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ABSTRACT: We report the metallization of the hybrid
perovskite semiconductor (MA)Pbl; (MA = CH;NH,")
with no apparent structural transition. We tracked its
bandgap evolution during compression in diamond-anvil
cells using absorption spectroscopy and observed strong
absorption over both visible and IR wavelengths at
pressures above ca. 56 GPa, suggesting the imminent
closure of its optical bandgap. The metallic character of
(MA)PbI; above 60 GPa was confirmed using both IR
reflectivity and variable-temperature dc conductivity
measurements. The impressive semiconductor properties
of halide perovskites have recently been exploited in a
multitude of optoelectronic applications. Meanwhile, the
study of metallic properties in oxide perovskites has
revealed diverse electronic phenomena. Importantly, the
mild synthetic routes to halide perovskites and the
templating effects of the organic cations allow for fine
structural control of the inorganic lattice. Pressure-induced
closure of the 1.6 eV bandgap in (MA)PbI, demonstrates
the promise of the continued study of halide perovskites
under a range of thermodynamic conditions, toward
realizing wholly new electronic properties.

Halide perovskites are a family of crystalline solids that
exhibit exceptional semiconductor properties. These
properties have been leveraged in various optoelectronic
applications such as photovoltaics,' light-emitting diodes,”
and white-light phosphors.” The three-dimensional hybrid
perovskite (MA)Pbl; (MA = CH,;NH,;") has recently been
used as a light absorber in low-cost and high-efliciency solar
cells owing to its solution-state synthesis, direct bandgap (E,)
of ca. 1.6 eV, and long carrier lifetime and diffusion length.1
Notably, halide perovskites have compressible lattices and their
electronic properties display a large pressure response.4 Lattice
compression can promote exotic behavior in solids, includin

induced® or enhanced’ superconductivity, magnetic ordering,

and metallization.® Indeed decades of high-pressure inves-
tigations of semiconductors have afforded valuable insight into
their electronic properties. High-pressure studies also provide
important experimental calibration for theoretical models of
solid-state properties that rely on interatomic distances—a
parameter that can be systematically varied with lattice
compression.” While oxide perovskites exhibit diverse elec-
tronic structures ranging from insulators to superconductors, all
two- and three-dimensional halide perovskites reported to date
have bandgaps of ca. 1-3 eV. Therefore, pressure is an
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important dial for accessing still greater electronic diversity
from this large and tunable family of materials.

We recently tracked how the pressure-induced structural
evolution of (MA)PbI; corresponded to changes in its
photophysical and transport properties using high-pressure
single-crystal and powder X-ray diffraction (PXRD), photo-
luminescence, and conductivity measurements obtained durin%
compression of the perovskite in diamond-anvil cells (DACs)."
Several other studies have also investigated the behavior of this
perovskite upon compression, albeit in relatively low-pressure
regimes (below 10 GPa)."*™'" To our knowledge, the optical
absorption of (MA)PbI, has only been measured up to 4.4
GPa''? and compression below this pressure has only tuned its
bandgap by ca. 0.3 eV.'”"" Notably, our room-temperature
resistivity measurements up to ca. S0 GPa showed a rapid
increase in conductivity above 30 GPa, yielding a maximum of
15 S:em™ at 51 GPa.'® This conductivity increase was
accompanied by a decrease in the activation energy (E,) of
conduction (from 19.0(8) meV at 47 GPa down to 13.2(3)
meV at 51 GPa). The trends of increasing conductivity and
decreasing E, suggested an eventual metallic transition at higher
pressures. However, the material’'s properties above 51 GPa
have not been reported. Herein, we report the metallization of
(MA)PbI; through apparent bandgap closure at pressures
above 60 GPa. We track this metallic transition using high-
pressure absorption spectroscopy, IR reflectivity, and temper-
ature-dependent four-point dc conductivity measurements.
This semiconductor-to-metal transition indicates the realization
of a new electronic structure and transport properties in this
technologically important hybrid material.

We tracked the bandgap evolution of (MA)Pbl; during
compression in DACs by measuring absorption spectra across
visible and IR wavelengths (Figures 1, S1, and S2). Pressure
values were measured using ruby fluorescence and their errors
(of ca. 5%) are discussed in the Supporting Information. Our
lower-pressure measurements are consistent with prior reports
of the material’s optical behavior under pressure.'”'" Previous
work showed an initial bandgap redshift during compression
within the low-pressure a phase, followed by blueshifting
during and after transitioning to the cubic # phase above 0.3
GPa.'”"" Subsequent compression within the / phase was then
shown to yield a slight bandgap redshift, followed by further
blueshifting upon the onset of the high-pressure, partially
amorphous y phase at ca. 3 GPa.'”""*”* These changes were
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Figure 1. (A) Variable-pressure optical absorption spectra for (MA)PbI; at visible and IR wavelengths, showing the redshift of the direct bandgap
(Eg) with increasing pressure above 6.0 GPa. (B) E, as a function of pressure calculated from direct-bandgap Tauc plots. (C) Reflectivity of
(MA)Pbl;—diamond above the metallization pressure (orange and red lines), showing Drude-like modes at low frequency, diagnostic of metallic
behavior. The reflectivity spectrum at low pressure is shown for comparison (blue line). Strong diamond absorption occurs in the gray region.

reported for the relatively low-pressure regime from ambient
pressure up to 4.4 GPa. Here, we show that with further
compression within the partially amorphous y phase, the
bandgap continues to blueshift until 6.0 GPa (Figures 1B and
S1). Above 6.0 GPa, the E, continually decreases with
increasing pressure (Figure 1A,B). At ca. 35 GPa, a slight
discontinuity in the evolution of E, during compression occurs
(Figure 1B), after which E, decreases more rapidly with
increasing pressure. Interestingly, we previously found that the
electronic conductivity of (MA)Pbl, sharply increases upon
compression above ca. 35 GPa,'’ corroborating altered
electronic behavior at this pressure. Bandgap determination
becomes difficult above 51 GPa because of strong absorption
(Figure S2).

Considering the strong absorption above ca. 56 GPa, even at
low energies, we measured IR reflectivity to determine if the
material had undergone a transition from semiconducting to
metallic behavior. Indeed, at 60 GPa we observe a Drude-like
mode’ below ca. 0.2 eV, showing sharply increasing reflectivity
with decreasing frequency, in contrast to a spectrum recorded
at lower pressure (Figure 1C). This indicates the transition of
(MA)PbI, to a metallic state. We observe a slight increase in
overall reflectivity with further compression to 64 GPa, the
highest pressure for which we measured spectra.

To independently confirm the transition of (MA)PbI, from a
semiconductor to a metal, we measured its temperature-
dependent dc conductivity under pressure. The measurement
was performed using a four-point electrode configuration to
eliminate contact resistance. In a semiconductor, electronic
conductivity (o) increases with increasing temperature (T). In
this case, electronic conductivity follows Arrhenius behavior,
yielding a linear relationship between In(s) and T~". The slope
of this line gives —E,/R, where R is the gas constant and E, is
the activation energy of conduction. In contrast, metallic
systems show decreases in ¢ with increasing temperature due to
increased carrier scattering induced by lattice vibrations.

The temperature-dependent conductivity of (MA)PbI, at 50
GPa is consistent with our prior results obtained at similar
pressures.10 At this pressure, we obtain a room-temperature
conductivity value of 0.57 S-cm™". A linear fit of the Arrhenius
relation (Figure 2) gives an E, of conduction of 19.2(3) meV,
indicating that the material is still semiconducting. We then
compressed the material above pressures for which optical
reflectivity measurements indicated the transition to metallic
behavior. At 62 GPa, we measure room-temperature con-
ductivity of 6.6 S-cm™'. Furthermore, the conductivity now
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Figure 2. Arrhenius plot of the temperature dependence of
conductivity in (MA)Pbl; at SO (red) and 62 GPa (blue). At SO
GPa, the conductivity shows the expected behavior for a semi-
conductor, with higher conductivity at higher temperature. A linear fit
yields an activation energy (E,) of conduction of 19.2(3) meV. At 62
GPa, (MA)Pbl; shows decreasing conductivity with increasing
temperatures (a gray bar is drawn to guide the eye), indicative of
metallic behavior, where conduction is not thermally activated.

decreases with increasing temperature (Figure 2), confirming
the absence of thermally activated conduction. This behavior is
a hallmark of metallic character.

Based on a simple linear extrapolation of E, as a function of
pressure (Figure S3), (MA)PbI; should not metallize through
bandgap closure until ca. 75 GPa. To determine if a structural
phase transition was responsible for the earlier onset of metallic
behavior at 60 GPa, we obtained PXRD data on (MA)Pbl, up
to 66 GPa (Figure S4). Previous work has shown that
(MA)PbI; undergoes a phase transition at ca. 0.3 GPa (@ to
S phase), followed by the onset of partial amorphization
between 2.5 and 2.9 GPa (B to y phase)."”"""™® With
continued compression, we previously reported that this
partially amorphous y phase, where some crystalline reflections
are maintained, is retained up to ca. 50 GPa."’ In our current
PXRD measurements up to 66 GPa, we continue to see no
evidence of a first-order structural phase transition, as reflected
by the monotonic evolution of the diffraction peak positions
and amorphous signature with compression. However,
decreases in octahedral tilting and increases in Pb—I bond
compression could yield nonlinear decreases in E; without
causing changes to overall lattice symmetry (similar to the
discontinuity observed at ca. 35 GPa). Since the material is
partially amorphous, structural changes on a more local scale
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may also play a role in the metallization onset. Additionally,
non-hydrostatic pressure conditions may cause portions of the
sample to experience higher stress than the bulk, leading to
early metallization. Similar to our previous report that the
pressure-induced structural and optical changes in (MA)PbI,
are reversible,'” we find that the original @ phase is recovered
upon decompression from 66 GPa back to ambient pressure
(Figure SS). This reversibility indicates that the metallization is
likely not a result of irreversible material decomposition.

All materials are expected to eventually become metallic,
given sufficient compression.12 Compression can increase
orbital overlap, leading to increased band dispersion. However,
the pressure responses of electronic bands and their positions
relative to each other are also dictated by the structure and bulk
symmetry of a particular material. Therefore, the pressures at
which metallization occurs through bandgap closure can vary
enormously depending on material structure and composition.
We previously reported the electronic structure for the
crystalline 8 phase of (MA)PbI,.'® Similar to its a-phase
band structure, here too the valence-band maximum is
predominantly derived from I Sp states (mixed with Pb 6s
states) while the conduction-band minimum is primarily Pb 6p
in character. Bandgap closure above ca. 60 GPa in the y phase
thus likely involves overlap of these band edges, although the
precise physical and electronic structure of the partially
amorphous y phase remains to be elucidated.

Bandgap closure allows for electronic itinerancy, which, when
combined with electron—electron correlations and electron—
phonon coupling (observed in these soft metal halide lattices) "’
has been implicated in transport phenomena such as super-
conductivity. Indeed, the coupling of charge carriers to the
lattice (or polaron formation) has been invoked to explain
unusual characteristics in halide perovskites, such as long carrier
lifetimes in 3D perovskites'* and white-light emission from 2D
perovskites.” Furthermore, the perovskites CsPbl; and CsSnl,
have been predicted to become topological insulators (bulk
insulators with metallic surface states) under high pressure,'’
which requires gapless surface states.

Material compression has led to large increases in
conductivity in 2D Cu—Cl perovskites'® and decreased the
bandgaps of 2D Pb—I'" and Pb—I-SCN'® perovskites down to
ca. 2 eV. Similarly, the bandgaps of the 3D perovskites
(MA)PbL,'>"" (MA)PbBr,,'” (FA)PbBr," (FA = H,NCH=
NH,*), and (FA)PbI,*° have been tuned by ca. 0.3 €V in
relatively low pressure regimes. Importantly, in many of these
cases the E, increases with mild compression and in all cases
these materials remain as semiconductors at the pressures
studied. Metallic conductivity has been reported in the tin
perovskites ASnl; (A = MA, FA, Cs) at ambient pressure.”'
However, these materials have bandgaps of ca. 1.3 eV and the
source of the high conductivity has not been linked to bandgap
closure. Instead, conductivity arises from spontaneous hole
doping through the facile oxidation of the Sn Ss-based valence
band, affording empty states at the top of this highly dispersed
band.”'*** To our knowledge, the only halide perovskites
previously reported to show bandgap closure at high pressures
are the mixed-valence double perovskites: Cs,Au'Au™X; (X =
CI7, Br™, or I").2® Here, electronic delocalization between the
gold centers at high pressures is thought to contribute to the
conductivity.*

In contrast to halide perovskites, the transport properties of
oxide perovskites have been studied for decades to yield
extremely diverse electronic platforms: insulators, semiconduc-

tors, conductors, and even high-temperature superconduc-
tors.”* Although high-temperature routes (often well above 500
°C) are commonly required to synthesize oxide perovskites,*®
judicious choice of inorganic ions can exert substantial
structural control over the lattice.”® The solution-state
syntheses of halide perovskites under ambient conditions
allow for additional control of the inorganic lattice through
templating interactions with organic cations that can be
systematically varied. Herein, we have shown that the hybrid
perovskite (MA)PbL;, which has come under intense recent
scrutiny for its exceptional photovoltaic and other optoelec-
tronic properties, exhibits wholly new transport properties at
pressures of ca. 60 GPa. At this pressure and above, (MA)Pbl,
exhibited a Drude-like mode at low frequency in IR reflectivity
measurements, which is diagnostic of a metallic state. As
independent confirmation of metallic character, metallic
conduction behavior was observed in variable-temperature dc
conductivity measurements. Our work demonstrates that the
bandgap of (MA)PbI, can be continuously decreased from 1.6
to ca. 0 eV through compression and motivates further
exploration of the high-pressure behavior of the large and
diverse family of halide perovskites.
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