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ABSTRACT: We report the first high-pressure single-crystal
structures of hybrid perovskites. The crystalline semiconduc-
tors (MA)PbX3 (MA = CH3NH3

+, X = Br− or I−) afford us the
rare opportunity of understanding how compression modu-
lates their structures and thereby their optoelectronic proper-
ties. Using atomic coordinates obtained from high-pressure
single-crystal X-ray diffraction we track the perovskites’ precise
structural evolution upon compression. These structural
changes correlate well with pressure-dependent single-crystal
photoluminescence (PL) spectra and high-pressure bandgaps
derived from density functional theory. We further observe
dramatic piezochromism where the solids become lighter in
color and then transition to opaque black with compression. Indeed, electronic conductivity measurements of (MA)PbI3
obtained within a diamond-anvil cell show that the material’s resistivity decreases by 3 orders of magnitude between 0 and 51
GPa. The activation energy for conduction at 51 GPa is only 13.2(3) meV, suggesting that the perovskite is approaching a
metallic state. Furthermore, the pressure response of mixed-halide perovskites shows new luminescent states that emerge at
elevated pressures. We recently reported that the perovskites (MA)Pb(BrxI1−x)3 (0.2 < x < 1) reversibly form light-induced trap
states, which pin their PL to a low energy. This may explain the low voltages obtained from solar cells employing these absorbers.
Our high-pressure PL data indicate that compression can mitigate this PL redshift and may afford higher steady-state voltages
from these absorbers. These studies show that pressure can significantly alter the transport and thermodynamic properties of
these technologically important semiconductors.

1. INTRODUCTION

Understanding correlations between pressure-induced struc-
tural and electronic changes can allow us to more precisely tune
material properties through compression.1 Pressures on the
gigapascal scale effect a wide variety of transformations in the
structural,2 optical,3 magnetic,3a,4 and electronic transport5

properties of organic and inorganic solids. Furthermore, the
compressibility of well-defined organic−inorganic hybrids can
be modulated by fine-tuning both organic and inorganic
components. In this regard, the effects of compression on
crystalline hybrid perovskites are a subject of great interest.
Pressure effects on layered Pb−I6 and Cu−Cl7 perovskites have
been studied for several decades, and we recently reported
pressure-induced conductivity in the 2D perovskite (EDBE)-
[CuCl4] (EDBE = 2,2′-(ethylenedioxy)bis(ethylammonium)).8

Structural information from the high-pressure phases of 2D
Cu−Cl perovskites indicates that pressure can induce
octahedral rotations and bond compression in the inorganic
layers, leading to striking piezochromism7c,8 and changes in
electronic conductivity.8 This suggests that pressure can
generate similar changes in their 3D analogues (Figures 1
and 2).
The 3D hybrid perovskites (MA)PbX3 (MA = CH3NH3

+, X
= Br− or I−) are semiconductors that can be processed via
solution-state film deposition and that exhibit exceptional
properties for optoelectronic devices, including direct bandg-
aps, high carrier lifetime and charge mobility, and high
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photoluminescence efficiency.9 These properties have been
exploited in their recent implementation as solar-cell
absorbers,9 light-emitting diodes,10 and lasers.11 Therefore,
the pressure response of the optical and electronic properties of
these materials is of both fundamental and technological
interest. Despite a study on their pressure−temperature phase
relations over two decades ago,12 the effects of pressure on 3D
hybrid perovskites are just beginning to be explored. Structural
changes upon compression in (CD3ND3)PbBr3 have been
studied through neutron powder diffraction up to ca. 2.8 GPa,13

and the photoluminescence (PL) of (MA)PbBr3 under
pressures of up to ca. 5 GPa has been reported.14 Recent
studies on electrical resistivity in (MA)PbBr3 upon compres-
sion up to 25 GPa and in a nanorod form of (MA)PbI3 up to
ca. 8 GPa showed increases in resistivity.15 The compressibility
of the 3D Sn−I perovskites up to ca. 5 GPa has also been
investigated.16

Herein, we study the high-pressure properties of (MA)PbI3,
(MA)PbBr3, and (MA)Pb(BrxI1−x)3 (x = 0.2, 0.4, and 0.6) up
to pressures of 51 GPa. Using atomic coordinates obtained
from single-crystal structures in the high-pressure phases of

(MA)PbI3 and (MA)PbBr3, we track structural changes that
occur with compression. We correlate this structural
information to changes in the compressed materials’ PL,
color, electronic structure, and electronic conductivity and
show that (MA)PbI3 likely approaches a metallic transition at
high pressure. We also find that applied pressure can alter light-
induced dynamics in mixed-halide perovskites.

2. RESULTS AND DISCUSSION
2.1. Structural Evolution upon Compression. The 3D

perovskites (MA)PbBr3 and (MA)PbI3 form cubic or
pseudocubic lattices consisting of anionic networks of corner-
sharing lead−halide octahedra. Here, each MA cation occupies
the body center of a cube defined by eight lead−halide
octahedra. In order to accurately track pressure-mediated
structural changes, we first collected ambient-pressure single-
crystal X-ray diffraction (SCXRD) structures of (MA)PbBr3
and (MA)PbI3 (Figure 1). The Pb−Br perovskite crystallizes in
the cubic space group Pm3 ̅m,17 and we obtained a good
structure solution (R1 = 1.53%). The Pb−I analogue has been
reported to crystallize under ambient conditions in several
tetragonal space groups such as I4/mcm,18 I4cm,19 or I4/m,20

where twinning has complicated space-group assignment.21 We
obtained the best structure solution (R1 = 5.55%) with the
orthorhombic Fmmm space group as explained below. We then
investigated structural changes in the Pb−Br and Pb−I
perovskites upon compression through high-pressure single-
crystal and powder X-ray diffraction (PXRD) using synchrotron
radiation.

2.1.1. High-Pressure Single-Crystal X-ray Diffraction
(SCXRD). We loaded high-quality single crystals of (MA)PbI3
and (MA)PbBr3 in Merrill−Bassett-type diamond-anvil cells
(DACs) with a perfluorinated polyether pressure medium,
which is hydrostatic up to ca. 2 GPa.22 High-pressure neutron
powder diffraction measurements have shown that the Pb−Br
perovskite13 undergoes a phase transition during compression
past ca. 0.9 GPa from a low-pressure α phase to a high-pressure
β phase, and our PXRD data (section 2.1.2) show a similar
phase transition for the Pb−I perovskite at ca. 0.3 GPa. We
obtained complete SCXRD structures for the β phases of the
Pb−I (P = 0.7 GPa, R1 = 9.49%) and Pb−Br (P = 1.7 GPa, R1 =
6.07%) perovskites (Figures 1 and 3). Our data indicate that
the cubic space group Im3 ̅ is consistent with the observed
reflections for the β phase in both the Pb−Br and Pb−I
perovskites. The predicted PXRD patterns based on the single-
crystal structures agree well with experimental PXRD patterns
at similar pressures (Figures S4 and S5). Using atomic
coordinates from ambient-pressure and high-pressure
SCXRD, we also performed Rietveld refinements on PXRD
patterns for the Pb−I and Pb−Br perovskites over a range of

Figure 1. Single-crystal X-ray structures of (A) (MA)PbBr3 (MA =
CH3NH3

+) at ambient pressure (space group: Pm3 ̅m) and 1.7 GPa
(Im3̅) and of (B) (MA)PbI3 at ambient pressure (Fmmm) and 0.7 GPa
(Im3̅). Turquoise, purple, and brown ellipsoids represent Pb, I, and Br
atoms, respectively. Disordered iodides and MA cations omitted for
clarity. Thermal ellipsoids are drawn at the 50% probability level.

Figure 2. Optical micrographs showing piezochromic transitions of (MA)PbBr3 (top) and (MA)PbI3 (bottom). The Pb−Br perovskite is in a 600
μm culet diamond-anvil cell (DAC) between 0.4 and 7.2 GPa and in a 300 μm culet DAC up to 46 GPa. The Pb−I perovskite is in a 400 μm culet
DAC with Pt leads used for conductivity measurements. The cubic BN gasket surrounding the sample is transparent to visible light at high pressures.
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pressures in their α and β phases (see Supporting Information
for details). We can therefore track structural evolution of the
perovskites using precise atomic coordinates over finer pressure
steps as detailed below.
Within the Pm3 ̅m α phase of (MA)PbBr3 all Pb−Br−Pb

angles (θR) are 180° (Figure 3A). Therefore, compression only
contracts the lead−halide bonds. However, a sudden onset of
octahedral tilting occurs at the α−β transition (Table S2).
Upon compression past the α−β transition, the θR angle
decreases to 161.799(2)° at 1.0 GPa resulting from octahedral
rotation about the [100], [010], and [001] crystallographic
directions. This constitutes an a+a+a+ tilt according to
established descriptors of octahedral tilting in perovskites.23

The Pb−Br distance reduces from 2.9664(7) to 2.9406(1) Å
over the same pressure range (ambient pressure to 1.0 GPa).
Further volume reduction due to compression in the β phase
occurs with a combination of additional octahedral tilting and
bond contraction.
The ambient pressure α phase for (MA)PbI3 was determined

to be orthorhombic, despite its significant tetragonal character.
Two of the three iodide positions displayed nonellipsoidal
electron density, indicating disorder. These two sites would
have been equivalent in a tetragonal space group, but the
disorder is distinct in each site. The assigned orthorhombic
space group, Fmmm, differs from previously reported space
groups,18−21 and a detailed discussion of the refinement is
provided in the Supporting Information. The structure shows a
180° Pb−I−Pb angle along the c axis when considering the
iodide positions with the highest occupancy (75%). A torsional
rotation of each Pb−I octahedron relative to its neighboring
octahedra along the c axis (an a0a0a− tilt) and deviation from
perfect local octahedral symmetry cause a distortion in the
inorganic framework within the ab plane. This distortion yields
in-plane Pb−I−Pb angles (θAB, Figure 3B) of 158.185(1)° and
168.189(1)°. Distances between Pb and I (including disordered
iodide positions) range from 3.1462(7) to 3.199(6) to give a
weighted average of 3.163(2) Å in the slightly irregular
octahedra. In the α phase of (MA)PbI3, volume reduction
occurs mostly through Pb−I bond contraction (Table S3).
With compression to 0.6 GPa (after the α−β transition), the
torsional rotation disappears and the structure undergoes an
a+a+a+ tilt to yield a very similar structure to the β phase of the

Pb−Br perovskite. Each iodide in the β phase is best modeled
as disordered over six crystallographic positions. Using an
average position for the iodide, the Pb−I−Pb θR angle is
154.9(4)° and the Pb−I distance is 3.18(1) Å, indicating that
octahedral tilts are the major avenue for volume reduction in
transitioning to the β phase. With further compression after the
α−β transition, bond lengths continue to decrease in
conjunction with more severe tilting. The electronic con-
sequences of these structural changes are discussed in sections
2.2.1, 2.2.2, and 2.3.
The a+a+a+ tilt in perovskites generates two inequivalent A

sites. It is therefore typically seen in perovskites containing two
different A-site metals with different coordination modes.23b In
the case of β-(MA)PbX3 (X = I or Br), the rotational flexibility
of the MA cation allows for two different types of disorder in
the two distinct A sites (Figure S6). This may be facilitated by
different hydrogen bonding interactions between MA and the
inorganic lattice in the two A-site cavities.

2.1.2. High-Pressure Powder X-ray Diffraction (PXRD).
PXRD measurements were obtained using DACs loaded with
helium as a pressure-transmitting medium as it provides
hydrostatic conditions up to at least 12.1 GPa (if not higher)
and remains quasi-hydrostatic even at higher pressures.22 Figure
4 shows PXRD patterns obtained at pressures up to 9.2 and 9.5
GPa for (MA)PbI3 and (MA)PbBr3, respectively. We observe
the onset of the α−β phase transition at 0.3 GPa for (MA)PbI3

Figure 3. Fragments of the inorganic lattices in (A) (MA)PbBr3 and
(B) (MA)PbI3 in their ambient-pressure α (left) and high-pressure β
phases (right). Areas of structural distortion upon compression are the
Pb−X−Pb angle (X = Br or I) resulting from octahedral rotation about
the [001] direction (θAB), the Pb−X−Pb angle resulting from
octahedral rotation about the [100], [010], and [001] directions
(θR), and the Pb−X bond length (d).

Figure 4. (A) PXRD patterns of (MA)PbBr3 upon compression up to
9.5 GPa. Pressure ranges (GPa) for each phase: α (0.2−0.9), α + β
(1.0−1.1), β (1.3−2.7), and γ (2.8−9.5). (B) PXRD patterns of
(MA)PbI3 upon compression up to 9.2 GPa. Pressure ranges (GPa)
for each phase: α (ca. 0−0.1), α + β (0.3), β (0.4−2.9), and γ (3.4−
9.2).
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and 0.9 GPa for (MA)PbBr3
13 and material amorphization at

pressures above ca. 2.7 GPa. With further compression, a
mostly amorphous γ phase is maintained up to pressures of at
least 48.5 and 46.4 GPa for the Pb−I and Pb−Br perovskites,
respectively (Figures S7 and S8). Despite the largely
amorphous diffraction signature in the γ phase, several distinct
Bragg reflections still remain, indicating that some degree of
long-range order is retained up to ca. 50 GPa. Both materials
recover their original α phase with minimal hysteresis upon
decompression. Similar high-pressure PXRD studies on the
mixed-halide perovskites (MA)Pb(BrxI1−x)3 (x = 0.2 and 0.6)
(Figures S9 and S10, respectively) show that they behave in a
similar manner to (MA)PbBr3, albeit with expanded lattice
constants that scale with iodide content. The β-phase space
group Im3̅ obtained through our SCXRD analysis yields good
peak indexing and profile matching of our high-resolution
PXRD patterns for the Pb−Br, Pb−I, and mixed-halide
perovskites.
2.1.3. Material Compressibility. Using lattice parameters

derived from PXRD patterns for (MA)PbBr3, (MA)PbI3, and
(MA)Pb(BrxI1−x)3 (x = 0.2 and 0.6), we accounted for
pressure-induced stiffening of the perovskite lattices by fitting
their pressure−volume (P−V) relationships to the second-
order Birch−Murnaghan equation of state (2OBM EOS, Figure
5). The fit for the α phase of (MA)PbBr3 yielded a K0 value

(bulk modulus at ambient pressure) of 17.6(4) GPa, similar to
reported values for (CD3ND3)PbBr3,

13 and 3D Sn−I16 and 2D
Cu−Cl7c,8 hybrid perovskites. Fits to the 2OBM EOS for the β
phase of the Pb−Br perovskite gave K0 = 12(1) GPa,
comparable to the value for the deuterated analogue.13 Our
structural analysis shows that volume reduction in the α phase
can only occur through Pb−Br bond contraction, while
compression in the β phase also occurs through octahedral
tilting. This explains the unusual result that the high-pressure β
phase in (MA)PbBr3 is more compressible than its low-pressure
α phase.
Since the α−β phase transition for (MA)PbI3 occurs at ca.

0.3 GPa, we were unable to obtain enough PXRD patterns

within the α phase to determine its EOS. In its β phase, a fit to
the 2OBM EOS yields K0 = 14.9(6) GPa. This indicates that, in
their β phases, (MA)PbI3 is less compressible than (MA)PbBr3.
The x = 0.2 and x = 0.6 mixed-halide perovskites gave β-phase
K0 values of 17(2) and 12.6(6) GPa, respectively, indicating
that higher iodide content reduces their lattice compressibility.
Broad background features begin to appear in the PXRD
patterns of all samples at pressures close to amorphization, so
we did not include these data in the EOS fits as their P−V
behavior may be unreliable.

2.2. Electronic Structure Evolution upon Compres-
sion. We measured high-pressure PL spectra of (MA)PbI3 and
(MA)Pb(BrxI1−x)3 (x = 0.2, 0.4, and 0.6) in helium-loaded
DACs in order to directly compare PL trends to structural
trends derived from our diffraction experiments. We further
used these high-pressure structural data to direct calculations
tracking changes in electronic structure upon compression.

2.2.1. High-Pressure Single-Crystal PL of (MA)PbI3. We
collected PL spectra from a single crystal of (MA)PbI3 during
compression from ambient conditions to 3.1 GPa followed by
decompression (Figure 6). PL intensities increase at elevated

pressures (up to 2.7 GPa) relative to the ambient-pressure
spectrum. The PL energy changes with compression correlate
well with the structural evolution we observed through our
high-pressure diffraction studies. Here, Pb−I bond contraction
suggests greater orbital overlap and consequently increased
band dispersion and reduced bandgap while octahedral
rotations can decrease orbital overlap, reduce band dispersion,
and therefore increase the bandgap. The PL energy redshift in
the α phase between ambient pressure and 0.3 GPa is
consistent with the bond contraction we observe with
compression in the α phase. The PL energy sharply blueshifts
during the α−β phase transition, coincident with the onset of
increased octahedral tilting. Further compression in the β phase
causes more redshifting of the PL band from 0.9 to 2.7 GPa,
indicating that Pb−I bond contraction exerts a stronger effect
on the electronic structure than octahedral tilts in this regime.
Then just before the PL disappears, another sharp increase in
PL energy occurs, albeit with reduced PL intensity, above
pressures where we see increased octahedral tilting in the β
phase and higher baseline signals in PXRD patterns. The
disappearance of PL intensity coincides with an increase in
amorphous baseline signals and the disappearance of most of
the reflections in the diffraction patterns, indicating the

Figure 5. Unit-cell volume changes with pressure for (A) (MA)PbBr3,
(B) (MA)PbI3, (C) (MA)Pb(Br0.6I0.4)3, and (D) (MA)Pb(Br0.2I0.8)3.
Second-order Birch−Murnaghan EOS fits (black lines) and fit
parameters are shown. Open and closed symbols represent data
from separate measurements.

Figure 6. Left: Normalized photoluminescence (PL) spectra for a
single crystal of (MA)PbI3 as a function of pressure. Right: Pressure
response of the PL peak energy.
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emergence of nonradiative PL decay pathways in the γ phase.
PL of (MA)PbBr3 powder under pressures of up to ca. 5 GPa
has been reported to also show a redshift in its α phase with
compression followed by a blueshift above the α−β phase
transition.14 To further examine if these pressure-induced shifts
in PL energy represent changes in the material’s fundamental
bandgap (instead of the PL originating from trap/defect states)
we performed pressure-dependent electronic-structure calcu-
lations to assess how the bandgap of (MA)PbI3 varied with
compression.
2.2.2. High-Pressure Electronic Structure of (MA)PbI3. We

performed density functional theory (DFT) calculations to
track the electronic band structure of the Pb−I lattice in
(MA)PbI3 as it is compressed (Figure 7). Atomic coordinates

derived from SCXRD and Rietveld refinements were used as
initial inputs for the calculations. For the β phase, the rotational
disorder of the MA cation required substitution of a Cs+ cation
to mimic the charge distribution. A comparison of the α-phase
band structures at 0 GPa calculated using a MA or a Cs+ cation
shows very similar band structures that differ in bandgap by
only ca. 40 meV (Figure S13). This indicates minimal

contribution of the cation to the valence-band maximum and
conduction-band minimum, calculated with constrained lattice
relaxation. Unlike in the β phase, there is no rotational disorder
of MA in the α phase. Therefore, the error in predicted
bandgap should be even smaller in the β phase when
substituting Cs+ for MA. A complete description of substitu-
tional and structural constraints imposed for calculations is
provided in the Supporting Information.
The slight redshift in PL energy of ca. 3 meV upon increasing

pressure to 0.1 GPa in the α phase is below the accuracy of the
bandgap predictions and is not reproduced by the calculations.
The calculated bandgap increases at the α−β transition, in good
agreement with experiment (Figure 7B). The bandgap redshift
at ca. 1.1 GPa is slightly overestimated in the calculations. The
inability to fully model the 6-fold disorder of the iodide as well
as the substitution of Cs+ for the rotationally disordered MA
likely accounts for the deviation between experimental PL
energies and calculated bandgaps. Similar to experiment, the
predicted bandgaps blueshift with further compression, albeit
with an earlier onset pressure for this second blueshift. The
overall experimental trends are well captured in these
calculations: the calculated bandgap blueshifts at the α−β
phase transition, then redshifts with further compression, and
finally blueshifts at the highest pressures just before the β−γ
transition. Furthermore, the bandgap energies at each pressure
are close to the PL energies.
A representative atom-projected density of states and

electronic dispersion of β-(MA)PbI3 at 1.8 GPa are shown in
Figure 7A, showing a direct bandgap at P (1/2,1/2,1/2), as well
as the dominant I 5p character of the valence-band maximum
and Pb 6p character of the conduction-band minimum. The
DFT bandgap has been corrected by a derivative discontinuity
term.24 The width of the bands and hence also the prediction of
the sharpness of the valence band edge are of only qualitative
value, since the derivative discontinuity correction is used only
to shift empty states rigidly up in energy. Band structures and
density of states for the α phase are shown in Figure S13.

2.2.3. High-Pressure PL of (MA)Pb(BrxI1−x)3. We recently
reported on reversible redshifts in PL energy of mixed-halide
perovskites with light exposure.25 Upon visible-light soaking for
less than 1 min, the PL energies for films of (MA)Pb(BrxI1−x)3
(0.2 < x < 1) converge to ca. 1.7 eV. We proposed that this may
be caused by halide segregation during illumination. If bromide-
and iodide-rich domains form in the light-exposed film, the
lower-bandgap iodide-rich domains can serve as recombination
traps yielding low-energy PL even in perovskites with higher
bromide content. This may explain why high voltages have
been difficult to attain in solar cells employing these absorbers
despite their higher bandgaps compared to (MA)PbI3.

18

Figure 7. (A) Representative β-phase band structure and atom-
projected density of states (DOS) for (MA)PbI3 (P = 1.8 GPa). (B)
Calculated bandgap for the perovskite as a function of pressure.

Figure 8. PL spectra recorded at ca. 8 s intervals for (MA)Pb(Br0.6I0.4)3 showing the PL evolution with light soaking, ranging from ca. 0 s (dark red)
to ca. 150 s (purple). Spectra displayed were obtained at (A) 0.2 GPa, (B) 0.6 GPa, (C) 0.7 GPa, and (D) 0.9 GPa. (E) Pressure dependence of peak
1’s saturation energy (energy to which the PL band asymptotes with light exposure) for (MA)Pb(Br0.6I0.4)3.
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Because our proposal requires halide migration, we reasoned
that the increased stiffness of the compressed lattice should
affect ion transport and therefore the PL energy shift.
We measured PL spectra over the course of ca. 150 s for

(MA)Pb(BrxI1−x)3 (x = 0.2, 0.4, and 0.6) powder compressed
within helium-loaded DACs. This experiment was repeated
from ambient conditions to pressures at which the PL
disappeared. The light-induced PL redshift is more rapid for
powders than for films. Compiled spectra at four selected
pressures are shown for the x = 0.6 material in Figure 8.
Overall, the PL intensity decreases with increasing pressure. At
0.2 GPa the PL band redshifts and increases in intensity with
increased duration of light exposure (Figure 8A), similar to its
ambient-pressure behavior. At 0.6 GPa, however, a second,
higher-energy peak (hereafter designated as peak 2) is visible,
which is invariant with light soaking (Figure 8B). The lower-
energy peak (peak 1) still redshifts with light exposure. Upon
increasing pressure to 0.7 GPa, peak 1 is barely visible and peak
2 has increased in relative intensity (Figure 8C). At 0.9 GPa
only peak 2 is visible (Figure 8D), and above ca. 1.6 GPa no PL
is visible from the sample. Importantly, the energy to which
peak 1 redshifts with light exposure increases with increasing
pressure (Figure 8E). Furthermore, the appearance of peak 2,
whose energy is invariant with light-exposure time, indicates a
new photoluminescent state either created or revealed by
pressure.
Much like the x = 0.6 mixed-halide perovskite, a high-energy

peak (peak 2) also emerges at elevated pressures for the x = 0.4
material, but with smaller separation from peak 1 (Figure S14).
In other respects, this perovskite’s PL energy shifts mimic the x
= 0.6 material. At ambient pressure, the PL energies of the 0.2 <
x < 1 perovskites converge with light exposure to ca. 1.7 eV,
which coincides with the PL energy of the x = 0.2 member.
Therefore, we do not see a significant shift in PL energy for the
x = 0.2 perovskite with light exposure at atmospheric
pressure.25 Similarly, we see only a slight shift in PL energy
for the compressed x = 0.2 perovskite with light soaking
(Figure S16). Upon compression, this material behaves like
(MA)PbI3. However, the x = 0.2 perovskite shows an increase
in PL intensity with light exposure at pressures below 1 GPa,
similar to other mixed-halide perovskites.
The higher-energy PL peak (peak 2) for the x = 0.4 and 0.6

perovskites appears at 0.3 and 0.6 GPa, respectively, close to
their α−β phase transitions. For each perovskite, peak 2 shifts
in energy only as a function of pressure and not with light
exposure. Peak 2 thus evolves with pressure in a similar manner
to the PL from the pure bromide or iodide perovskiteswith
its energy simply modulated by halide stoichiometry. To
illustrate this trend, Figure S18 shows the pressure evolution of
the initial PL energies (before light soaking) of peak 1 and the
pressure evolution of peak 2 for (MA)Pb(BrxI1−x)3 (x = 0.4 and
0.6). The pressure dependence of the PL energies of (MA)PbI3
and (MA)PbBr3 is also shown for comparison. We see that the
mixed-halide perovskites show intermediate pressure depend-
ence compared to the pure-halide perovskites, where the degree
of PL blueshift with pressure scales approximately with bromide
content.
These results suggest that peak 2, which is visible only at high

pressures, may arise from the native material where halide
segregation is suppressed by lattice compression in the β phase.
Furthermore, even when considering peak 1, higher-energy
steady-state PL is obtained at higher pressure (Figure 8E). The
formation of low-energy trap states upon light exposure can

impede the use of these mixed-halide perovskites in high-
voltage solar cells. Although application of very high pressures
decreases PL intensity, our results show that some amount of
material compression can mitigate this PL redshift. This
compression may be attained through mechanical or chemical
means. For example, chemical pressure exerted through ion
substitution has been shown to modulate the related structure
of AMnF4 (A = Cs, Rb, K) in a similar manner to mechanical
pressure.26 Theoretical frameworks have been developed for
correlating chemical pressure exerted through steric compres-
sion to the effects of mechanical pressure.27 Therefore, A-site
cation substitution,28 which has been shown to alter the
bandgap of 3D hybrid perovskites,29 may provide additional
means of tuning lead−halide perovskites through chemical
pressure.

2.3. Electronic Conductivity upon Compression. The
3D Pb−Br and Pb−I hybrid perovskites are semiconductors
with bandgaps of ca. 2.3 and 1.6 eV, respectively. Accordingly,
(MA)PbBr3 is orange and (MA)PbI3 is black at ambient
pressure. During the α−β phase transition, the Pb−Br
perovskite lightens in color, indicating a widening of the
optical bandgap (Figure 2). This is consistent with the blueshift
in the PL in this pressure range and the higher degree of
interoctahedral tilting in the SCXRD structure for the β phase.
We do not see clear color changes in the optical micrographs of
the Pb−I perovskite during the α−β phase transition, although
the material becomes redder in color and more translucent
beginning at ca. 2.6 GPa (Figure 2), close to pressures where
we measured a second PL blueshift and where the β−γ phase
transition occurs. At pressures above ca. 17 GPa for (MA)PbBr3
and above ca. 9 GPa for (MA)PbI3, their color starts to become
significantly darker, suggesting a reduction in optical bandgap.
We therefore measured the conductivity of the Pb−I perovskite
compressed within a DAC over a 51 GPa pressure range.
The dc conductivity measurements on compressed (MA)-

PbI3 are shown in Figure 9. The first point measured is likely in
the MPa range because of the slight compression imparted by
the DAC and from initial packing of the sample. At this lowest
pressure, the conductivity was ca. 1 × 10−3 S/cm. This value is

Figure 9. Electronic conductivity as a function of pressure for
(MA)PbI3. Inset: Arrhenius fit of the temperature dependence of the
conductivity at 51 GPa, which gives an activation energy for
conduction (Ea) of 13.2(3) meV.
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significantly higher than the reported conductivity value for
(MA)PbI3 of ca. 2 × 10−8 S/cm at ambient pressure.30 This
could be due to excellent interparticle contact resulting from
the elevated pressure. Furthermore, based on its structural
response to pressure, (MA)PbI3 is very sensitive to small
pressure increases, which may increase conductivity. With
compression to ca. 5 GPa, conductivity increases to
approximately 6 × 10−3 S/cm, reaches a plateau, and then
decreases upon further compression to ca. 30 GPa. At higher
pressures we observe a dramatic increase in conductivity,
leading to a maximum of 1.5 S/cm at 51 GPa. We measured the
temperature dependence of the conductivity at 47 and 51 GPa
(Figure S19 and Figure 9, respectively). At 47 GPa, the
conductivity follows Arrhenius behavior with a calculated
activation energy of conduction (Ea) of 19.0(8) meV, which is
comparable to kT at room temperature. At 51 GPa the Ea
reduces to 13.2(3) meV, suggesting that the material is
approaching a metallic state. The amorphous and crystalline
features in the γ phase evolve monotonically with increasing
pressure above 2.7 GPa up to ca. 50 GPa (Figure S7). This
suggests that the sharp increases in conductivity above 30 GPa
are not associated with a first-order structural transition. High
conductivity requires large carrier concentration and/or high
carrier mobility. Therefore, the large increase in conductivity
could result from a decrease in bandgap and increase in band
dispersion (decrease in carrier effective mass) upon increased
orbital overlap with compression.31 Further compression may
lead to truly metallic behavior through bandgap closure.

3. CONCLUSIONS
Applied pressure can be used to systematically fine-tune the
optical and electronic properties of lead−halide hybrid
perovskites, which have shown great utility in photovoltaics
and other optoelectronics. Atomic coordinates obtained from
the first high-pressure single-crystal structures of hybrid
perovskites and Rietveld refinements of high-quality PXRD
data allow us to track structural changes in (MA)PbBr3 and
(MA)PbI3 upon compression. In the low-pressure α phase of
the Pb−I and Pb−Br perovskites, significant volume reduction
occurs through lead−halide bond compression. This accounts
for the PL redshift in (MA)PbI3 at higher pressures in the α
phase as bond compression increases orbital overlap and band
dispersion and thereby decreases the optical bandgap. At the
α−β phase transition, however, we observe the onset of
octahedral tilting. This explains the abrupt blueshift in PL
energy at the phase transition as octahedral tilting decreases
orbital overlap, leading to narrower bands and a widening of the
bandgap. Volume reduction in the β phase occurs through both
bond compression and octahedral tilting. These structural and
optical trends in (MA)PbI3 are well captured in the pressure
dependence of the predicted bandgaps obtained through DFT
calculations. Conductivity measurements obtained within a
DAC show that pressure decreases the resistivity of (MA)PbI3
by 3 orders of magnitude. We measure a conductivity of 1.5 S/
cm at 51 GPa with an activation energy for conduction of only
13.2(3) meV, suggesting that the perovskite may be close to a
semiconductor-to-metal transition. Notably, all structural and
optical transformations are reversible even after partial material
amorphization during compression above 50 GPa. Our
investigations into the high-pressure properties of the mixed-
halide perovskites (MA)Pb(BrxI1−x)3 (x = 0.2, 0.4, and 0.6)
show new photoluminescent states that emerge upon
compression. We recently reported on reversible light-induced

trap formation in (MA)Pb(BrxI1−x)3 (0.2 < x < 1) that can
impede their utilization as absorbers in high-voltage solar
cells.25 Our results suggest that pressures of less than 1 GPa,
applied through mechanical or chemical means, offer a route for
mitigating this effect and allowing for higher voltages to be
realized from these absorbers.
The dramatic pressure response of these compressible

materials indicate that lattice strain, mechanical pressure, or
chemical pressure may provide further means of realizing new
thermodynamic and transport properties in these versatile
solids.
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Nazeeruddin, M. K.; Graẗzel, M.; Ahmad, S. Perovskite as light
harvester: a game changer in photovoltaics. Angew. Chem., Int. Ed.
2014, 53, 2812−2824.
(10) (a) Tan, Z.-K.; Moghaddam, R. S.; Lai, M. L.; Docampo, P.;
Higler, R.; Deschler, F.; Price, M.; Sadhanala, A.; Pazos, L. M.;
Credgington, D.; Hanusch, F.; Bein, T.; Snaith, H. J.; Friend, R. H.
Bright light-emitting diodes based on organometal halide perovskite.
Nat. Nanotechnol. 2014, 9, 687−692. (b) Kim, Y.-H.; Cho, H.; Heo, J.

H.; Kim, T.-S.; Myoung, N.; Lee, C.-L.; Im, S. H.; Lee, T.-W.
Multicolored organic/inorganic hybrid perovskite light-emitting
diodes. Adv. Mater. 2015, 27, 1248−1254.
(11) (a) Xing, G.; Mathews, N.; Lim, S. S.; Yantara, N.; Liu, X.;
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Stranks, S. D.; Snaith, H. J.; Atatüre, M.; Phillips, R. T.; Friend, R. H.
High photoluminescence efficiency and optically pumped lasing in
solution-processed mixed halide perovskite semiconductors. J. Phys.
Chem. Lett. 2014, 5, 1421−1426.
(12) Onoda-Yamamuro, N.; Yamamuro, O.; Matsuo, T.; Suga, H. p-T
phase relations of CH3NH3PbX3 (X = Cl, Br, I) crystals. J. Phys. Chem.
Solids 1992, 53, 277−281.
(13) Swainson, I. P.; Tucker, M. G.; Wilson, D. J.; Winkler, B.;
Milman, V. Pressure response of an organic−inorganic perovskite:
methylammonium lead bromide. Chem. Mater. 2007, 19, 2401−2405.
(14) Matsuishi, K.; Ishihara, T.; Onari, S.; Chang, Y. H.; Park, C. H.
Optical properties and structural phase transitions of lead-halide based
inorganic−organic 3D and 2D perovskite semiconductors under high
pressure. Phys. Status Solidi B 2004, 241, 3328−3333.
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