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Impacts of the Lattice Strain on Light Emission in Layered
Perovskite Thin flakes

Zhonglong Zhang, Runhui Zhou, Meili Li,* Yan-Fang Zhang, Yepei Mo, Yang Yu,
Zhangsheng Xu, Boning Sun, Wenqiang Wu, Qiuchun Lu, Nan Lu, Jin Xie, Xiaoming Mo,
Shixuan Du, and Caofeng Pan*

Strain engineering, as a non-chemical tuning knob, can enhance the
performance of semiconductor devices. Here, an efficient manipulation of
light emission is revealed in thin-layered 2D perovskite strongly correlated to
layer numbers of [PbI6]4− octahedron (n) and [C6H5(CH2)2NH3]2(CH3NH3)n-1

PbnI3n+1 (N) by applying uniaxial strains (ɛ) via bending the flexible substrate.
As <n> increases from 1 to 3, an efficient light emission redshift (ɛ from
−0.97% to 0.97%) is observed from bandgap shrinkage, and the shrinkage
rate increases from 1.97 to 10.38 meV/%, which is attributed to the
predominant uniaxial intralayer deformation due to the anisotropy of the
[PbI6]4− octahedron lattice strain. Conversely, as <N> increases from 7 to 48
for n = 3, the deformation related to bandgap shrinkage rate is more
prominent in small-N flakes (<N> ≈ 7, 15.2 meV/%) but is easily offset in
large-N flakes (<N> ≈ 48, 7.7 meV/%). This anisotropic lattice deformation,
meanwhile, inevitably modulates the carrier recombination dynamics of
[C6H5(CH2)2NH3]2(CH3NH3)n-1PbnI3n+1, which is essential for the
development of highly efficient photoelectronic devices.

1. Introduction

Future displays should be bendable, stretchable, and wearable
to meet consumer demands for portable devices.[1–4] As a criti-
cal component of flexible displays, photodetectors, light-emitting
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diodes, and lasers determine the lumi-
nance, definition, color gamut, and sat-
uration of display panels.[5–10] Thus, the
development of exceptional optoelectronic
devices is urgently needed to meet these
requirements. However, the performance
of flexible devices is highly dependent on
photoactive materials, which must pos-
sess high photoelectronic conversion effi-
ciency and mechanical conformability.[11–15]

Therefore, it is crucial to explore the me-
chanical properties of photoactive materi-
als and understand the failure mechanisms
under strain, both of which are crucial for
designing excellent flexible devices.[16–23]

Metal–halide perovskite single-crystal
APbX3 [A: CH3NH3

+, HC(NH2)2
+, Cs+]

exhibit low defect density (≤ 1010 cm−3,
comparable to conventional semicon-
ductors such as crystalline silicon), large
optical absorption coefficient (≥ 104 cm−1),
long carrier diffusion length (≥ 10 μm),

giant oscillator strength, as well as facile synthesis.[24–26] In
particular, the low elastic modulus (E ≈ 10–20 GPa) and high
mechanical robustness of halide perovskites render their photo-
physical properties strongly dependent on the strain response
of the [PbX6]4− octahedron lattice, which is a promising flexible
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optoelectronic component.[27] Therefore, pressure/strain-
induced octahedral tilting and lattice distortion in the Pb-X
bond length and Pb-X-Pb bond angle fundamentally modulate
the bandgap and carrier dynamics of halide perovskites.[28–29]

However, recent efforts have mainly focused on halide perovskite
polycrystalline materials, and the brittleness and mechanical
compatibility of single crystals for uniaxial-strain response
devices have rarely been reported, particularly for 2D halide
perovskites.[28–31] Indeed, 2D perovskites possess better envi-
ronmental stability and ductility (E < 10 GPa) than their 3D
counterparts,[16,32–33] which has attracted increasing attention
for the development of miniaturized high-pressure responsive
devices.[34–36] They exhibit interlayer and intralayer compression-
dependent lattice deformation and electronic structure evolution
behaviors that differ from those of 3D halide perovskites,[37–41]

which are yet to be well explored under uniaxial strain.
Herein, we extensively studied the light emission properties

of the lattice strain manipulation of 2D perovskite single-crystal
(2DPSC) thin flakes of [C6H5(CH2)2NH3]2(CH3NH3)n -1PbnI3n+1
by applying uniaxial strain by bending the flexible substrate.
The lattice deformation dynamics and bandgap modulation as-
sociated with the <n> and <N> of 2DPSC thin flakes were
extensively investigated through optical spectroscopy and first-
principles calculations. When n ≥ 3 (N ≤ 7), the anisotropic lat-
tice strain of [Pb3I10]4− led to enhanced uniaxial intralayer de-
formation, resulting in an optically modulated bandgap range
of 24 meV. Conversely, the bandgap shrinkage rate for N ≥ 48
(7.7 meV/%) was significantly lower compared to that for N ≤ 7
(15.2 meV/%) for [C6H5(CH2)2NH3]2(CH3NH3)2Pb3I10 (n = 3),
which was attributed to the effective compensation of the large-
N flakes to the uniaxial intralayer deformation. Furthermore, the
carrier dynamics induced by uniaxial bending strains were ex-
plored through state density, excitation power-dependent spec-
troscopy, and time-resolved photoluminescence (TRPL) spec-
troscopy, which demonstrated the atomic-scale relationships be-
tween the structure, optical bandgap, and carrier recombina-
tion dynamics. This study provides important data for advancing
the development of high-performance flexible optoelectronic de-
vices.

2. Results and Discussion

The 2DPSC films of [C6H5(CH2)2NH3]2(CH3NH3)n -1PbnI3n+1
(for n = 1, 2, and 3) were synthesized using a space-confined
solution growth technique (more details can be found in Note
S1, Supporting Information); a schematic representation of the
growth process is illustrated in Figure S1a (Supporting Infor-
mation). The prepared 2DPSC films with different n values all
exhibited smooth, flat, and crack-free surfaces, as illustrated in
Figure S2 (Supporting Information). Additionally, the results
of the atomic force microscope (AFM) analysis presented in
Figure S3 (Supporting Information) demonstrate that the sur-
faces of 2DPSC films all possess rather low roughness. Pure-
phase 2DPSC thin flakes with controllable thickness (20–200 nm)
could be produced by mechanical exfoliation owing to the weak
van der Waals interactions linking the organic chains between the
Ruddlesden–Popper perovskite layers[33,41–42] (Figure 1a; Figure
S1b, Supporting Information). Optical images of the exfoliated
thin flakes (n = 2), along with their corresponding fluorescence

images (excited at 395 nm), are presented in Figure 1b and indi-
cate a smooth surface and uniform fluorescence emission. The
AFM height profile confirmed the uniform thickness of the exfo-
liated flakes, demonstrating a thickness of ≈80 nm (Figure 1c).
Furthermore, the X-ray diffraction (XRD) patterns of the 2DPSC
thin flakes for n= 1, 2, and 3 are shown in Figure 1d to validate the
phase purity of the exfoliated flakes at the lattice structure level.
The observed diffraction peaks are in good agreement with previ-
ous reports,[43–44] validating the lattice structure and high phase
purity. Moreover, the pronounced (0K0) peaks for n > 1 indicate
a predominant orientation along the [101] direction. Finally, the
optical properties of the exfoliated flakes were characterized and
validated by spectral analysis. The absorption spectra (Figure 1e)
and photoluminescence (PL) spectra (Figure 1f) of the 2DPSC
thin flakes for n = 1, 2, and 3 were recorded at room temperature,
with absorption edges at 518, 556, and 598 nm and PL peaks at
526, 574, and 622 nm, corresponding to full width at half maxi-
mum (FWHM) values of 16, 23, and 28 nm, respectively. These
values are consistent with previous reports,[33,41–42] further con-
firming the high purity of the 2DPSC phase.

The uniaxial strain was applied to the flakes using a flexible
substrate to investigate the influence of the lattice strain on the
light emission behavior of the exfoliated flakes. As shown in
Figure 2a, the 2DPSC was transferred to the center of a circu-
lar PEN substrate (diameter = 1.5 cm, thickness = 150 μm) and
fixed with polymethyl methacrylate, followed by the coating of
10 nm aluminum oxide for enhanced photostability (Figure S4,
Supporting Information) via atomic layer deposition. The lower
part of Figure 2a illustrates the strain imposition model, where
the central angle formed by the bending of the substrate was de-
noted as 𝜃 and the thickness and length of the PEN substrate were
denoted as d and L, respectively. The applied strain ɛ% could be
calculated as follows: ɛ% = 𝜋 × 𝜃 × d / 180 × L (for the detailed
strain calculation method, refer to Note S1, Supporting Informa-
tion). A physical image of the strain imposition setup is shown
in Figure S5 (Supporting Information).

Uniaxial strains were then applied to the 2DPSC by bending
the PEN substrate through a 1D displacement stage, and the
PL spectra of samples with the same thickness (40 nm) (Figure
S6, Supporting Information) of n = 1, 2, and 3 under strains
are depicted in Figure 2b. The PL peak positions evidently red-
shifted when applied strains changed from compressive strain (ɛ
= −0.97%) to tensile strain (ɛ = 0.97%), indicating a shrinking
of the bandgap. This trend is in good agreement with the pre-
viously reported spectral behaviors of both 3D perovskite single
crystals and 2D materials under uniaxial strains.[45–51] Notably,
the PL peak of [C6H5(CH2)2NH3]2(CH3NH3)2Pb3I10 (n = 3) ex-
hibited a significant redshift from 619.1 to 624.2 nm when ap-
plied strain varied from −0.97 to 0.97%, which was significantly
larger than the redshift observed for n= 2 (573.7 to 575.7 nm) and
n = 1 (523.9 to 524.6 nm) under similar conditions (Figure 2b;
Figure S7a, Supporting Information). The corresponding optical
bandgap (Eg) can be obtained from the PL peak position (𝜆) using
the conversion formula: Eg = hc/𝜆, where h is Planck’s constant
and c is the speed of light. This suggests that the bandgap modu-
lation in n = 3 under strains was more pronounced, reaching up
to 10.38 meV/%, comparable to that observed in 3D perovskite
single crystals under uniaxial strains but significantly lower than
that in 2D materials (1/3). The geometric structures of three

Adv. Optical Mater. 2024, 2401565 © 2024 Wiley-VCH GmbH2401565 (2 of 9)

 21951071, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202401565 by Institute O
f Physics C

hinese A
cadem

y O
f Sciences, W

iley O
nline L

ibrary on [31/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadom.202401565&mode=


www.advancedsciencenews.com www.advopticalmat.de

Figure 1. Structural and optical characterization of 2D perovskite single crystals (2DPSCs) of [C6H5(CH2)2NH3]2(CH3NH3)n -1PbnI3n+1. a) Schematic
illustration of the exfoliation of 2DPSC (n = 2). b) Optical image of a 2DPSC (n = 2) thin flake with the corresponding fluorescence image excited by
395 nm (scale bar: 50 μm). c) AFM height profile of the 2DPSC (n = 2) thin flake with an AFM optical image (inset). d) XRD spectra of 2DPSC thin flakes
with n = 1, 2, and 3 from bottom to top, respectively. e) Absorption and f) PL spectra of 2DPSC thin flakes for n = 1, 2, and 3 at room temperature.

2DPSCs (n = 1, 2, and 3) were constructed (Figure 2c) to inves-
tigate the reasons for the different bandgap modulation rates at
different n values. The periodicity perpendicular to the 2D per-
ovskite layer is 16.4, 22.8, and 29.2 Å, respectively. Therefore, the
corresponding numbers of 2DPSC layers (N) for n = 1, 2, and
3, with a thickness of ≈40 nm, were calculated as 24, 17, and
13, respectively (Figure 2d). The relative proportions of the lead
halide octahedral and organic layers in the selected samples were
calculated and are shown in the upper part of Figure 2e. The re-
sults revealed that for n = 1, 2, and 3, the structural proportions
of the lead halide octahedron were 38, 54, and 62%, respectively.
In contrast, the proportions of organic layers followed the oppo-
site trend, at 62, 46, and 38%, respectively. Furthermore, the total
peak shifts (Δ𝜆) for n= 1, 2, and 3 were calculated to be 0.67, 2.02,
and 5.1 nm, respectively, as shown in the lower part of Figure 2e;
this demonstrated that the total peak shift was proportional to
the proportion of octahedral layers under strain. Consequently,
an increase in n can lead to more pronounced uniaxial intra-layer
interactions under strain, resulting in a more pronounced mod-
ification of the bandgap at a constant thickness.

To further explore the influence of intra- and interlayer inter-
actions on the modulation of the bandgap, we prepared 2DPSC
thin flakes (n = 1–3) with different layer numbers (N) (Figure
S7b, Supporting Information). Figure 3a–d illustrates the N de-
pendence of the PL spectra of the 2DPSC thin flakes (n = 3). As

depicted in Figure 3a, the most significant PL peak shift under
strains was observed for 2DPSC thin flakes (n = 3) when <N> ≈

7, with a redshift from 617.2 (at ɛ = −0.79%) to 624.6 nm (at ɛ =
0.79%). Correspondingly, for <N> ≈ 13, the PL peak of 2DPSC
thin flakes (n = 3) shifted from 619.1 (at ɛ =−0.97%) to 624.2 nm
(at ɛ = 0.97%); for <N> ≈ 31, the shift was from 618.5 nm (at ɛ =
−0.79%) to 622.6 nm (at ɛ = 0.79%); and for <N> ≈ 48, the small-
est shift was recorded, from 619.2 (at ɛ = −0.79%) to 623 nm (at
ɛ = 0.79%) (Figure 3b–d). For 2DPSC thin flakes (n = 3) with
layer counts of <N> ≈ 7, 13, 31, and 48, the total peak shifts
(Δ𝜆) were 7.4, 5.1, 4.3, and 3.8 nm, respectively, and the corre-
sponding bandgap modulation rates were 15.2, 10.38, 8.8, and
7.7 meV/%, respectively (Figure 3e). For the 2DPSC, thin flakes
(n = 2) with different layer counts (<N> ≈ 9, 17, 39, 63) exhibited
similar trends (Figures S8, S9, Supporting Information). Conse-
quently, considering the interlayer slippage that occurs in sam-
ples with higher layer numbers (N) owing to weak van der Waals
forces,[52–53] we deem that the increase in the layer number (N) at-
tenuates the uniaxial intralayer interactions under strain, leading
to a reduced rate of bandgap modulation at a constant n.

To elucidate the mechanism underlying the strain-modulated
bandgap, the electronic structures of the 2DPSCs under strain
were examined through first-principles calculations based on
the density of functional theory. The partial charge densities of
the conduction and valence bands (Figure 4a) indicated that the
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Figure 2. Spectral analysis of strained 2DPSC thin flakes with varying n values at a consistent thickness. a) Schematic of strain application. b) PL spectra
of 2DPSC thin flakes with varying n-values under strains. c) Crystal structures of 2DPSC with varying n values. d) Number of layers (N) of 2DPSC thin
flakes for varying n values at T ≈ 40 nm. e) Total peak shifts (Δ𝜆) (lower panel) and the ratio of organic to inorganic layers (upper panel) correspond to
different n values of 2DPSC thin flakes.

electronic states close to the Fermi level were mainly contributed
by the Pb and I atoms rather than by the organic sheet, which
was further emphasized by the projected density of states (DOS,
Figure S10, Supporting Information). The energy band structure
for n = 3 under −1.13%, 0%, and 1.13% strains is depicted in
Figure 4b, with a direct bandgap observed at the Γ point under
all strain conditions. Under compressive strain (ɛ = −1.13%),
the bandgap increased to 1.768 eV, contrasting with the value of
1.760 eV observed in the strain-free state (ɛ = 0%). Conversely,
the bandgap decreased to 1.714 eV under tensile strain (ɛ =
1.13%). The bandgap variation behavior was concordant with the
observed redshift under tensile strain and blueshift under com-
pressive strain in the measured PL spectra. Meanwhile, the con-
duction band minimum (CBM), which is dominated by Pb 6p or-
bitals, underwent an energy reduction from compressive to ten-
sile strains. In contrast, the valence band maximum (VBM), pre-
dominantly associated with I 5s orbitals, exhibited a smaller en-
ergy change attributable to the dumbbell-shaped p orbitals, which
are more susceptible to lattice strain than symmetric s orbitals.

Similar trends were observed for the n = 2 thin flakes of
2DPSC under −1.13, 0, and 1.13% strains (Figure S11, Support-
ing Information). The variation in the bandgap as a function of
strain is shown in Figure 4c; this illustrates that the bandgap
of [C6H5(CH2)2NH3]2(CH3NH3)n -1PbnI3n+1 gradually decreased
when the applied strain changed from compressive to tensile. In
addition, the change in the bandgap was more significant for n
= 3 (ΔE = 53.1 meV) than that for n = 2 (ΔE = 46.6 meV). These
findings are generally consistent with the experimental observa-
tions of the PL spectra. Therefore, the results of the first princi-
ples calculations confirmed that the modulation of the bandgap
resulted from the anisotropic deformation of the octahedral for-
mation of Pb-I by the applied uniaxial strain, suggesting that the
deformation of the crystal structure led to a redistribution of the
electronic structure. These results provide a theoretical basis for
understanding the bandgap modulation influenced by <n> and
<N>.

The ɛ dependence of Raman spectra was further performed
to probe the lattice strain of 2DPSC thin flakes (Figure 4d–f). As
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Figure 3. Strain-dependent spectral modulation of 2DPSC thin flakes with different numbers of layers (N) when n = 3. a) PL spectra under strains for
2DPSC thin flakes (n = 3) with <N> ≈ 7, b) <N> ≈ 13, c) <N> ≈ 31, and d) <N> ≈ 48. e) Strain-modulated total peak shifts (Δ𝜆) (upper panel) with
corresponding band gap modulation rates (lower panel) for 2DPSC thin flakes with different numbers of layers (N).

shown in Figure 4d, Raman peaks were clearly observed at ≈90
cm−1, which corresponded to the stretching vibrational mode of
the Pb-I bond.[54–55] Owing to compressive strain (ɛ = −0.55%),
the Raman peak shifted to a higher frequency due to bond short-
ening, while at tensile strain (ɛ = 0.79%), it shifted to lower fre-
quencies due to bond stretching; this trend was also observed
for other 2DPSC thin flakes with varying <n> and <N> (Figure
S12, Supporting Information). For 2DPSC thin flakes of the same
thickness (T ≈ 20 nm), the slopes of the linear fit of the Raman
peak position variations for n = 1, 2, and 3 were 0.23, 1.7, and
2.02, respectively (Figure 4e). The observed values indicate that
the displacement of the Raman peaks associated with the lead–
halide octahedron accelerates with increasing n-values. This ob-
servation suggests that 2DPSC thin flakes with larger n values
undergo greater Pb-I stretching under the same strain, result-
ing in a more pronounced uniaxial intralayer deformation of the
lead–halide octahedron. The minimal lattice strain for n = 1 was
ascribed not only to the inorganic octahedral structure but also
to the distorted structure of the sample,[31,56] rendering it insen-
sitive to mechanical strains.

Moreover, for a given <n> (n = 3), the slopes of the linear fit
of the changes in Raman peak positions for <N> ≈ 7, 13, and
21 were 2.02, 1.6, and 1.4, respectively (Figure 4f). In addition,
the Raman peak shifts exhibited a consistent pattern at n = 2
(Figure S13, Supporting Information). The slope of the linear fit-
ting for the Raman peak position decreased as the number of

2DPSC layers (N) increased, indicating a deceleration of the peak
shift. This observation suggests that samples with a larger num-
ber of 2DPSC layers (N) exhibit less Pb-I stretching at the same
strain, resulting in an offset of the uniaxial intralayer deformation
of the lead–halide octahedron. In summary, Raman spectroscopy
offers valuable insights into the mechanisms of bandgap modu-
lation, focusing on the influence of lattice strain. An increase in
the number of lead–halide octahedron layers (n) leads to greater
anisotropic deformation of the octahedron under strain, whereas
a higher number of 2DPSC layers (N) mitigates the uniaxial in-
tralayer deformation in the lattice.

We further explored the dynamics of photogenerated carrier
recombination under strains because lattice distortion typically
modifies the bandgap, which can influence the process of car-
rier recombination.[28,57–59] For 2DPSC thin flakes with the same
thickness (T ≈ 40 nm), the PL integral area for n = 1, 2, and 3 in-
creased by factors of 1.3, 2.6, and 1.7, respectively (ɛ from−0.97%
to 0.97%) (Figure S14 and Table S1, Supporting Information).
Furthermore, under tensile strain (ɛ = 1.13%), the DOS peak
near the valence band of [C6H5(CH2)2NH3]2(CH3NH3)2Pb3I10
was wider compared with those at 0 and −1.13% strains (Figure
S10, Supporting Information); this is attributed to the in-
creased spatial overlap of the electron and hole wave functions
(Figure 5a; Figure S15, Supporting Information) at higher ten-
sile strains, composed of the respective Pb 6p and I 5s orbitals.
This spatial overlap enhancement is likely contributed to the
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Figure 4. Theoretical calculations and Raman spectral verification of 2DPSC thin flakes under strains. a) Partial charge densities of the conduction band
and valence band close to the Fermi level, integrated from −0.6 eV to the EF and from the EF to 2.0 eV under tensile strain (n = 3). b) Plot of the energy
band structure from left to right, corresponding to −1.13, 0, and 1.13% strains (n = 3). c) Theoretically calculated plots of bandgap energy differences
with strains corresponding to n = 2 and 3. d) Raman spectra of 2DPSC thin flake (n = 2, <N> ≈ 9) at different strains. e) Raman peak positions versus
strains for the same thickness (T ≈ 20 nm) with n = 1, 2, and 3 respectively. f) Raman peak position versus strain curves for the same n value (n = 3)
with <N> ≈ 7, 13, and 21, respectively.

strain-induced distortion of the lead–halide octahedron, which
results in the displacement of Pb and I atoms, thereby excit-
ing high-energy phonon modes associated with the organic sub-
lattice.[59] In addition, this spatial overlap enhancement typically
results in an increased recombination rate,[28,59] thereby enhanc-
ing the PL emission.

We further investigated the radiative states of the 2DPSC thin
flakes under strain for different n values using power-dependent
excited-state dynamics.[60–61] Excitation power-dependent PL
spectra were collected in situ as the strains varied from −0.79
to 0.79% for the aforementioned 2DPSC thin flakes (n = 1, 2,
and 3) (Figure S16, Supporting Information). Correspondingly,
the PL spectra exhibited a gradual increase in intensity as the
excitation power increased, indicating a pronounced power de-
pendence. The integral PL intensity (I) was found to be corre-
lated with the excitation power (P), following an exponential func-
tion, I∝Pk. Here, the recombination coefficients (k) 1 and 2 cor-
respond to monomolecular and bimolecular recombination pro-
cesses, respectively.[60–61] For strain-free conditions, the recombi-
nation coefficient “k” for the n = 1, 2, and 3 fits was between 1
and 2 (Figure 5b), suggesting the coexistence of recombination

processes involving excitons and free carriers. Moreover, the car-
rier recombination coefficient (k) increased with <n>, suggest-
ing a decrease in the proportion of exciton recombination and an
increase in the proportion of free carrier recombination, which
might be influenced by the decrease in exciton binding energy
with <n>.[33,42] The recombination coefficients (k) post-straining
for the 2DPSC thin flakes with n = 1, 2, and 3 are presented in
Figure S17 (Supporting Information). The values of k for n = 1
increased from 1.04 to 1.12 as the strains varied from −0.55% to
0.79%. Similarly, these k values increased from 1.18 and 1.32 to
1.46 and 1.81 for n = 2 and 3, respectively. The summary plot of k
values as a function of ɛ suggests that the proportion of exciton re-
combination increases under tensile strain and decreases under
compressive strain (Figure 5c). Thus, the increase in the propor-
tion of exciton recombination within the 2DPSC thin flakes un-
der tensile strain further reinforces the reason for the enhanced
PL emission.

Finally, we investigated the PL decay dynamics of 2DPSC
thin flakes under strain for different n values using TRPL spec-
troscopy. For strain-free conditions, the TRPL curves for n = 1, 2,
and 3 depicted in Figure 5d deviate from the single exponential
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Figure 5. Carrier recombination dynamics analysis of 2DPSC thin flakes under strains. a) Band decomposed charge densities of the VBM (left) and CBM
(right) in the top view and side view at a tensile strain of 1.13%, respectively (n = 3). b) Logarithmic plots of the integral PL intensity versus excitation
power for n = 1, 2, and 3, respectively. c) Curves of the recombination coefficient “k” versus strains for n = 1, 2, and 3, respectively. d) TRPL spectra for
n = 1, 2, and 3, respectively. e) Fitted carrier lifetimes of the corresponding TPRL spectra at different strains for n = 1, 2, and 3, respectively.

behavior typical for exciton recombination as n increases.[62–63]

By fitting the TRPL lifetimes with a bi-exponential function (Note
S1, Supporting Information), the carrier lifetimes (𝜏) for n = 1,
2, and 3 were determined to be 1.28, 1.96, and 3.1, respectively
(Figure 5d). The longer carrier lifetime at n = 3 is attributed to the
higher proportion of free carrier recombination, which is consis-
tent with the excitation power-dependent PL results. The TRPL
spectra post-straining for the 2DPSC thin flakes with n= 1, 2, and
3 are shown in Figure S18 (Supporting Information). Evidently,
the fitted carrier lifetimes for n = 1 decreased from 1.43 to 1.16 ns
as the strains varied from −0.55 to 0.55%. Similarly, the fitted car-
rier lifetimes decreased from 2.84 and 3.36 ns to 0.83 and 2.54 ns
for n = 2 and 3, respectively (Figure 5e); this suggests that an
increase in the proportion of exciton recombination induced by
tensile strain enhances the carrier recombination rate, thereby
shortening the carrier lifetime. Thus, the study of carrier recom-
bination dynamics under uniaxial strain reveals that anisotropic
lattice deformation not only shifts the bandgap but also modi-
fies the spatial overlap of electron-hole wave functions, thereby
enhancing the PL emission rate.

3. Conclusion

We systematically elucidated the light emission properties
of lattice strain manipulation in [C6H5(CH2)2NH3]2(CH3NH3)n-1
PbnI3n+1 (n = 1, 2, and 3) thin flakes by applying uniaxial strains
by bending a flexible substrate. For the 2DPSC thin flakes with

the same thickness under strains, the uniaxial intralayer defor-
mation of the lead halide octahedron increased with n values. As
<n> increased from 1 to 3, the bandgap shrinkage rate increased
from 1.97 to 10.38 meV/% (ɛ from −0.97 to 0.97%), which was
attributed to the anisotropic lattice strain of the lead halide oc-
tahedron, which dominates the uniaxial intralayer deformation.
Furthermore, for 2DPSC thin flakes with the same n value under
strains, the uniaxial intralayer deformation of the lead halide oc-
tahedron decreased with <N>. As <N> increased from 7 to 48
(n = 3), the bandgap shrinkage rate decreased from 15.2 to 7.7
meV/% (ɛ from −0.79 to 0.79%). Further experiments and theo-
retical calculations revealed the relationship between the strain-
induced crystal structure and the light emission properties of the
2DPSC thin flakes, which might promote the development of
high-performance flexible optoelectronic devices.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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