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This study addresses the challenges of poor thermodynamic and
structural stability in copper-based perovskites under extreme
conditions. By replacing hygroscopic cations with hydrophobic
ones like phenylmethylammonium (PMA), the stability of these
materials is significantly enhanced. Two-dimensional copper-
based perovskites, (PMA),CuCl, and (PMA),CuBr4, are examined
for their large band gap tunability, focusing on thermo- and
piezo-chromism. Temperature-dependent transmission and reflec-
tance measurements show that the band gaps narrow by ~70 nm
(from 466 to 536 nm) for (PMA),CuCl, and by ~ 87 nm (from 472 to
559 nm) for (PMA),CuBr, across the temperature range of 20—
320 K. Pressure-dependent transmission reveals that a redshift in
the band gap occurs, shifting from 476 to 546 nm (~70 nm) up to
10.94 GPa for (PMA),CuCl, and from 482 to 572 nm (~ 90 nm) up to
10.86 GPa for (PMA),CuBr; under ambient conditions. These
changes are reversible, confirming the stability under extreme
conditions. The observed significant thermo- and piezo-chromic
effects make the materials very functional for use in color tuning
and temperature and pressure sensor applications. Additionally, the
comparison of thermo- and piezo-chromism shows that even
if electron—phonon interactions play an important role in both
phenomena, the changes in lattice parameters induced by tem-
perature (expansion) and pressure (compression) are fundamentally
different, leading to distinct mechanisms of energy gap narrowing.

1 Introduction

Two-dimensional (2D) lead halide organic-inorganic perovs-
kites have received considerable attention in recent years due to
their large exciton binding energy, high photoluminescence
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quantum yield, and versatile exciton radiative recombination
processes, which are desirable for micro/nano-lasers and high-
efficiency light-emitting diodes (LEDs)."**> However, the wide-
spread use of lead-based perovskites is hindered by the toxicity
of the lead component, limiting their commercial applications
in optoelectronic devices. In order to optimize the utility of
perovskites, researchers have explored alternatives by replacing
the toxic Pb with environment-friendly elements, including
Sn(u), Ge(u), Bi(u), Sb(n), and the transition metal Cu(u)."*"*®
Among these, Cu, a low-cost, earth-abundant, and non-toxic
element, has emerged as a promising substitute for Pb in 2D
perovskite materials. Cu-based perovskites have demonstrated
similar or superior electronic and optical properties compared
to Pb-based perovskites, including efficient charge transporta-
tion in metal-halide octahedral layers, high thermodynamic
stability, low-cost synthesis, and environmental inertness,
making them suitable for commercial applications.'®***° Despite
these facts, key challenges remain for Cu-based perovskites, such
as limited absorption coefficient and insufficient long-term
stability.'"® One promising strategy to overcome these limitations
involves replacing hygroscopic cations with more hydrophobic
cations, like phenylmethylammonium (PMA), which enhances
material stability under extreme conditions, including exposure
to heat, pressure, UV light, and humidity,*** but further studies
of these compounds are still needed.

Piezochromism involves color or luminescence changes
under pressure and has gained interest in crystalline systems
such as halide perovskites and metal-organic frameworks.
So far, only a limited number of studies have explored crystals
of perovskites under high pressure.?*** In addition, thermo-
chromism refers to the reversible color change of materials in
response to temperature variations. This property has attracted
increasing interest for applications in smart coatings,® energy-
saving systems,”” and temperature sensors.>® Thermochromic
materials are also useful in environments where conventional
temperature monitoring is difficult.>® In hybrid perovskites,
thermochromism is often linked to structural changes, including
lattice distortion. For example, copper-based layered perovskites
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show reversible transitions from orange to red, while inorganic
compounds like Cs;Sb,I, and Cs,AgBiBr, shift from red to brown
with temperature.>®2

Copper-based halide perovskites, such as (PMA),CuCl, and
(PMA),CuBr,, are promising materials for applications in solar
cell absorbers, scintillators, and LEDs.**** To recognize their
utilities in mentioned applications as well as other applica-
tions, it is essential to examine their behavior under varying
temperature and hydrostatic pressure conditions. The flexible
crystal structures of perovskites, combined with significant lattice
expansion induced by temperature, provide a viable approach to
modulate the material properties in a controlled manner, such as
tuning the band gap.**™’” Understanding the effects of tempera-
ture and hydrostatic pressure on these materials is crucial, as both
factors can induce significant changes in the crystal structure.
This opens new possibilities for copper-based hybrid perovskites
to be used as thermometers or impact/stress indicators, thanks to
their color and electronic conductivity changes upon temperature
and pressure variations.*>®

While absorption () and reflectance (R) have been exten-
sively studied under varying temperature or hydrostatic pres-
sure conditions for various 2D perovskites,'®*°*® such studies
are rare for copper-based hybrid perovskites. Moreover, there
are no reports on temperature-dependent experiments for
(PMA),CuCl, and (PMA),CuBr, specifically and no studies on
the effect of pressure on (PMA),CuCl,.

In this article, we investigate the thermo- and piezo-chromic
properties of (PMA),CuCl, and (PMA),CuBr, perovskites.
Absorption and reflectance spectra show a temperature-
induced redshift of the absorption edge, consistent with band
gap narrowing in both investigated perovskites. Similarly,
pressure-driven transmission measurements reveal a redshift
of the absorption edge under increasing hydrostatic pressure,
leading to a visible color change. Moreover, the fundamental
energy gap for both was found to be indirect.

2 Results and discussion

Prior to discussing the thermo- and piezo-chromic properties of
the (PMA),CuCl, and (PMA),CuBr, perovskites, we first character-
ized the crystallinity order, vibrational properties, and chemical
states of the compounds using X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), Raman spectroscopy and
X-ray photoemission spectroscopy (XPS). The structural charac-
terization of the studied perovskites confirmed their high quality.
In particular, the structural order of the 2D Ruddlesden-Popper
(RP) phase according to its XRD analysis and inorganic network
connectivity and optimized geometric calculations. A detailed
description of the experimental results, analysis and methods is
provided in Fig. S1-S14 in the SIL

2.1. Thermochromism in (PMA),CuBr, and (PMA),CuCl,
halide perovskites

After successful synthesis and fundamental structural charac-
terization under ambient conditions, absorption (x) and
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reflectance (R) spectra were measured for both perovskites as
a function of temperature to investigate their thermochro-
mism. Fig. 1(a) shows the absorption spectra of (PMA),CuBr,
as a function of temperature, measured between 20 and 320 K,
to analyze the temperature dependence of the fundamental
energy gap, while Fig. 1(b) presents the R spectra measured in
the range of 30 to 320 K.

From the o« measurements, it was observed that the energy
gap narrows linearly with increasing temperature for both the
direct and indirect band gaps, as shown in Fig. 1(c).
Specifically, the energy gap decreases by 342 meV (~63 nm
from 450 to 513 nm) for the direct gap and 426 meV (~87 nm
from 472 to 559 nm) for the indirect gap, respectively, between
20 and 320 K. This exceeds the narrowing typically observed for
group III-V semiconductors (70-90 meV)*® and other perovs-
kites measured in the same temperature range.’*”' Such a
significant temperature-dependent narrowing of the energy gap
also leads to visible thermochromism, where the material
undergoes a noticeable color change with increasing tempera-
ture. As the energy gap decreases, the material absorbs light at
different wavelengths, resulting in a visible change in color,
from green at 20 K to yellow at 320 K. The reduction in the
energy gap and the change in the color of the studied samples
are also confirmed by R measurements. However, due to the
presence of a transparency region near the indirect transition,
accurately determining the transition energy at each tempera-
ture was challenging.

As in other semiconductors, the narrowing of the energy gap
with increasing temperature is related to lattice expansion and
enhanced electron-phonon interactions.®® The temperature
dependence of the band gap can be typically described using
the Varshni relation®*:

(a7?)

Ey(T) = Eo(0) — B+ 1) 1)
where E,(0) is the energy of the optical transition at 7= 0 K, and
o and f are the material constants. This relation is non-linear at
low temperatures but becomes nearly linear when T » f,
allowing for a linear approximation as the first-order approach.

To determine the nature of the absorption edge (whether
related to a direct or an indirect band gap), the «* and /a
spectra were compared with the R spectra. From this compar-
ison, it was concluded that the fundamental energy gap in
(PMA),CuBr, is indirect with a value of 2.23 eV under ambient
conditions.

Previous studies on this materia identified a funda-
mental band gap, with a value of approximately 1.80 eV under
ambient conditions. According to our studies, this value actu-
ally corresponds to the d-d band in the perovskite.”* The d-d
band in perovskites refers to an electronic transition involving
the d orbitals of transition metal ions in the structure. This
transition can influence the optical absorption and emission
properties of perovskites. However, in this case the d-d absorp-
tion occurs in the infrared range, making it invisible to the
naked eye. Therefore, it is not discussed in detail in the context
of thermo- and piezo-chromism of the studied materials.
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Fig. 1 Temperature dependence of (a) o, (b) R spectra for (PMA),CuBr4 and (d) o, (€) R measurements for (PMA),CuCly. Indirect (open red diamonds) and
direct (open black diamonds) gaps extracted from o measurements as a function of temperature for (c) (PMA),CuBr4 and (f) (PMA),CuCly.

Fig. 1(d) shows the o spectra of (PMA),CuCl, measured from
20 to 320 K, and Fig. 1(e) illustrates the R spectra collected from
30 to 320 K. The o measurements reveal a linear narrowing of
both the direct and indirect energy gaps with temperature, with
a reduction of 303 meV (~51 nm from 444 to 495 nm) and
366 meV (~70 nm from 466 to 536 nm), respectively, from 20 to
320 K. This narrowing causes visible thermochromism, shifting
from green at 20 K to yellow at 320 K. Similar to the previous
considerations for (PMA),CuBr,, the reduction in the energy
gap and the color change are confirmed through R measure-
ments. However, the presence of a transparency region near the
indirect transition complicates the precise determination of the
transition position at each temperature for the (PMA),CuCl,
perovskite. Comparing the «* and /x spectra with the R spectra
suggests that the fundamental energy gap in (PMA),CuCl, is
indirect with a value of 2.33 eV under ambient conditions.

According to the previous studies,” an exciton emission for
(PMA),CuCl, is observed at 2.12 eV under ambient conditions.
This emission is consistent with the fundamental band gap of
2.33 eV determined in this work as there can be a few mechan-
isms, which can be responsible for the Stokes shift between
emission and absorption, see ref. 56-60.

2.2. Piezochromism in (PMA),CuBr, and (PMA),CuCl, halide
perovskites

To investigate piezochromism, transmission spectra under hydro-
static pressure were measured. Fig. 2(a) shows the normalized

This journal is © The Royal Society of Chemistry 2025

transmission spectra for (PMA),CuBr, as a function of hydrostatic
pressure at room temperature. It can be observed that, as the
pressure in the diamond anvil cell (DAC) increases, the band gap
of (PMA),CuBr, shifts to lower energies (redshifts), similar to
other perovskite materials.®’** However, this shift is significantly
larger compared to other semiconductors.***> The observed red-
shift is attributed to band gap narrowing in (PMA),CuBr, under
hydrostatic pressure, resulting in a ~400 meV shift (~90 nm
from 482 to 572 nm) up to 10.94 GPa. The decompression process
is shown in Fig. S7 in the SI, from which it can be concluded that,
during pressure release in the DAC, the band gap of (PMA),CuBr,
remains consistent with the data obtained during compression.

This pressure-induced shift in the band gap is accompanied
by a visible piezochromic effect. As pressure increases, the color
of the material changes, reflecting corresponding shifts in its
optical properties. Specifically, the crystal color of (PMA),CuBr,
transitions from yellow at 0.00 GPa to red/black at 10.94 GPa,
consistent with the observed band gap narrowing. This visible
piezochromism results directly from the pressure-induced
modification of the material’s electronic structure above the
band gap, which alters the absorption spectrum, consequently
changing the material’s perceived color.

The change in the band gap, obtained from pressure-
induced transmission spectra, is shown in Fig. 2(b). As seen,
the pressure coefficients for (PMA),CuBr, were found to be
oy = —47 + 7 and oy = —30 £ 2 meV/GPa. The linear fitting used
to extract the pressure coefficients from the data was performed

J. Mater. Chem. C, 2025, 13,16929-16936 | 16931
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in the range of 0.00 to 5.56 GPa for the first phase (P1), and in
the range of 6.00 to 10.94 GPa for the second phase (P2). This
transition change is attributed to a reduction in structural
symmetry and a layer slip in the 2D structure caused by a
tilting rotation of the octahedral perovskites.®® According to
previous studies for this material, (PMA),CuBr, exhibits no
significant structural phase transitions up to 40 GPa which is
associated with the protection of the organic cations by the
amino group.'®

Fig. 2(c) presents optical micrographs of the (PMA),CuBr,
sample mounted in the DAC. The crystals’ color change from
yellow at 0.00 GPa to red/black at 10.94 GPa directly correlates
with the band gap narrowing observed in the absorption edge.
To further visualize the piezochromic effect, Fig. 2(d) illustrates
the CIE 1931 chromaticity diagram.

Fig. 3(a) presents the normalized transmission spectra
of (PMA),CuCl, under hydrostatic pressure at 300 K. Similar
to the behavior observed for (PMA),CuBr,, the band gap of
(PMA),CuCl, redshifts with increasing pressure, decreasing by
~330 meV (~70 nm from 476 to 546 nm) up to 10.86 GPa. This
indicates that the presence of PMA significantly enhances the
structural stability of the material, as is the case of
(PMA),CuBr,, allowing higher pressures to be applied until
irreversible amorphization occurs. During decompression, the
band gap of (PMA),CuCl, remains consistent with the data
obtained during compression. The pressure coefficients for
(PMA),CuCl, were determined to be o; = —53 £+ 3 and oy =
—23 £+ 2 meV/GPa for P1 and P2, respectively. The pressure
coefficient for P1 is slightly larger than that for (PMA),CuBry,,
whereas for P2 it is smaller. A linear fit was applied to extract
these coefficients, with the fitting range set to 0.00-4.43 GPa for

16932 | J Mater. Chem. C, 2025, 13, 16929-16936

P1 and 5.46-10.86 GPa for P2, respectively. As in (PMA),CuBr,,
the change in the pressure coefficient can be attributed to a
phase transition, but a detailed analysis of this phase transition
is beyond the scope of this article. Fig. 3(c) displays optical
micrographs of (PMA),CuCl,. The observed transition of the
crystal color from yellow at 0.00 GPa to red/orange at 10.86 GPa
is consistent with the band gap narrowing determined from
the absorption edge region. Furthermore, to emphasize the
thermo- and piezo-chromic effects, the CIE 1931 chart is shown
in Fig. 3(d).

2.3. Discussion

In (PMA),CuCl, and (PMA),CuBr, perovskite materials, chlor-
ine (Cl) and bromine (Br) have distinct effects on the materials’
optical, electronic, and structural properties. Br has a larger
ionic radius (1.96 A) compared to Cl (1.81 A), which leads to
larger lattice parameters in bromine-based perovskites. This is
a well-known chemical trend, which is observed for many
crystals including 3D and 2D perovskites.®” In terms of the
optical and electronic properties, Cl-based perovskites typically
exhibit a wider band gap absorbing light at shorter wave-
lengths, while Br-based perovskites have a narrower band
gap,®® this is also true for (PMA),CuX, (X = Br and Cl), although
the gap narrowing upon replacement of Cl by Br is only
110 meV, while for other perovskites it is much larger.®*"*

In these studies, it is worth emphasizing that the band gap
tuning induced by the change of composition (i.e., chemical
tuning by substituting Cl with Br) is much smaller than the
band gap tuning induced by physical factors (i.e., temperature -
thermochromism and pressure - piezochromism). The great
advantage of the observed phenomenon of thermochromism

This journal is © The Royal Society of Chemistry 2025
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and piezochromism in these materials is the linear dependence
of the absorption edge on external stimuli, which is not typical
for many other perovskites. A continuous change in the energy
gap with temperature does not indicate the presence of a phase
transition. In general, phase transitions in perovskites often
lead to a non-monotonic change in the energy gap.”>”* Linear
temperature dependence is crucial in thermo-devices, as it
simplifies calibration and operation, ensuring predictable,
consistent performance. Such sensors maintain stability in
controlled environments and provide accurate data across a
wide temperature range. Additionally, they are easy to integrate
into systems that do not require high sensitivity to small
temperature changes, making them a cost-effective solution
for many applications.

Thermochromism and piezochromism both involve color
changes in (PMA),CuCl, and (PMA),CuBr, materials, but they
are driven by different stimuli - temperature and mechanical
stress, respectively. These phenomena are closely related to
interactions between electrons and phonons, as well as changes
in the crystal lattice parameters. In thermochromism, the
increase in lattice parameters caused by the increase in tem-
perature leads to a narrowing of the energy gap, and addition-
ally, the increase in the phonon population affects the
narrowing of the energy gap through electron-phonon interac-
tions. In piezochromism, we also deal with a narrowing of the
energy gap, but the hydrostatic pressure leads to a decrease in
the crystal volume (i.e. a decrease in lattice parameters, which
is opposite to the thermal expansion of the lattice parameters
with increasing temperature). The thermal energy of the crystal
does not change during measurements under hydrostatic pres-
sure because the measurements are performed at the same

This journal is © The Royal Society of Chemistry 2025

temperature, but the phonon dispersion changes under hydro-
static pressure and therefore the electron-phonon interac-
tion may also change, which may also affect the energy gap
narrowing.

The simple comparison of thermo- and piezo-chromism in
(PMA),CuCl, and (PMA),CuBr, crystals indicates that the
changes in lattice parameters induced by temperature and
pressure are not equivalent, even if electron-phonon interactions
play an important role in both thermo- and piezo-chromism.
This means that the narrowing of the energy gap in the studied
perovskites is a complex issue, and the electron-phonon inter-
action can certainly play a significant role in it and requires
deeper research, including theoretical studies.

3 Conclusion

In conclusion, a comprehensive study of the thermo- and piezo-
chromism of (PMA),CuCl, and (PMA),CuBr, has been carried
out. We observed significant reductions in the energy gap:
366 meV (~70 nm from 466 to 536 nm) for (PMA),CuCl, and
426 meV (~87 nm from 472 to 559 nm) for (PMA),CuBr, across
the 20-320 K temperature range. Additionally, pressure-
dependent energy gap reductions were observed: 330 meV
(~70 nm from 476 to 546 nm) up to 10.94 GPa for (PMA),CuCl,
and by 400 meV (~90 nm from 482 to 572 nm) up to 10.86 GPa
for (PMA),CuBr,) which manifests as a visible color change.
The observed changes in the band gap are continuous without
any sudden jumps, which is a great advantage in terms of using
these materials in thermochromic and piezochromic sensors.
The fundamental energy gap for both was found to be indirect,
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with values of 2.33 eV for (PMA),CuCl, and 2.23 eV for
(PMA),CuBr, under ambient conditions. Compared to other halide
perovskites, both materials possess one of the highest band gap
tunabilities reported to date. The hydrophobic PMA cation stabi-
lizes the material by preventing moisture absorption and structural
degradation due to environmental factors and ensuring that the
lattice remains stable under stress. This structural stability allows
for controlled band gap tunability with temperature or pressure
variations, making these perovskites promising candidates for color
or pressure sensing applications.
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https://doi.org/10.1039/d5tc02326b
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