal, given
the past interest in doped BaTiO3.

71−74 More generally, this is
a clear demonstration that the direction of strain can
significantly tune the band gap of a perovskite by tuning the
direction of ferroelectric distortion.

Figure 5. Heat maps of the DFT-HSE06-computed band gaps of
biaxially strained BaTiO3 strained perpendicular to various crystallo-
graphic axes (as in Figure 1c). The panel on the left shows −2%
(compressive) strain, and the panel on the right shows +2% (tensile)
strain. The numerical ranges of DFT-HSE06 band gaps are shown
below each panel.

Figure 6. Heat maps of the DFT-HSE06-computed band gaps of
biaxially strained (a) CsGeI3, (b) CsGeBr3, and (c) CsGeCl3 strained
perpendicular to various crystallographic axes (as shown in Figure 1c).
Panels on the left show −2% (compressive) strain, and panels on the
right show +2% (tensile) strain. The numerical ranges of DFT-HSE06
band gaps are shown below each panel.
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Under +2% tensile strain (right side of Figure 5), BaTiO3
band gaps are larger and somewhat less tunable. Computed
gaps span the range 3.88−4.11 eV. The BaTiO3 band gap is
less sensitive to the direction of tensile strain than compressive
strain because the various directions of tensile strain do not
lead to as much variety in the crystallographic direction of
ferroelectric distortion.
We next turn to CsGeX3 germanium-halide perovskites, for

which the effects of strain are similar to BaTiO3 in some ways
and different in others. Under −2% compressive strain in all
directions (Figure 6a, left), DFT-HSE06 band gaps of CsGeI3
range from 1.25−1.58 eV. This range is notable because it
surrounds the optimal band gap for solar energy conversion
according to Shockley and Queisser’s analysis,75 suggesting the
possibility of efficient energy conversion in the most intense
portion of the solar spectrum. Like BaTiO3, the high end of the
band gap range results from 111 strain and the low end from
001 strain. The band gap of CsGeI3 under −2% 111 strain is
similar to that of relaxed room-temperature CsGeI3 (1.53 eV
using DFT-HSE, 1.63 eV experimentally) because both have
ferroelectric distortion along 111. Strains perpendicular to axes
other than 111 reduce the band gap by redirecting the
ferroelectric distortion along different crystallographic axes.
Under +2% tensile strain (Figure 6a, right), the band gap of

CsGeI3 remains in a similar range, though it does not vary as
much with the direction of strain. DFT-HSE06 band gaps
range from 1.38−1.55 eV. As was the case for BaTiO3, the
band gap of CsGeI3 is less tunable under tensile strain because
tensile strain does not direct ferroelectric distortion as reliably
along the axis perpendicular to strain.
The analogous results for the other members of the

germanium-halide series (X = Br, Cl) are shown in Figure
6b,c. Because the three germanium-halide compounds are
isostructural and isoelectronic, some qualitative aspects of
band gap tunability under biaxial strain are shared across the
series. For all CsGeX3 compounds, band gaps are highly
tunable via different directions of compressive strain, with the
smallest band gaps occurring near the 001 strain direction and
the largest occurring near the 111 strain direction.
Furthermore, band gaps are significantly less tunable via
different directions of tensile strain. There are differences
among the germanium-halide compounds as well. Most
significantly, band gaps increase (and become more tunable)
with increasing electronegativity of the X-site anion as the
valence band edge moves to lower energy. While this generally
means the band gap of CsGeI3 lies closest to the optimal range
for solar energy conversion, compressive strain of the other
germanium-halides can bring their band gaps closer to the
optimal range as well. Notably, the computed DFT-HSE06
band gap of CsGeBr3 can be reduced from 2.01 to 1.40 eV
under −2% compressive strain in the 001 direction.
One remaining question is why, from an orbital standpoint,

the band gaps of germanium-halide perovskites are so tunable
with the varying direction of compressive strain, and,
specifically, why their gaps are largest under 111 strain and
smallest under 001 strain. Both DFT-PBE and DFT-HSE06
calculations show that the direction of strain and the
consequent direction of ferroelectric distortion have a greater
impact on the absolute energy of the VBM than that of the
CBM (see Supporting Information). This makes qualitative
sense, as the VBM is an antibonding combination of atomic
orbitals that is therefore highly sensitive to changes in nearest-

neighbor interactions, while the CBM consists of nonbonding
Ge 4p orbitals that are less sensitive to such changes.
The cause of the shift in VBM energy (and therefore band

gap) with changing direction of strain and distortion is
rationalized in Figure 7. Images in Figure 7 show the VBM of

CsGeCl3 with ferroelectric distortion oriented along the 111
(Figure 7a) and 001 (Figure 7b) axes. The chloride compound
is chosen because the movements of the electron density of its
VBM are more visually pronounced than in the iodide or
bromide compounds. (This is likely connected to the fact that
the chloride compound shows the largest range of computed
band gaps with changing direction of strain.) Both panels of
the figure show a single distorted GeCl6 octahedron oriented
such that the germanium cation is shifted above the center of
the octahedron. In both cases, to avoid close antibonding
contacts with its nearest-neighboring chloride anions, the
electron density surrounding germanium in the VBM shifts
downward. In Figure 7a, this weakens all three of the strongest
antibonding interactions, lowering the energy of the VBM and
widening the band gap. In Figure 7b, the shift in electron
density is only able to weaken one of the strongest antibonding
interactions, leaving four around the equator, resulting in a
higher-energy VBM and a narrower band gap. Therefore,
because compressive strain perpendicular to 111 leads to
distortion along 111, and compressive strain perpendicular to
001 leads to distortion closer to 001, compressive strain of
germanium-halide perovskites perpendicular to 111 leads to
the largest band gaps.

The Possibility of Tuning Band Gaps in Compounds
with Octahedral Rotations. For the compounds discussed
up to this point (BaTiO3 and CsGeX3), tunable ferroelectric
distortions lead to wide band gap ranges, with changing
direction of biaxial strain. However, in the field of perovskite
photovoltaics, it is the lead-halide compoundswhich feature
primarily B−X octahedral rotations at room temperaturethat
have generated the most technological interest. In this
subsection, we therefore consider the possibility that lead-
halide perovskites may also be tuned via biaxial strain in all

Figure 7. Electron densities associated with the DFT-PBE-computed
valence band maxima (VBM) of CsGeCl3 with ferroelectric distortion
along the (a) 111 and (b) 001 axes. In both cases, the electron density
surrounding the germanium cation shifts away from the nearest-
neighboring chlorine anions, weakening the antibonding interactions
within the VBM. The distinction is that in panel (b), strong
antibonding interactions remain at the equatorial positions, placing
the VBM of the 001-distorted structure at a higher energy and giving
it a smaller band gap.
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directions. Our calculations focus on the room-temperature
orthorhombic phase of CsPbI3 under −2% compressive strain
in all directions. In these calculations, the range of DFT-PBE
band gaps is 1.81−1.84 eV, with no significant movement of
either band edge (see Supporting Information for more
details), suggesting that CsPbI3 is less tunable than the polar
compounds previously discussed. This is consistent with past
computational results showing that the band gaps of the room-
temperature phases of lead- and tin-halide perovskites are
relatively unaffected by the magnitude of biaxial strain.69

However, given the shallow, complex potential energy
landscapes of perovskites with octahedral rotations, it remains
possible that strain in a variety of crystallographic directions
could lead to phase transitions that significantly tune their
band gaps. For example, CsPbI3 has been predicted to adopt a
polar phase under tensile strain.76 While full consideration of
all possible phases under all directions of biaxial strain is
beyond the scope of this paper, the existence of such phase
transitions suggests possible routes toward greater tunability of
lead-halide perovskite band gaps.

■ CONCLUSIONS
The results in this paper highlight and rationalize the extent to
which the band gaps of oxide and halide perovskite compounds
can be tuned by varying the magnitude and direction of biaxial
strain. On the fundamental side, these findings illustrate how
structural symmetry and interactions of atomic orbitals
conspire to substantially raise and lower the energies of
band-edge orbitals, consequently affecting a material’s solar
absorption behavior. On the applied side, these results suggest
that if crystallites or local regions within a perovskite sample
are nonuniformly strained in a variety of directions, a sample
may have the ability to more efficiently absorb and convert
light throughout the solar spectrum, akin to a multijunction
solar cell. In particular, the germanium-halide perovskite results
(e.g., CsGeI3) suggest that compressive biaxial strain can bring
band gaps into the optimal range for solar energy conversion.
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