Tian et al. Light: Science & Applications (2025)14:379
https://doi.org/10.1038/s41377-025-02032-4

www.nature.com/Isa

Triboluminescence of metal halide perovskite films
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Xin Guo®'”® and Can Li®"**

Abstract

Metal halide perovskites (MHPs) have shown fantastic properties such as photoelectric conversion, electrolumines-
cence, light amplification, ferroelectricity, and flexoelectricity, becoming versatile materials in diverse fields. Herein, we
report a previously undiscovered nature of the MHP film, ie. triboluminescence (TL), and elucidate its underlying
mechanism. The TL response is triggered when an MHP film is scraped by specific materials (like Cu, Au, Pt) with a
lower Fermi level than that of the MHP. The friction induces electron transfer from MHP to scraper, generating a
positive electrostatic field on the surface of the MHP film, which leads to stretched MHP lattices owing to electrostatic
repulsion, consequently enhancing fluorescence and charge carrier lifetime. If the friction material (like Al) has a higher
Fermi level, electron transfer process, electrostatic field direction, and lattice structure change are just the opposite,
resulting in reduced fluorescence. This work unveils the TL phenomenon of the MHP film and the unique mechanism,

opening up new avenues for explorations on the appealing MHPs.

Introduction

Metal halide perovskites (MHPs, ABX3) with remark-
able optoelectronic properties have emerged as highly
promising materials in diverse fields, including solar cells,
light-emitting diodes, photoelectric detectors, etc'™.
Apart from intrinsic optoelectronic characteristics, MHPs
also present unique ferroic properties such as ferroelec-
tricity, piezoelectricity, ferroelasticity, and flexoelec-
tricity"™’. These properties are subject to external
mechanical stresses which cause changes in micro-
structures of MHPs, thus motivating noticeable electrical
responses. The optical responses of MHPs to mechanical
stresses have, however, received less attention.

The optical responses of a material to external stresses can
be classified as a kind of triboluminescence (TL), also known
as mechanoluminescence. Since the first observation of the
TL from scraping hard sugars in 1605, various TL materials
and corresponding luminescence mechanisms have been
reported, including sucrose and tartaric acid (fracture-
induced gas excitation)’ ", doped-semiconductor materials
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(stress-induced electrons de-trapping)'*~"®, piezoelectric

crystals (piezoelectric discharge)'®™"?, and organic materials
(molecular aggregation)””*'. The TL phenomenon has also
been occasionally mentioned for perovskite-type materials
such  as  traditional  oxide  perovskites (e.g.
St 1SN,03,1:Sm>",  BaTiO3-CaTiOs;, MgGeOs:Mn*™,
and LiTaOsPr’") based on the electrons de-trapping
mechanism, an antiperovskite ([(CHz)sNH]3(MnCls)
[MnCly]) stemming from the brittle fracture of its crystal,
and a low-dimensional perovskite crystal
([C19H18P]oMnBry) originated from the piezoelectric dis-
charge'>'>'7**=** However, the TL of such perovskite-type
materials can only be triggered by mechanical stresses in the
form of single crystals. For the MHPs being in the limelight
in the field of optoelectronics, their TL has never been
documented, particularly in the polycrystalline film state.

On the other hand, these traditional TLs are generated
from the materials deformation induced by various
mechanical stresses such as bending, collapsing, squeezing,
and friction. It is noteworthy that the friction is quite dif-
ferent from others because it can not only cause the
deformation but also result in the interfacial charge transfer
between two objects®>*®. Such friction-induced charge
transfer can alter electrical behaviors of materials®”~*’, but
its effect on optical properties, in particular on the TL
response, has never been investigated.
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In this study, we report the TL of the MHP films based
on a friction-induced charge transfer mechanism. We find
that the MAPDbI3;, MAPDbBr3, FAPbBr3, and CsPbBr; films
exhibit significantly enhanced and hypsochromic photo-
luminescence (PL) when being scraped on the surface,
whereas their PL behaviors are not changed by any
mechanical stress-induced deformations. More interest-
ingly, when being used to scrape the perovskite films, only
materials with lower Fermi levels than those of the per-
ovskites can enhance the PL intensity of MHPs, triggering
the TL, while other materials with higher Fermi levels
reduce the PL intensity of MHPs. We demonstrate that
during the friction process, electrons transfer from the
surface of the perovskite film to the scraper with a lower
Fermi level, driven by the Fermi-level difference, which
induces the accumulation of positive charges on the sur-
face of the perovskite film. The resultant positive elec-
trostatic field stretches the surface lattice structure of the
perovskite film containing positively charged defects due
to the electrostatic repulsion, leading to reduced trap
density and a wider bandgap, which contribute to the
enhanced and hypsochromic PL emission. To the best of
our knowledge, this is the first report on the TL of MHPs,
following a unique TL mechanism.

Results

The TL was observed when scraping the MAPbBr; film
with a metal (e.g., a copper (Cu) rod), as recorded in the
Supplementary Video 1. The pristine MAPbBr; film
exhibits green fluorescence under the UV illumination.
After scraping, the fluorescence becomes brighter and
stronger, which can be observed with the naked eyes. The
PL spectra (Fig. 1a) display that the friction area shows an
obviously stronger fluorescence band accompanying with
a blue-shift of 10 nm compared to the control (friction-
free) area, which is a typical TL response. Then, we
investigate the universality of this finding by using other
kinds of perovskite films and friction materials. We find
that the similar blue-shift and enhancement in the PL
spectra to those of the MAPDbBr; film are also observed
when scraping the MAPbI3;, FAPbBr3, and CsPbBr; films
with the Cu rod (Fig. 1b—d), indicating that the TL phe-
nomenon is pervasive for various perovskites. Very
interestingly, by scraping the MAPbBr; film with mate-
rials like sliver (Ag), gold (Au), platinum (Pt), and stainless
steel, the TL can still be generated; however, other
materials such as aluminum (Al), plastic and glass do not
initiate the TL response, but remarkably weaken the
fluorescence with a subtle blue-shift.

To further confirm the TL, the confocal laser scanning
microscope (CLSM) was measured for the Cu-scraped
MAPDBr; film. Figure le displays the photograph of the
Cu-friction area and the control area without friction, as
marked by a red circle. It can be clearly seen that in the
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fluorescence microscopy (Fig. 1f), the Cu-friction area is
much brighter than the control one. The CLSM mapping
results further show a pronounced increase in fluores-
cence intensity within the friction area (Fig. 1g). Fur-
thermore, the time-resolved PL (TRPL) spectroscopy
reveals that the friction area exhibits a significantly pro-
longed carrier lifetime relative to the control region (Fig.
1h, i). Impressively, the enhanced fluorescence of the Cu-
scraped MAPbBr; film lasts for a long time with a high
fluorescence intensity (Supplementary Fig. S1), very dif-
ferent from the TL of traditional material systems that
display instantaneous light emission. It is noteworthy that
such changes in PL properties cannot be observed by
bending or compressing the MHP film (Supplementary
Fig. S2), which is in agreement with a previous finding°.
This observation is also distinct from traditional TL
materials which optically respond to the mechanical
force-induced deformation.

To figure out the underlying reason for friction-induced
changes in PL properties, we pay attention to the Fermi
levels of these perovskites and friction materials. It is
known that the friction process can lead to an increased
overlap in local electron clouds between the two interacting
materials promoting the interfacial electron transfer, which
is influenced by their Fermi levels®®. The ultraviolet pho-
toelectron spectroscopy (UPS) measurement (Supplemen-
tary Fig. S3) presents that Fermi levels of these perovskites
locate around —4.7 eV, higher than those of the metals
which can induce the TL, but lower than that of Al as
shown in Fig. 2a. These results suggest that the TL highly
depends on the relative Fermi-level positions of perovskites
and friction materials. When two materials are rubbed
against each other, the difference in their Fermi levels
drives the transfer of surface-state electrons from the
material with a higher Fermi level to the material with a
lower one, resulting in the development of static electricity
on the frictional surfaces of both materials®’. In our case,
the metals like Cu, Ag, etc. have lower Fermi levels than
that of perovskites, accepting surface electrons from per-
ovskites, which leads to a positive electrostatic field on the
surface of the perovskite film (Fig. 2b). Conversely, other
materials like Al with higher Fermi levels than that of
perovskites will result in a negative electrostatic field on the
perovskite surface after friction (Fig. 2c).

In order to prove the generation of electrostatic fields on
the surface of the perovskite film, we used the Kelvin Probe
Force Microscopy (KPFM) to evaluate the differences in
the surface potential distribution of Cu-, Al-scraped and
control samples. To avoid experimental errors caused by
sample variations, each perovskite film was divided into
three regions; one of them was not scraped as the control,
and the other two were scraped by Cu and Al, respectively,
with the same friction way (see more details in Supple-
mentary Fig. S4). Figure 2d depicts the lateral distribution
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of the surface potential (Supplementary Fig. S5), revealing
that the control region shows a surface potential of
~20mV, while the Cu- and Al-scraped ones display a
positive value of 500 mV and a negative value of —200 mV,
respectively. Furthermore, we utilized the platinum (Pt)-
coated Ir probe equipped in the KPFM as a scraper to
repetitively scan the MAPbBr; film surface under non-
biased conditions, simulating the friction process to in situ
monitor the charge transfer. Since the probe has a lower
Fermi level than that of perovskite, positively enhanced
surface potentials can be anticipated. The scan was con-
ducted in a 10 um x 10 pm area, and the surface potential
signal was acquired in a 20 um x 20 pm area, as shown in
Fig. 3. The height diagram indicates that the surface
morphology of the perovskite film keeps unchanged during
the scanning process. Interestingly, in the potential map
(Supplementary Fig. S6), the scanned area shows a higher
surface potential than other areas after the first scan,
presenting a small shoulder peak at ~115mV in the con-
tact potential difference (CPD) distribution diagram, which
is obviously higher than ~70 mV for the pristine film. After
10 scans, the surface potential of the scanned area sig-
nificantly increases, with an additional peak appeared at
~210mV. Moreover, the change in the surface charge
density, induced during the KPFM probe simulation pro-
cess, was calculated using the one-dimensional Maxwell
equation: ¢ = gyeAVcpp/d (o: charge density; &, &
vacuum and perovskite dielectric permittivity, respectively;
AVepp: the difference in CPD; d: the effective distance
between the perovskite film and the probe)’”*'. The
results indicate that the surface charge density of the
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perovskite film is increased by 7.7x10"® C cm ™ after one
scan, and further by2.4x 10~7 C cm™ > after 10 scans. The
PL spectra of the perovskite films with different KPFM
probe scanning times are then measured. Figure 3d
demonstrates progressive enhancements in the PL inten-
sity with repeated scans, accompanied by a slight blue-shift
of the emission maximum. The correlation between the
increased surface charge density and PL intensity and
the KPFM probe scanning times is established, as
shown in Fig. 3e, which can quantitatively reflect the
charge transfer process and the PL enhancement. These
results strongly support that the friction by Cu or Pt
with a low Fermi level induces the accumulation of
positive charges forming a positive electrostatic field on
the surface of the perovskite film; on the contrary, the
friction by Al with a high Fermi level introduces a
negative electrostatic field.

Next, we investigate the effect of the friction-induced
electrostatic field on the surface of the MAPbBr; film on
the crystal lattice structure by the grazing incident X-ray
diffraction (GIXRD). The samples for this measurement
were prepared by the same way as that for the KPEM,
containing three regions (control, Cu friction and Al
friction) in the MAPbBr; film, which were detected using
the GIXRD with different incident angles (0.5-5°). The
results are provided in Supplementary Fig. S7 and dif-
fraction signals of (100) crystal facets of the three regions
are extracted and presented in Fig. 4a. Compared to the
control region with the (100) diffraction peak at 14.9°, Cu-
and Al-scraped ones exhibit shifted (100) signals to a
lower and higher diffraction angle, respectively. It has
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been known that the peak shift to a lower angle signifies a
stretched lattice, while that to a higher angle indicates a
compressed lattice®®*®, As the incident angle increases
from 0.5 to 5° corresponding to the increased detecting
depth, such shifts to both directions become gradually
smaller, suggesting that the lattice structure changes more
obviously on the film surface than that in the bulk. We
further conducted the grazing incidence wide-angle X-ray
scattering (GIWAXS) measurements (Supplementary Fig.
S8), and the one-dimensional integration plots (Fig. 4b)
exhibit similar results in the lattice change without vary-
ing crystal orientations (Fig. 4c). These results suggest
that the friction-induced positive (by Cu) and negative (by
Al) electrostatic fields on the surface of the perovskite film

lead to stretched and compressed perovskite lattices,
respectively. The changed lattice structures can be
explained by the interaction between the type of the
electrostatic field and the surface charge state of the
perovskite film. It has been reported that positively
charged undercoordinated Pb*>" defects are abundant on
the surface of the perovskite film due to the migration of
halide ions in [PbX4]* octahedra®**. Upon the friction by
Cu, the generated positive electrostatic field forms the
electrostatic repulsion interaction with the positively
charged surface, leading to the stretch of the perovskite
lattice. On the contrary, the Al friction-induced negative
electrostatic field causes the lattice compression due to
the coulomb attraction (Fig. 4d).
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Theoretical studies in previous works have demon-
strated that the changed lattice structure may influence
bandgap and defect state of the perovskite®*>**~**, Our
results obtained from the density functional theory (DFT)
calculations also indicate that the Cu friction-induced
lattice stretch of MAPbBr; widens its bandgap (Fig. 4e,
Supplementary Fig. S9 and Supplementary Table S1),
which is consistent with the blue-shifted emission band in
the PL spectra, as discussed above. The calculated defect
energies and density (Fig. 4f) using Defect Energy Cal-
culation (DEC) and Defect Density Calculation (DDC)
modules of Defect”®** exhibit a three-order-of-magnitude
reduction in defect density for the stretched MAPbBr3
relative to the control within the identical chemical
environment. The reduced defect density suggests a lower
non-radiative recombination rate, which improves the PL
intensity and prolongs the carrier lifetime of MHPs. For
the case of the Al friction-induced lattice compression,
the narrowed bandgap and increased defect density are
observed from the DFT calculations. The narrowed
bandgap is supposed to make the fluorescence band
slightly red-shifted; however, a subtle blue-shift is
observed in the PL spectrum of the Al-scraped film as
mentioned above, which is most likely due to the syner-
gistic effect of the lowered bandgap and the reduced film
thickness (see details in Supplementary Fig. S10)*>*°.
These calculations demonstrate that the TL of the per-
ovskite film stems from the stretched lattice structure.
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According to these results, we propose the following
mechanism for the TL of the MHP films (Fig. 4d). The
friction process improves the overlap of electron clouds of
the friction material and the MHP, resulting in interfacial
charge transfer. When the Fermi level of the friction
material is lower than that of the MHP, electrons transfer
from the surface of the MHP film to the former due to the
Fermi-level difference, inducing the accumulation of
positive charges and forming a localized positive electro-
static field on the surface of the MHP film. The positive
electrostatic field interacts with positively charged defects
on the surface of the MHP film through the electrostatic
repulsion, causing the lattice stretch. The stretched lattice
structure slightly widens the band gap and reduces the
trap density of the MHP film, which enhances the fluor-
escence accompanied by a slight blue-shift and prolongs
the lifetime of charge carriers, resulting in the TL. In the
case of scraping the MHP film with a high-Fermi-level
material, a negative electrostatic field is formed, inducing
the perovskite lattice compression, which weakens the
fluorescence.

Discussion

We have discovered the TL phenomenon of the MHP
film, and revealed an unprecedented TL mechanism based
on the friction-induced electron transfer. The TL
response is strongly dependent on the relative Fermi level
positions of the friction material and the MHP. When the
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Fermi level of the friction material is lower than that of
the MHP, the enhanced fluorescence, namely the TL, can
be observed, which is applicable to various types of per-
ovskite materials. Instead, the friction material with a
higher Fermi level than that of the MHP reduces the
fluorescence of the MHP film. Our results demonstrate
that the TL originates from the electron transfer from the
MHP to the friction material, forming a positive electro-
static field on the surface of the MHP film, which further
leads to the stretched perovskite lattice and thus
improved fluorescence and charge carrier lifetime. Our
finding uncovers a novel characteristic of the MHP, which
can inspire more potential applications of this kind of
miraculous materials.

Materials and methods

All materials were used as received without further
purification. MAI, MABr were purchased from Great Cell

Solar Materials (Australia). CsBr, FABr were purchased
from Yuri Solar Co., Ltd. Glass substrates Pbl, and PbBr,
were purchased from Advanced Election Technology Co.,
Ltd. Pb(Ac),-3H,O was purchased from TCI chemical
Ltd. All solvents were purchased from Sigma-Aldrich
without any further purification.

Preparation of the MHP films

The glass was first cleaned with solvents of ethanol,
isopropanol, and ethanol in sequence. Then, the cleaned
substrate was treated by the UV-ozone for 30 min. For the
MAPDI; film, a 1:3 molar ratio of Pb(Ac),-3H,O to MAI
was used, with a total Pb*" ion concentration of
0.60 mmol/mL. For the MAPbBr; film, a 1:3 molar ratio of
Pb(Ac),-3H,O to MABr was used, with a total Pb*" ion
concentration of 0.20-1.20 mmol/mL. For the CsPbBr;
film, a 1:1 molar ratio of CsBr to PbBr,, was used with a
total Pb>" ion concentration of 0.20 mmol/mL. For the
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FAPDbBr; film, a 1:1 molar ratio of FABr to PbBr,, was
used with a total Pb*" ion concentration of 0.50 mmol/
mL. MAPbBr; and MAPbI3 precursor solution were
prepared in DMF. FAPbBr; and CsPbBrs precursor
solution were prepared in DMSO. All of these solutions
were stirred at room temperature for 8 h. The perovskite
films were prepared using a one-step method by spin-
coating the precursor solutions on substrate at 6000 r.p.m.
for 30s, followed by annealing at 75°C for 2 min on
hotplate. The triboluminescence can be observed by
naked eye under the 365 nm-UV light.

Characterizations

The XRD and GIXRD analysis were conducted with an
X-ray diffraction system (Rigaku) using Cu Ka radiation
provided applied current and voltage values of 200 mA
and 40 kV, respectively.

Grazing-Incidence  Wide-Angle X-Ray Scattering
(GIWAXS) data were obtained using the Beamline
BL14B1 of the Shanghai Synchrotron Radiation Facility
(SSRF) with the incident photon energy of 10keV
(wavelength of 1.2398 A) at an incident angle of 0.2-0.5°
and an exposure time of 30s.

Ultraviolet photoelectron spectroscopy (UPS) was per-
formed on a photoelectron spectrometer (ESCALAB
250Xi, Thermo Fisher Scientific).

The Kelvin probe force microscopy (KPFM) measure-
ments were performed on a Bruker Dimension VSPM
system, which can simultaneously detect the topography
and the surface potential of the sample. The equipped
KPFM tip was platinum (Pt)-coated Ir probe with
~60kHz resonance frequency, purchased from Bruker.
For the KPFM probe simulation process, the initial sur-
face potential baseline was measured across a
20 um x 20 pm region of the sample. Subsequent scanning
focused on the central 10 pm x 10 pm sub-region, fol-
lowed by re-mapping the original 20 um x 20 um area to
document potential changes. Finally, ten repetitive scans
were performed within the central 10 umx 10 pm zone,
after which the peripheral 20 pm x20um area was
rescanned to quantify the potential evolution.

The steady-state PL spectra and time-resolved PL
spectra were recorded on a FLS920 fluorescence spec-
trometer (Edinburgh Instruments) in air at room tem-
perature. A picosecond pulsed diode laser (406.8 nm)
was used as the excitation source. We used photo-
luminescence (PL)-scanned imaging microscope cou-
pled with a time-correlated single photon counting
(TCSPC) module to map the PL kinetics within the
perovskite. Excitation of the sample is achieved with a
supercontinuum white-light laser (SC400-PP, Fianium,
UK) of 450 nm wavelength, 1 MHz repetition rate and
~6ps pulse width. The laser intensity at samples is
adjusted by a neutral density filter and measured with a

4074 | Light Sci Appl | 2025 | Vol 14 | Issue 12
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power meter (PM100D S130VC, Thorlabs, USA). PL
image measurement was collected by fast rotation of the
galvanometer mirror and using a high-speed detector
(HPM-100-50, Hamamatsu, Japan). Each scanning
image contains 256 x 256 pixels. The fluorescence signal
is collected using a high-speed detector (HPM-100-50,
Hamamatsu, Japan).

DFT calculations

The defect energies and density are calculated using
DEC and DDC modules of Defect and Dopant ab initio
Simulation Package (DASP) code’. A single T point is
used for Brillouin zone integration for the 192-atom
supercell. The defect formation energy of Br vacancies can
be calculated as:

AE;(VY) = E(VY,) — E(bulk) + E(Br)
+/“Br + q(EF + EVBM) + Ecorr

where E(V% ) and E(bulk) refer to the total energy of the
supercell with and without a Br vacancy. pg,. is the
elemental chemical potential of Br referenced to the total
energy of elemental Br phase E(Br). Er is the Fermi level
ranging from O to the band gap, and Eypy is the
eigenvalue of the VBM in the defect-free supercell of
MAPDBrj; at the I' point. E,,,, is the correction for charged
defects to account for the finite-size effect’. The
formation energy of Vp, in enlarged MAPbBr; is
calculated following the similar procedure but with a Br
vacancy in an enlarged supercell structure. The charge
transition level is equal to the Fermi level position, at
which the formation energies in two charge states are
the same.

Under thermodynamic equilibrium, the density of a
defect V3, in the charge state q is determined by its for-
mation energy according to:

}’l( Vgr) = Nsitesgqe(iAEf/kBT)

where Ny, is the density of the possible defect sites, g is
the charge-dependent degeneracy factor, AEfis the defect
formation energy at the given Fermi level and elemental
chemical potentials’.
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