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SPECIAL TOPIC — Structures and properties of materials under high pressure
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Lead-free halide double perovskites have recently attracted significant attention due to their exceptional stability and
favorable band gaps, making them promising candidates for solar cell applications. However, the relationship between
their structural characteristics and intrinsic band gap remains under-explored. This study presents a method to investigate
the structure-band gap correlation in a typical halide double perovskite, MA,Ptlg (MA™T = CH3NH§F), using high pressure
techniques. The band gap of MA,Ptl is effectively reduced at two different rates of 0.063 eV/GPa and 0.079 eV/GPa
before and after 1.2 GPa, and progressively closes as pressure further increases. These optical changes are closely related
to the pressure induced structural evolution of MA,Ptlg. Moreover, a phase transition from trigonal (R-3m) to monoclinic
(P2/m) occurs at 1.2 GPa and completes by 2.0 GPa, driven by pressure-induced distortion of the [Ptlﬁ]z’ octahedra, which
is responsible for the variation of the band gap. These promising findings pave the way for potential applications in the

structural and band gap tuning of halide double perovskites.
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1. Introduction

Lead-free halide double perovskites (A,BXg, X = Cl, Br,
and I), in contrast to lead-based halide perovskites (APbX3),
are distinguished by their enhanced stability under diverse en-
vironmental conditions, eco-friendliness due to the absence
of harmful Pb, and ease of processing, positioning them as
promising green photovoltaic materials.!'] On one hand, the
structure of A>BXg features shorter and stronger B—X bonds
compared to the Pb—X bonds in APbX3, resulting in improved
stability against water and oxygen.[*>] On the other hand, the
shorter and stronger B—X bonds also significantly influence
the electronic structure of halide double perovskites A>BXg,
leading to increased electron cloud overlap, a smaller band
gap, and a more favorable alignment with the solar spectrum
for high power conversion efficiency.!%7! Despite these advan-
tages, understanding their fundamental structure—optical prop-
erties remains essential for practical applications.

High pressure is an effective technique for precisely tun-
ing optical properties by shortening atomic distances and en-
hancing electron orbital coupling, thereby altering the elec-
tronic and crystal structures and providing deeper insights
into the structure—optical properties relationship.!®'! Re-
cent studies have demonstrated that applying high pressure
to perovskites can induce various changes, including shape
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changes, phase transitions, band gap modulation, and alter-

s.112-151 For instance, Li er al.[16:17]

ations in carrier dynamic
employed high pressure to tune the band gap of lead-free
Csy AgBiBrg double perovskite, offering new perspectives for
the development of advanced perovskite-based devices. Wang
et al.'"8 and Meng er al.l"”) observed dramatic piezoceram-
ics in (NHy4),SeBrg, along with the formation of Br—Br bonds
between the [SeBrg]?>~ octahedra, marking the first observa-
tion of such a phenomenon in halide perovskites. Therefore,
it is essential to investigate the structure—optical properties of
double halide perovskites through pressure engineering.

Here, we systematically investigate the pressure-
dependent structure—optical properties of the double per-
ovskite MA,Ptlg (MA™T = CH3NH§r) using in situ high pres-
sure ultraviolet-visible (UV-vis) absorption, angle-dispersive
x-ray diffraction (ADXRD), Raman, and infrared (IR) spec-
troscopy. The results reveal that MA,Ptlg undergoes a struc-
tural phase transition from trigonal (R-3m) to monoclinic
(P2/m). As the pressure increases, the absorption edge of
MA,Ptlg exhibits a gradual red shift, while its intrinsic band
gap continuously narrows. This study deepens the understand-
ing of the structure—optical properties of lead-free halide dou-
ble perovskites and paves the way for future advancements in

their optoelectronic applications.

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

086106-1


https://doi.org/10.1088/1674-1056/adce9e
https://cstr.cn/32038.14.CPB.adce9e
mailto:ruijingfu_wyu@163.com
mailto:wanglr@zzu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 34, 086106 (2025)

2. Experimental methods
2.1. Sample preparation and high pressure generation

The crystal of MA,Ptlg was synthesized according to
the procedure described in previous reports.?’! The simulated
ambient structure of MA;Ptls was generated using CCDC-
1848509.1201

In situ high pressure experiments were conducted using
a symmetric DAC apparatus equipped with a pair of 400 um
culet diamonds at ambient conditions. A T301 stainless steel
gasket was pre-indented by the diamonds and drilled to cre-
ate a 150 pm diameter cavity for sample loading. The crystal
sample was enclosed within the gasket hole along with a ruby
ball for pressure determination via the standard ruby fluores-
cence technique. Mineral oil was employed as the pressure-
transmitting medium.

2.2. High pressure experiment

In situ high-pressure optical and structural characteriza-
tions, including absorption, Raman, IR, and ADXRD mea-
surements, were carried out using the following setups:

Absorption measurements were performed using a
deuterium—halogen light source (DH-2000-BAL, Ocean In-
sight) and an optical fiber spectrometer (QE65PRO, Ocean In-
sight), with additional components provided by Light & Mi-
crovision Industrial Technology Co., Ltd.

Raman measurements were conducted using a 532 nm,
8 mW excitation laser (MSL-U-532 nm, Cnilaser) and a Ra-
man spectrometer (HRS-500MS, Princeton Instruments) cou-
pled to a high-sensitivity, thermoelectrically cooled charge-
coupled device (CCD) detector (PIX-256E, Princeton Instru-
ments).

IR measurements were conducted using a Nicolet iN10
FT-IR micro-spectrometer.

ADXRD experiments were conducted at the 15U1 beam-
line, Shanghai Synchrotron Radiation Facility (SSRF).

3. Results and discussion

Considering the important role of the band gap in pho-
tovoltaic field, we conducted in sifu high-pressure UV-vis ab-
sorption spectroscopy experiments to show the pressure effect

[20.211 The absorption spec-

on optical properties of MA,Ptlg.
tra of MA,Ptlg under high pressure are shown in Fig. 1(a).
It can be observed that the absorption edge of MA;Ptls ex-
hibits a continuous red shift as pressure increases, progres-
sively moving into the infrared and fully transitioning into the
infrared region at 10.2 GPa. The absorption spectrum almost
returns to its initial state upon decompression, as illustrated in
Fig. 1(b). Furthermore, we used the Tauc plot method to cal-
culate the band gap values of MA;Ptls at different pressures.
Previous works have indicated that MA,Ptlg shows the nature

of an indirect band gap.?>?3] As shown in Fig. 1(c), the band

gap of MA,Ptlg at ambient conditions is 1.32 eV. We obtained
the band gaps of MA,Ptls at various pressures, as depicted
in Fig. 1(d), and conducted a linear fit on these values. The
rate of band gap reduction before 1.2 GPa is 0.063 eV/GPa,
while beyond this pressure, it increases to 0.079 eV/GPa. This
phenomenon indicates that MA,Ptlg may undergo a structural
phase transition at 1.2 GPa. It is well known that the [Ptls]*~
octahedra are responsible for the alterations in the electronic
structure near the band edges, thereby determining the band
gap.>*l The observed decrease in the band gap of MA,Ptlg
reflects alterations in the electronic structure, driven by the
evolving configuration of the [Ptls]*~ octahedra.

To further identify the microscopic mechanism of struc-
tural changes and their correlation with the optical properties
of MA,Ptlg, we carried out in sifu high pressure ADXRD ex-
periments. The maximum pressure achieved in our experi-
ment was 21.3 GPa (Fig. 2(a)). The initial ADXRD pattern
at 0.0 GPa reveals that the MA;Ptl¢ structure is the pure trigo-
nal phase with the space group R-3m, consistent with previous
studies.?°! As pressure increases, all diffraction peaks shift to
higher angles, indicating the pressure-induced decrease in lat-
tice parameters. However, new peaks emerge at 1.2 GPa, sig-
naling the occurrence of a phase transition.[>>>°! By 2.0 GPa,
the phase transition is complete, indicating the presence of a
phase transition zone between 1.2 GPa and 2.0 GPa. This new
phase persists up to 21.3 GPa. In Fig. 2(b), the refinement of
the simulated ADXRD patterns corresponds well with the ex-
perimental data. At ambient conditions, the ADXRD pattern
matches the trigonal phase, and the Pawley refinement yields
lattice parameters of a = b = 7.9597(2) A, ¢ = 22.79(1) A,
o= =90° and y = 120°. At 2.5 GPa, Pawley refinement
shows that it matches the monoclinic phase (P2/m) with lat-
tice parameters of a = 7.7165(3) A, b = 8.1418(9) A, ¢ =
23.9169(1) A, o = 90°, B =91.95(1)°, and y = 90°.[>"] The
refinement R factors are Ry = 2.00% and Ryp = 0.99% at
2.5 GPa, confirming that MA,Ptls undergoes a phase tran-
sition with symmetry reduction from trigonal to monoclinic
phase under high pressure.”®! From the above discussion, a
phase transition zone between 1.2 GPa and 2.0 GPa is evident,
during which the structure transforms from trigonal (R-3m) to
monoclinic (P2/m). This transition is driven by the progressive
distortion of the [Ptlg]>~ octahedra, particularly the changes
in Pt-I bond lengths and I-Pt-I bond angles, which result in
variations in the slope of band gap reduction. Moreover, this
new monoclinic phase remains stable up to 21.3 GPa. Upon
decompression, the crystal structure of MA,Ptlg reverts to its
original trigonal phase (space group R-3m). Pawley refine-
ment of the released ADXRD pattern yields lattice parameters
ofa=b=7.9139(1) A, c =22.4742(1) A, o« = B = 90° and
Y= 120°. This reversibility indicates that the pressure-induced
monoclinic phase transition is reversible, exhibiting some de-
gree of pressure hysteresis, with the material returning to its
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original structural state upon pressure release. [>°] count for the pressure-induced stiffening of the MA,Ptl¢ lat-
The variations in cell volume and cell parameters of  tice, we fit their pressure—volume relationships to the third or-

MA,PtIs upon compression are presented in Fig. 3. To ac-  der Birch-Murnaghan equation of state (Fig. 3(a)) as3%3!]
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Fig. 1. (a) Selected optical absorption spectra of MA;,Ptls under varying pressure. (b) Comparison of the optical absorption spectra of MA;Ptlg
at ambient conditions and after pressure release. (c)—(d) The indirect band gap Tauc plot under ambient conditions and the band gap evolution
of MA,Ptls during compression and decompression, respectively. The symbol size covers the size of the error bars. The shaded area represents
the phase transition zone.
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Fig. 2. (a) Pressure-dependent in situ synchrotron ADXRD patterns of MA;,Ptls in compression up to 21.3 GPa. The phase transition is
concluded since new peaks can be identified. (b) Refinements of the experimental ADXRD data at 0.0 GPa, 2.5 GPa and after decompression
to ambient conditions.
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L) (2)
(o[ ()}

where By is the bulk modulus at atmospheric pressure, By, is
a parameter for the pressure derivative, and Vjy is the zero
pressure volume. Under pressure, MA,Ptlg exhibits signif-
icant changes in compressibility below 1.2 GPa. As pres-
sure increases, the pressure—volume profile exhibits a dis-
continuous change. Fitting the third-order Birch—-Murnaghan
equation of state for the monoclinic phase of MA,Ptlg yields
By = 42.49 GPa, indicating low compressibility. To further
study the structural variation, we investigate the evolution of
The high

pressure behavior of the a axis is found to be equal to that of

lattice constants of MA,Ptlg upon compression.

the b axis, while the compressibility of the a (b) and ¢ axes is
anisotropic under mild pressure (< 1.2 GPa) (Fig. 3(b)). No-
tably, the three axes (a, b, and ¢) show different compression
rates beyond 1.2 GPa. This indicates that the local structure

of the [Ptlg]?>~ octahedra has been distorted, which in turn al-
ters the electronic cloud distribution within the [Ptlg]*~ coor-
dination, and is responsible for the band gap closing observed
during compression.

1700
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Fig. 3. (a) Pressure dependence of the unit cell volume of MA,Ptl; fitted by
the third-order Birch—-Murnaghan equation of state. (b) Lattice parameters
at different pressure. The shaded area represents the phase transition zone.
Initially, the unit cell contains Z = 3, and after the phase transition, it con-
tains Z = 4. Therefore, “V x 4/3” is utilized to more effectively compare
the volume changes before and after the phase transition.
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Fig. 4. (a) High pressure Raman spectra of MA,Ptlg in the region of 40-280 cm™! and (c) the corresponding frequency shift with increasing
pressure. (b) High pressure IR spectra of MA;Ptlg and (d) the corresponding frequency shift as pressure increases.

We also performed in sifu high-pressure IR spectroscopy
experiments to investigate the impact of structural changes
in the inorganic octahedron on the local lattice vibrations of
MA,Ptlg and the high pressure behavior of the organic MA™
cations under compression. Figures 4(a) and 4(c) show the
in situ Raman spectra of MA;,Ptlg and the corresponding
frequency shifts as a function of pressure. Under ambient
conditions, three main Raman vibrational modes in the low

-1

wavenumber range of 40-280 cm™"' can be observed, corre-

sponding to lattice vibrations associated with Pt—I vibration.

Based on previous studies, the band at 61 cm™!

corresponds
to the triply degenerate bending vibration v; (T2g), the band
at 126 cm™! corresponds to the antisymmetric stretching vi-
bration v, (Eg), and the band at 148 cm™~! corresponds to the
symmetric stretching vibration v3 (Ajg).1**) As pressure in-
creases, all modes shift to higher frequencies, consistent with
the contraction of the [Ptlg]*~ octahedron and the reduction
of the band gap. It can be observed that the v, peak broad-
ens at 1.1 GPa and subsequently splits into two modes with

increasing pressure, indicating local distortion in the [Ptls]*~
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octahedron. The pressure-induced Raman peak variations of
MA,Ptlg are consistent with its XRD evolution, reflecting the
structural transition under compression. Given that hydrogen
bonding connects the organic MA™ part and the inorganic
[Ptlg]>~ octahedron, we further performed in sifu IR spec-
troscopy to explore the vibrational modes of MA™. As shown
in Figs. 4(b) and 4(d), the vibrational modes related to the or-
ganic group CH3NH; rock (901 cm™") and C-N (970 cm™!)
stretch exhibit a blue shift with increasing pressure, indicating
significant hardening of the organic cations, enhanced C-N in-
teractions and reduced bond lengths. In contrast, the stretching
of N-H observed at 3000 and 3250 cm™!, along with the bend-
ing of C-H and N-H modes in the IR spectra between 1400
and 1600 cm™', exhibits a substantial red shift, signifying the
strengthening of hydrogen bonding between the organic MA™
cations and the inorganic [Ptls]*>~ octahedra.[>3-3¢] The high
pressure Raman and IR results reveal that the organic MA™
skeleton undergoes minor distortion, while the [Ptlg]?~ octa-
hedra undergo significant tilting distortions, with both com-
ponents remaining interconnected through hydrogen bonding.
Hence, it can be concluded that the asymmetry of MA™, medi-
ated by hydrogen bonding interactions with the surrounding I
ions, influences the [PtIg]>~ octahedra and subsequently alters
the optical properties.

4. Conclusions

In summary, we successfully narrowed the band gap of
MA;Ptlg through high-pressure treatment. Under high pres-
sure, the band gap of MA,Ptlg decreases with two distinct
rates, resulting from the shrinkage and distortion of [Ptlg]*~
coordinated environment. These inorganic local structural
changes, including shrinkage and distortion, induce a phase
transition from trigonal (R-3m) to monoclinic (P2/m). Ad-
ditionally, the MA™ organic skeleton undergoes distortion
through hydrogen bonding interactions. The hydrogen bond
between the asymmetric organic cation and the inorganic
framework strengthens under high pressure, affecting the inor-
ganic [Ptlg]>~ octahedra and, consequently, the optical prop-
erties. This work demonstrates the critical role of high pres-
sure in modifying both the band gap and structure, offering
deeper insights into the structure—property relationships of
halide double perovskites for their future photovoltaic appli-
cations.
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