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Pressure-Dependent Polymorphism and Band-Gap Tuning of
Methylammonium Lead Iodide Perovskite
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Abstract: We report the pressure-induced crystallographic
transitions and optical behavior of MAPbI; (MA = methyl-
ammonium) using in situ synchrotron X-ray diffraction and
laser-excited photoluminescence spectroscopy, supported by
density functional theory (DFT) calculations using the hybrid
functional B3PW91 with spin-orbit coupling. The tetragonal
polymorph determined at ambient pressure transforms to
a ReOj-type cubic phase at 0.3 GPa. Upon continuous
compression to 2.7 GPa this cubic polymorph converts into
a putative orthorhombic structure. Beyond 4.7 GPa it separates
into crystalline and amorphous fractions. During decompres-
sion, this phase-mixed material undergoes distinct restoration
pathways depending on the peak pressure. In situ pressure
photoluminescence investigation suggests a reduction in band
gap with increasing pressure up to ~0.3 GPa and then an
increase in band gap up to a pressure of 2.7 GPa, in excellent
agreement with our DFT calculation prediction.

Organic—inorganic metal halide perovskite-based photo-
voltaic (PV) cells show potential for the direct conversion of
sunlight into electricity, as a result of their high charge-carrier
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mobilities and electron/hole diffusion lengths of hundreds of
nanometers.'*) The power conversion efficiency (PCE) of
perovskite PV cells has rapidly increased from about 6 % in
2011 towards approximately 20 % presently, although device
reproducibility is questionable.’® The PCE can be enhanced
by modifying charge-carrier mobility and the direct band gap
through tuning crystal chemistry.*!”) Nonetheless, to date,
extensive synthesis campaigns have revealed a limited range
of materials. Alternatively, pressurization is a straightforward
and robust way to transform crystal structures, where changes
in bond strength and geometry are induced without the
complication of chemical adjustments. By monitoring changes
in photovoltaic properties, strategies for selecting ions of
appropriate size and charge can be devised.""'?! To this end,
pressure-dependent structural behaviors of stable and meta-
stable polymorphs can guide design strategies.!"”!

The perovskite prototype has the general formula of
ABXj;, where corner-sharing BX, octahedra create a 3D
framework with an A component providing charge compen-
sation if necessary (Figure 1a). The aristotype is cubic Pm3m
(space group, No. 221), in which all the BX, octahedra show
B-X-B angles of 90°. This arrangement of untilted octahedra
can be described in Glazer notation!'! as a’a’a’. Among the
Pb-based methylammonium (MA) halide perovskites (ionic
A =CH;NH;" or MA; X=Cl", Br~, I"; B=Pb?"), the band
gaps of MAPbCl;, MAPbBr;, and MAPDI; are reported as
around 3.1, 2.3, and 1.5eV, respectively.'"!®! For single
junction PV cells a band gap in the range between 1.1 and

Figure 1. a) MAPbI, perovskite Pm3m polymorph (left, polyhedral
model; right, with Pb—I bonds emphasized); b) Diamond anvil cells
holder system with balanced compression screws (left: side view;
right: top-down view).
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cipitated by 6h cooling
from 100 to 46°C after
mixing Pbl, and MA-I sol-
utions in a Pyrex test tube.
The Pbl, solution was pre-
pared by dissolving 2.5 g of
lead(IT) acetate (Chemical
Reagents, Sigma-Aldrich)
in 10 mL of aqueous HI solution (57 wt % ), whereas the MA-I
solution was formed by dissolving 0.597 g of aqueous CH;NH,
solution (40 %, Merck) in 2 mL of HI solution. The diamond
anvil cells (DACs) with a size of 500 pm were aligned,
assembled, and pressurized before conducting XRD (Fig-
ure 1b). A stainless-steel gasket was indented before drilling
aroughly 200 um diameter hole that served as the compaction
chamber. Ruby fluorescence was used to calibrate pressure!*’!
and ruby chips were distributed on the sample surface before
closing the DAC. At each pressure, an XRD pattern (1=
0.485946 A) was collected at the B1 station of the Cornell
High Energy Synchrotron Source (CHESS),?" with a data
accumulation time of 10 mins at each pressure, after main-
taining the pressure for approximate 20 min.

Synchrotron XRD patterns of MAPbI; collected at room
temperature (Figure 2a) and ambient pressure confirms
a tetragonal polymorph (/4/mcm, No. 140) with lattice con-
stants of a,=8.8648(6) A and c¢,=12.6746(8) A. For this
phase, octahedral tilting is about the unique ¢ axis only and
the Glazer notation is a’a’c™. For the tetragonal (f) heterotype
derived from the cubic (c) aristotype, a, = a,v/2 and ¢,=2a..
At approximately 0.3 GPa, additional reflections appear at 26
~7.1° and 8.4°, which Pawley fitting (Figure S1 in the
Supporting Information) shows to be consistent with a cubic
bilayer supercell (s) (Im3, No. 204), where a,=2a, as
previously observed for the MAPbLBr; analogue,”” and
a high pressure polymorph of ReO;, where A site in ABX;

26 [
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Figure 2. Conventional XRD patterns of MAPbI; during a) compression and b) decompression. a) The ReO;-
type cubic supercell (a,) appears at 0.3 GPa (highlighted by broken-lined boxes) and becomes more abundant
to 2.3 GPa, before conversion into the putative orthorhombic polymorph at 2.7 GPa, and finally approaches X-
ray amorphicity above 3.5 GPa. b) Decompression from the amorphous mass restores the tetragonal phase at
0.58 GPa. c) and d) Representative 2D XRD patterns at specific pressures.

is vacant.®?! No evidence was found for the Pm3m
aristotype identified in a previous variable-temperature
study."”! Although the Pm3m reflections may substantially
overlap with those of the Im3 supercell, the conventional
primitive unit cell was not observed as a separate phase
(Figure S1). For comparison, temperature-dependent XRD
measurements were collected to 60°C (Figure S2) to demon-
strate reflections of the conventional Pm3m polymorph
persist at elevated temperature (Figure 2a and Figure S2).
Beyond 0.4 GPa, MAPbI; completely transforms to the
Im3 phase with a,=12.4076(8) A and tilt character a*a*a®,
with octahedral tilt of equal magnitude about all three axes
(Figure S1). For this polymorph, the cell volume contracts and
the Bragg reflections broaden as a function of the applied
pressure until 2.3 GPa. Prior to amorphization at 4.7 GPa, an
additional phase appearing at 2.7 GPa was identified, with 00/
reflections becoming triply degenerate (Figure S3). Such
splitting would be consistent with orthorhombic symmetry,
and by analogy with MASnL;*! may be an Immm (No.71)
polymorph with a*b*c™ Pbly tilting. Reports of an ortho-
rhombic high-pressure form of MAPbBr; remain ambigu-
ous.”>?! Beyond 2.7 GPa MAPbI, continues to amorphize to
near completion at 4.7 GPa, with no further change in X-ray
scattering character up to 6.4 GPa (also refer to 2D diffrac-
tion patterns in Figure 2c). Upon a gradual release of
pressure, the sample remains partially amorphous until
0.58 GPa without the appearance of the putative Immm
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polymorph (Figure 2b). However, the Im3 phase appeared at
0.58 GPa, and the I4/mcm was restored at 0.55 GPa (Fig-
ure 2b,d).

To determine the influence of the maximum applied
pressure and microstructural evolution during decompres-
sion, a series of experiments with different peak-pressures
were conducted. For example, using 3.5 GPa as the peak
pressure (Figure S4) the Immm structure was favored at
2.8 GPa, and the Im3 polymorph was recovered when the
pressure was reduced to 0.9 GPa. This confirms the recovered
structure during decompression is controlled by the peak
pressure. The decompression pattern collected at 1.37 GPa
was modelled using both Immm and Im3 polymorphs (Fig-
ure S5). However, the poor Pawley fit of the 004 reflection (at
20~9°) for the cubic polymorph indicates this phase(s)
resides on the borderline of the orthorhombic—cubic transi-
tion. This evidence supports the existence of the Immm
polymorph, but suggests it is metastable with respect to the
Im3 and I4/mcm polymorphs. The tetragonal structure forms
reversibly when the applied pressure does not exceed
8.0 GPa. Taken alone, Pawley fitted cell metrics do not
show a clear discontinuity as the symmetry varies (Figure S6),
but optical microscopy does show some distinct changes
(Figure S7).

Using the refined atomic fractional coordinates for Pb and
I in the ReOs-type Im3 cubic supercell as a basis, the
octahedral topologies in the cubic (c¢), tetragonal (f), and
ReOs-type cubic supercell (s) of the MAPDI; can be derived
(Figure 3).%* It should be noted that only the MA groups are
dynamic?”! and not included. The octahedral tilt angle in the
cubic supercells approaches around 15° in advance of the
appearance of the orthorhombic polymorph (refer to
Table S1).% The CIFs generated from the density functional
theory (DFT) calculations (see below) also show all the
relevant coordinates (Table S2).

Pm3m 14/mcm
aristotype 0 GPa
a°aa® a°a°c

a,=a\v2, ¢ =
22 © 22 O 3

Figure 3. Characteristic Pbl, octahedral and Glazer symbols of some
typical pressure-related polymorphs. The image for Immm polymorph
should be similar to that of Im3 with slightly different lattice
parameters along each axis and an octahedral tilt change (Glazer
symbol: ath’c").
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The MAPDI; polymorphs show discrete band gaps that
can be calculated from insitu pressure-photoluminescence
(PL) spectra during a compression (Figure 4a and Table S3)
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Figure 4. a) Measured photoluminescence spectra (right panel) and
calculated band gaps (left panel) of MAPbI; as a function of compres-
sion pressure at room temperature. b) The band gaps determined by
measurement and B3PW91 4 SOCpg calculations (also refer to

Table S2 in supporting information).

but are typically larger than those determined by absorp-
tion,” as the Tauc plot® was not calculated. At ambient
conditions, the PL spectrum shows a broad band at 764 nm,
equivalent to the band gap of 1.62 eV and in agreement with
previous reports.”*~*? The PL band of tetragonal perovskite is
believed to originate from a near-band-edge transition.**=!3]
Up to 0.3 GPa, PL of the I4/mcm structure shows a progres-
sive red shift (1.62 to 1.61 eV). In this pressure regime, the
DFT calculations find the band gap to decrease from 1.67 to
1.62 eV, in accord with the PL (Figure 4b).

With increasing Pbl octahedral tilt angles, the transition
of the Im3 polymorph to the suggested orthorhombic Immm
structure at 0.4 GPa leads to a blue-shifted PL spectra
accompanying an increase of the band gap from 1.64 to
1.69 eV. The pressure-dependent PL variations are similar to
those in the MAPbBT; system reported recently.”! The PL
band weakens substantially beyond 2.0 GPa, and vanishes at
2.7 GPa with the destabilization of the Im3 supercell. The PL
spectra during decompression are also instructive. For
example, when a peak-pressure of 6.4 GPa was applied, the
PL was annihilated upon release of pressure. In contrast, from
a peak-pressure of 3.5 GPa, weak PL band appears at
1.7 GPa, near the incipient recovery of the cubic supercell
(Figures S4,S5).

As PL correlates directly with polymorphism, conversion
from the low-pressure I4/mcm phase into the cubic [m3
supercell (< 0.4 GPa) offers a chemically independent means
of reducing MAPbI; band gaps, or directing the design of
novel organic—inorganic hybrid chemistries. When these two
strategies are applied in tandem, the judicious selection of
ionic ratios near polymorphic boundaries and the application
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of relatively low pressures could be deployed to extend the
absorption range over the long wavelength region for the
future photovoltaic device design.

To better understand the atomistic origin of the PL in
MAPbBI;, DFT calculations using the Perdew-Burke-Ernzer-
hof (PBE)P approach were undertaken to optimize atomic
positions, including London dispersion (van der Waals
attraction) using the empirical D3 correction of Grimme
et al.® to account for the strong hydrogen bonding between
MA cations and the tilted octahedra in MAPbI;.*® The band
gaps were then calculated using the B3PW91 flavor of DFT,
which has been validated to yield band gaps accurate to
approximately 0.09 eV.'"! Spin-orbit coupling (SOC) makes
a significant contribution in the MAPDI; system and was also
included. Owing to the rotational disorder of MA, the high
symmetry tetragonal and cubic phases were modelled using
a2 x2x2supercell, with two sets of MA cation configurations
that are energetically close (Figure S8), and the band gap
results were averaged according to Boltzmann distribution at
room temperature (Table S4). The predicted pressure-depen-
dent band gaps (Figure 4b), decreasing from 1.67 to 1.62 eV
up to 0.3 GPa, while increasing from 1.58 to 1.74 eV between
0.4 to 2.0 GPa, are in excellent agreement with the exper-
imental values (1.62 to 1.61 eV, 1.64 to 1.69 eV, respectively).
The success of our prediction from averaging over config-
urations is consistent with the fact that both tetragonal and
cubic phases are of thermally averaged structures.

In summary, the pressure-induced polymorphism and
band-gap tuning of MAPbI; were investigated using synchro-
tron XRD, and the trends in band gap extracted from laser-
excited photoluminescence (PL) spectra compared with the
DFT calculations. As illustrated in Scheme 1, MAPbI; under-
goes two high-pressure phase transformations from a tetrag-
onal polymorph (/4/mcm) at ambient pressure, to a suggested

...........

Cubic (Im3

orthorhombic

(Immm)
Tetragonal
’ (14/mem)
—1¢ i inot on scaie
:/.—1 atm H ! t | >
0.3 0.4 0.5, 0.5;0.9 1.7 2.7 35 47 64 8.0 GPa

Scheme 1. A schematic illustration of structure transition of MAPbI, as
a function of pressure (not on scale). “PL" represents photolumines-
cence observation. In the phases the top shading indicates with or
without PL, the bottom shadings indicate different phases.
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orthorhombic (Immm) form (2.7 GPa), through to an ReO;-
type (Im3) cubic supercell (0.4-2.7 GPa), and finally amorph-
ization above 2.7 GPa. The transition from [4/mcm to Im3
leads to a smaller band gap energy, whereas conversion from
the Im3 polymorph into the suggested Immm polymorph
reverses this trend. During decompression, crystallographic
restoration was dependent on the peak-pressure achieved.
Recovery from 6.4 GPa restored the Im3 polymorph from the
partially amorphized state at around 0.5 GPa. However, from
a peak pressure of 3.5 GPa the same structure was recovered
at 0.9 GPa owing to better preservation of long-range order at
the 3.5 GPa compared to 6.4 GPa. These studies provide
insights into the correlations between structure and band gap,
uncompromised by changes in chemistry. Changes in power
conversion efficiency (PCE) through the application of
external pressure can be mimicked through chemical tailor-
ing, where the introduction of ions in different sizes can
effectively modify internal pressure and stabilize new poly-
morphs. By chemically adjusting hybrid perovskite composi-
tions near to polymorphic boundaries, the application of
modest pressure can be sufficient to initiate phase changes
and band gap adjustments. This combined chemical-pressure
strategy may prove valuable in the design of new perovskites
for photovoltaic applications.
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