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P H Y S I C A L  S C I E N C E S

Strain propagation in layered two-dimensional  
halide perovskites
Jianhui Fu1, Qiang Xu1, Ibrahim Abdelwahab2, Rui Cai1, Benny Febriansyah3, Tingting Yin1,  
Kian Ping Loh2, Nripan Mathews4, Handong Sun1, Tze Chien Sum1*

Impulsive light excitation presents a powerful tool for investigating the interdependent structural and electronic 
responses in layered two-dimensional (2D) halide perovskites. However, detailed understanding of the nonlinear 
lattice dynamics in these soft hybrid materials remains limited. Here, we explicate the intrinsic strain propagation 
mechanisms in 2D perovskite single crystals using transient reflection spectroscopy. Ultrafast photoexcitation 
leads to the generation of strain pulses via thermoelastic (TE) stress and deformation potential (DP) interaction 
whence their detection proceed via Brillouin scattering. Using a two-temperature model together with strain 
wave propagation, we discern the TE and DP contributions in strain generation. Hot carrier cooling plays a domi-
nant role in effecting the weak modulation amplitude. Out-of-plane lattice stiffness is reduced by the weak 
van der Waals bond between organic layers, resulting in a slow strain propagation velocity. Our findings inject 
fresh insights into the basic strain properties of layered perovskites critical for manipulating their functional prop-
erties for new applications.

INTRODUCTION
Self-assembled 2D organic-inorganic lead halide perovskites (A2PbX4; 
where A is an organic cation and X is Br and I) are formed by a 2D 
connectivity of the corner-sharing PbX6 octahedra sandwiched be-
tween bulky organic spacer bilayers with low refractive index and a 
large bandgap. The quantum confinement arising from their nat-
urally formed multiple-quantum well structure and the dielectric 
confinement due to the considerable dielectric constant contrast 
between the organic barrier layer and the inorganic well layer give 
rise to fascinating properties, such as large exciton binding energies 
(1), strong exciton-phonon coupling (2, 3), giant oscillator strength 
(4), and enhanced scintillation (5). These remarkable physical 
properties together with their facile fabrication and robust chemical 
stability propelled 2D halide perovskites’ rise as forerunners in broad 
applications as solar cells (6), light-emitting diodes (7), photodetec-
tors (8), and Seebeck generators (9). The soft nature of the halide 
perovskite lattice presents exciting opportunities to further manip-
ulate their optoelectronic properties (10) and stability (11) through 
strain engineering. Notwithstanding, these soft materials are 
inevitably subjected to strain created at an interface during device 
fabrication or operation (e.g., mismatched thermal expansion co-
efficients), which could markedly influence optoelectronic proper-
ties and material stability (12). While modulation effects from 
static strain engineering have been well reported, ultrafast picosec-
ond strain engineering, which affords a new paradigm to in situ 
monitoring of chemical reactions (13) and fast switching of opto-
electronic (14, 15) and magnetic properties (16), remains unexplored. 
Although ultrasonic strain–induced coherent longitudinal acoustic 
(LA) phonon scattering in 2D perovskites was recently reported, a clear 

understanding of the interrelated mechanisms of strain genera-
tion, propagation, and detection is still lacking (17, 18). In particular, 
laser-induced ultrasonic strain propagation velocity v is determined 
by a single probe wavelength using f = 2vn/, where f, n, and  are 
the oscillation frequency, refractive index, and probe wavelength, 
respectively (18–20). This simple equation could result in a differ-
ent strain propagation velocity for a different probe wavelength 
(21), which is misleading from the physical point of view. More-
over, the strain generation mechanism in 2D halide perovskites 
is still under debate, with one study attributing to the dominant TE 
effect (18), while another ascribing to relative contributions from 
both the TE effect and DP interaction (17). Furthermore, it remains 
unclear how strain generation is affected by slow hot carrier cooling 
(HCC), a phenomenon that has been widely reported in halide 
perovskites. Previously, all studies assumed that the photoexcited 
carriers with excess energies instantaneously relax down to the 
band edge, generating the TE stress (17–20). However, this needs not 
be the case in the presence of slow HCC (22, 23). Hence, addressing 
these open questions is not only of fundamental interest but also 
relevant for exploring ultrafast strain engineering as an approach to 
manipulate the functional properties of perovskites or to control col-
lective excitations.

Here, we investigate the intrinsic picosecond strain propagation 
in 2D halide perovskite single crystals (SCs) using transient reflec-
tion (TR) spectroscopy. We seek to explicate the intrinsic inter
dependent mechanisms of strain generation, propagation, and 
detection in a model 2D perovskite system largely free from the ef-
fects of the substrate and multiple phases. Through detailed pump 
energy–dependent studies together with density functional theory 
(DFT) calculations, we establish that DP interaction also has a notable 
contribution to the strain generation. Using a two-temperature 
model together with strain wave propagation, we simulate the strain 
generation and detection processes. Our findings reveal that the re-
duced lattice rigidity due to the presence of the van der Waals 
(vdW) bond between organic spacers retards the strain propaga-
tion velocity. With a longer cooling time, HCC plays an important 
role in strain generation that leads to a gentler distribution of the 
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out-of-plane lattice temperature and a resultant weaker strain mod-
ulation amplitude.

RESULTS
Strain generation, propagation, and detection  
by TR spectroscopy
We first examine these processes in the archetypal 2D halide perov
skite, phenylethylammonium lead iodide [(PEA)2PbI4] SC flakes. 
Details on the SC preparation and basic properties are found in Mate-
rials and Methods and in figs. S1 to S3. All measurements were con-
ducted at room temperature (RT) except when mentioned otherwise. 
X-ray diffraction (XRD) measurements (fig. S1) confirm that the 
layered PbI6 octahedron network lies in-plane of the SC flake. The 
samples were photoexcited using above-bandgap femtosecond laser 
pulses, and strain propagation was probed using TR spectroscopy.

Figure 1A shows a schematic of the strain generation, propaga-
tion, and detection processes in the layered (PEA)2PbI4 SC sample. 
Above-bandgap pump pulse excitation generates an elastic strain 
pulse at the sample’s surface that propagates into the bulk at the speed 
of sound v (24). The strain generation with ultrafast laser excitation 
is based on the conversion of pump photon energy into mechanical 
energy by the photoinduced stress (24). This propagating strain 
pulse modifies the local refractive index and reflects the penetrating 

probe light. The interference between the reflected probe light from 
the sample surface and that from the propagating strain pulse pro-
duces a periodic modulation of the optical reflectivity. This modu-
lation amplitude depends on the strength of the photoinduced stress 
and, thus, the incident pump photon energy, whereas the oscillation 
period is governed by the probe wavelength, refractive index, and the 
speed of sound. Figure 1B shows a 2D contour plot of the TR spectrum 
of (PEA)2PbI4 SCs pumped at 400 nm with a fluence of 0.3 mJ cm−2. 
The TR spectrum (e.g., at 5 ps of the red curve in Fig. 1B) generally 
shows a derivative profile with respect to the absorption change (25). 
This is due to the change in refractive index dominated by the state-
filling effect, which depends on the photoexcited carrier concentration. 
To extract the strain-induced reflectance change, we subtract the 
carrier recombination and diffusion contribution using the multiple-
exponential decay and obtain its residual. Typical TR decay kinetics 
probed at 542 nm, the curve fitting, and its residual are shown in Fig. 1C.  
As shown, the oscillation damps over nanosecond time scale.

Figure 1D shows the pump fluence–dependent oscillation kinetics 
probed at 542 nm. It is clear that the oscillation amplitude exhibits 
a linear dependence on pump fluence (inset of Fig. 1D), and the 
oscillation kinetics remain largely invariant except for their ampli-
tudes when varying the pump photon energy (Fig. 1E). To examine 
the pump energy–dependent strain modulation dynamics, we fitted 
the oscillation kinetics using a damped oscillator function

Fig. 1. Strain propagation and its modulation to the TR spectrum of (PEA)2PbI4 SCs. (A) Schematic of strain generation, propagation, and subsequent detection by 
TR spectroscopy in (PEA)2PbI4 SCs. (B) 2D contour plot showing the TR spectrum and a typical TR spectrum (red curve) at a delay of 5 ps of (PEA)2PbI4 SCs excited at 400 nm 
with a fluence of 0.3 mJ cm−2. (C) Typical TR kinetics (black curve), curve fitting (red curve), and residual (blue curve) after subtracting contributions from carrier recombi-
nation and diffusion at a probe wavelength of 542 nm. (D) Pump fluence–dependent ∆R/R oscillation at 542 nm. Inset shows the ∆R/R oscillation amplitude as a function 
of pump fluence (black scatters) and the linear fit (red line). (E) Excitation energy–dependent ∆R/R oscillation probed at 542 nm. The colored curves are fittings using 
Eq. 1. (F) Normalized strain-induced modulation amplitude as a function of excess carrier energy for the two probes at 542 and 570 nm. The red lines are the global fits 
using Eq. 3. The error bars are from the curve fitting in (E). a.u., arbitrary units.



Fu et al., Sci. Adv. 8, eabq1971 (2022)     16 September 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 10

	​ y  =  A ​e​​ −t/​ cos(2ft + )​	 (1)

where A, , f, and  are the oscillation amplitude, lifetime, frequency, 
and phase of the strain, respectively. Details of the fitting are shown 
in table S1. Given that the strain modulation amplitude is propor-
tional to the initial photoexcited carrier density, we can therefore 
compare the normalized TR oscillation amplitude with respect to the 
carrier density to study how the strain-induced modulation ampli-
tude varies with the excess energy (i.e., E = E0 − Eg, where E0 and 
Eg are the pump energy and optical bandgap, respectively) of the 
photoexcited carriers. The normalized oscillation amplitude with re-
spect to the initial carrier density as a function of excess energy of 
photoexcited carriers for the probes at 542 and 570 nm is shown in 
Fig. 1F. It is obvious that, with increasing excess energy, the nor-
malized oscillation amplitude decreases. This pump energy–dependent 
modulation amplitude is determined by the lattice generation process 
(see Eq. 3 below). Meanwhile, for the same pump, the normalized 
strain modulation with probe at 542 nm is much larger than that at 
570 nm, which can be attributed to their different photoelastic constants 
in the strain detection process (see later discussion).

Lattice strain is present whenever there is lattice stress. Briefly, 
stress, which is a tensor, characterizes forces applied to the material 
system, whereas strain refers to the deformation under stress. This 
is especially important for soft materials that are not perfectly rigid; 
the constituents within move with respect to one another, and de-
formation results. There are mainly three contributions to the lat-
tice stress after photoexcitation: (i) TE stress, (ii) DP interaction, and 
(iii) inverse piezoelectric interaction. The first (i) occurs when the 
photoexcited carriers transfer their excess energies to the lattice via 
electron-phonon interaction as they relax down to the band edge, 
generating a fast increase in lattice temperature, which yields the 
resultant TE stress (24, 26), ​​​ TE​​  =  − 3BN ​​E​ 0​​ − ​E​ g​​ _ ​C​ V​​  ​​, where B, , N, and 
CV are the bulk modulus, linear thermal expansion coefficient, car-
rier density, and volumetric heat capacity, respectively. The second 
(ii) occurs when the lattice equilibrium is broken and deformed by 
the change of electronic distribution after photoexcitation, which, 
in turn, modifies the band structure, inducing electronic stress (24), 
DP = −Nd, where d is the sum of conduction band minimum (CBM) 
and valence band maximum (VBM) DP constants (details of DP defi-
nition can be seen in Materials and Methods) (26). Because excitons 
are the dominant photoexcited carrier species at thermal equilibrium 
because of their large exciton binding energy of ~0.2 eV (27), this 
parameter corresponds to the exciton DP. The last (iii) corresponds 
to screening of the intrinsic built-in electric field of a noncentrosym-
metric material by the photoexcited charge carriers, which changes 
the equilibrium state of the lattice through the inverse piezoelectric 
effect, leading to the inverse piezoelectric stress, IP (26, 28). Con-
sidering that (PEA)2PbI4 is centrosymmetric and nonpiezoelectric 
with negligible built-in electric field (29, 30), we discount this last con-
tribution and only consider the TE and DP stress. The strain-induced 
TR coefficient r (which is related to the reflectivity or reflectance 
R = ∣r∣2) can be understood from Brillouin scattering, which gives 
rise to (31)

	​​  r ─ r  ​  =  − 2i ​k​ 0​​ z + ​  2i ​k​ 0​​ ─ 
1 − ​​ ~ n ​​​ 2​

 ​ ​∫0​ 
+∞

 ​​ exp(2i ​k​ 0​​​ ~ n ​z ) dz​	 (2)

In this equation, k0 is the probe wave vector in air,​  ​ ~ n ​​ is the 
complex refractive index, z is the surface displacement, and ​​
  =  2(n + i ) ​(​​ ​∂ n _ ∂  ​ + i ​∂  _ ∂  ​​)​​​​ is the change in dielectric constant by 

the lattice strain ​  = ​ ∂ u _ ∂ z ​​, where u is the lattice displacement. Note 
that the first and second terms on the right side of Eq. 2 correspond 
to phase modulation from the front side of the sample and the bulk 
photoelastic effect, respectively. The detected transient reflectance is 
then obtained as ​​​R _ R ​  ≈  2ℜ​(​​ ​r _ r ​​)​​​​. Because the strain amplitude is pro-
portional to photoexcited carrier density, it is expected that the strain-
induced TR oscillation amplitude shows a linear dependence on pump 
fluence, which gives rise to

	​​ ​(​​ ​ R ─ R  ​​)​​​ 
osc

​​  ∝    = ​ ​ TE​​ + ​​ DP​​  =  − 3BN ​ 
​E​ 0​​ − ​E​ g​​

 ─ ​C​ V​​  ​ − Nd​	 (3)

Considering that the photoelastic effect varies for different probe 
wavelengths, to minimize fitting errors, we set d as a global parameter 
and perform global fitting to the normalized oscillation amplitude as a 
function of excess energy of photoexcited carriers using Eq. 3 for two 
probe wavelengths (fig. S4), as shown in Fig. 1F. With B = 10.25 GPa 
(32), CV = 1.19 J K−1 cm−3 (33), and  = 1.8 × 10−4 K−1 (fig. S5 and 
note S1), we obtained the DP constant d = −(4.3 ± 0.2) eV, which 
agrees well with our calculated out-of-plane DP constant of −3.87 eV 
using DFT calculations. The non-negligible contribution from DP 
interaction can be further corroborated from TR measurements under 
near-resonant pump when the TE stress is zero (fig. S6). The nega-
tive DP constant, which means an increase in energy when the lattice 
contracts, is partly due to the kinetic energy effect and is also due to 
the strong antibonding character of the band-edge density of states 
(DOSs) (34, 35). The calculated DP of the VBM (dh = −2.60 eV) is 
twice that of the CBM (de = −1.29 eV), suggesting that the VBM is 
more susceptible to volume deformation than the CBM. We note that 
the DOS of VBM in (PEA)2PbI4 mainly consists of stronger Pb 6s 
and I 5p antibonding state compared to that of the CBM, which is 
dominated by antibonding Pb 6p and I 5p orbital state (36). This 
stronger antibonding character of the VBM compared to that of the 
CBM leads to a larger increase in energy when the lattice is con-
tracted (34). The estimated DP of (PEA)2PbI4 is comparable to that 
of its 3D counterpart methylammonium lead iodide (MAPbI3) (19) 
and is much smaller than that of GaAs (26). Details of our calcula-
tions are shown in Materials and Methods.

Strain-induced beating map and strain  
propagation simulation
Figure 2A shows the full beating map of strain modulation in the 
TR oscillation kinetics. As shown, the oscillation exhibits a strong de-
pendence on probe wavelength, with its amplitude being the smallest 
at around the bandgap, and gradually decreases with increasing probe 
wavelength for below-bandgap regions. On the other hand, the os-
cillations of above-bandgap probe damp much faster than those for 
below-bandgap probes. This is because of considerable light absorption 
in the former, whereas damping is mainly due to phonon scattering 
by phonons, defects, or grain boundaries for the latter (demonstrated 
later). The oscillation period is longer for larger probe wavelength, 
which is a signature of strain propagation detection based on Brillouin 
scattering (24). Apart from the beating map contributed by the prop-
agating strain, we also observed a beating map appearing in the first 
10 ps (fig. S7). This beating map is due to phonon modulation of 
electronic states because of exciton-optical phonon coupling via DP 
interaction (2). To extract the modulation frequency caused by strain 
propagation, we performed a fast Fourier transform (FFT) of the 
beating map and fitted the FFT spectrum (fig. S8). Figure 2B shows 
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that the oscillation frequency decreases with probe wavelength for 
both below- and above-bandgap regions. The FFT amplitude also 
shows a strong dependence on the probe wavelength, i.e., it first in-
creases and then decreases with increasing probe wavelength (fig. S8). 
This probe wavelength dependence is governed by the strain detec-
tion process, which can be well explained by Brillouin scattering, 
i.e., interference of reflected light from the propagating lattice strain 
and the front surface of the sample (fig. S8 and note S2). Next, we 
estimate the strain propagation velocity on the basis of the strain 
detection process within the framework of Brillouin scattering. With 
the measured refractive index (fig. S3) and a probe incidence angle 
i of 13°, we obtained the extracted strain propagation frequency as 

a function of the probe wave vector ​q  = ​ 2 ​√ 
_

 ​n​​ 2​ − ​sin​​ 2​ ​​ i​​ ​ _   ​​ in the sample, 
where  is the probe wavelength. From the linear fit (Fig. 2C), we 
obtained the strain propagation velocity v = 2300 ± 100 m/s, which 
is consistent with the literature (17).

With this information, we detail the mechanism on how strain 
propagates in (PEA)2PbI4 SCs and compare our experimental results 
with simulations. For above-bandgap photoexcitation, the source of 
strain consists of TE stress and DP interaction. Here, we start from 
the strain generation process in (PEA)2PbI4 after 400 nm of photo-
excitation with a pump fluence of 0.3 mJ cm−2 and assume that HCs 
lose their excess energies to the lattice and form excitons with an 
effective lifetime c. This HCC will lead to an increase in lattice 

temperature associated with heat diffusion. Given the large exciton 
binding energy (~0.2 meV) (27), excitons cannot be directly gener-
ated with a 3.1-eV (or 400-nm) pump because of energy and mo-
mentum conservations (fig. S9). Here, we can describe the evolution 
of HC and lattice temperatures (i.e., Tc and TL) using a simple two-
temperature model, which yields the following differential equations

	​​  d ​T​ c​​ ─ dt  ​  =  − ​ ​T​ c​​ ─ ​​ c​​ ​​	 (4)

	​​ C​ V​​ ​ ∂ ​T​ L​​ ─ ∂ t  ​  =  N ​ 3 ​k​ B​​ ─ 2  ​ ​ ​T​ c​​ ─ ​​ c​​ ​ + ​ ∂ ─ ∂ z ​ k ​ ∂ ​T​ L​​ ─ ∂ z  ​​	 (5)

	​​  ∂ N ─ ∂ t ​  =  D ​ ​∂​​ 2​ N ─ 
∂ ​z​​ 2​

 ​ − ​k​ 1​​ N − ​k​ 2​​ ​N​​ 2​​	 (6)

where k, D, k1, and k2 are the thermal conductivity, carrier diffusion 
coefficient, and monomolecular and Auger recombination coeffi-
cients of the exciton, respectively. The initial and boundary condi-
tions of Eqs. 4 to 6 are shown in note S3. The HCC time is estimated 
to be 0.13 ps and hardly depends on pump fluence (fig. S9). This is 
likely due to the strong Fröhlich interaction arising from the re-
duced Coulomb screening effect (i.e., low dielectric permittivity of 
the organic spacers) (37).

Fig. 2. Strain-induced beating map and the simulated strain. (A) 2D contour plot of the time-domain beating map of TR oscillation kinetics induced by strain propa-
gation in (PEA)2PbI4 SCs. (B) Frequency domain of the beating map. The red curve is the probe wavelength–dependent strain modulation frequency. (C) Oscillation fre-

quency as a function of probe light wave vector ​q  =  2 ​√ 
_

  ​n​​ 2​ − ​sin​​ 2​ ​​ i​​ ​ / ​. (D) Simulated time-domain beating map in (PEA)2PbI4 SCs with a 400-nm pump at a fluence of 
0.3 mJ cm−2 and HCC time c of 0.13 ps. (E) Simulated strain propagation in (PEA)2PbI4 SCs. (F) Simulated strain contributed by TE stress (black curve), DP interaction (blue 
curve), and the sum (red curve) as a function of pump penetration depth at ​t  = ​  2 _ v​​.
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The spatially distributed exciton population N(z, t) is modeled 
using a 1D carrier diffusion model, as described by Eq. 6. To simplify 
the HCC process, we have also disregarded the phonon scattering 
process [i.e., longitudinal optical (LO) phonon decays into acoustic 
phonons] in Eq. 5 and assumed that HCs relax and heat up the lattice 
directly because cooling is much faster in 2D halide perovskites than 
in their 3D counterparts (see Discussion later). To estimate D, k1, 
and k2, we conducted pump fluence–dependent TR measurements 
and obtained D = 0.46 ± 0.12 cm2 s−1, k1 = (3.0 ± 0.4) × 108 s−1, and k2 = 
(9.7 ± 0.4) × 10−9 cm3 s−1 (fig. S10 and note S3). The 1D lattice strain 
wave equation is then simulated according to (24) and (38) (note S4)

	​  ​ ​∂​​ 2​ u ─ 
∂ ​t​​ 2​

 ​  = ​  ∂ ─ ∂ z ​​	 (7)

where the stress  is given by

	​   =   ​v​​ 2​  + ​​ TE​​ + ​​ DP​​​	 (8)

Here,  is the mass density. With the initial condition u(z,0) = u0 
and boundary conditions (z,0) = 0 and (L,0) = 0, where u0 is the 
initial lattice displacement, we can simulate the strain propagation 
and the induced oscillation in transient reflectance. Figure 2 (D and 
E) shows the 2D contour plot of strain-modulated TR spectrum and 
the corresponding strain propagation in (PEA)2PbI4 SCs, respec-
tively. Our simulated spectrum matches well with the experimental 
results for both below- and above-bandgap regions (Fig. 2A), con-
sistent with Brillouin scattering in the strain detection process. The 
lattice strain is strongest at the sample’s surface and propagates into 
the bulk sample at the speed of sound. As expected, the TE stress 
contribution to the lattice strain cancels that from DP interaction 
(Fig. 2F). The strain pulse consists of a region of expansion (or pos-
itive strain) followed by a region of compression (negative strain), 
in good agreement with previous results (24, 26). Meanwhile, com-
pared to heat and carrier diffusions (fig. S11), lattice strain propa-
gates much faster, indicating that the lattice strain propagation is 
barely affected by carrier and heat diffusions. This can be verified from 
the negligible difference between the calculated strain in the pres-
ence and absence of heat and carrier diffusions (figs. S12 and S13).

Strain is also generated when large polarons are formed after 
photoexcitation because of the Fröhlich interaction (39). This gen-
erated strain due to the exciton-polaron formation is likely to only 
influence the background of the TR kinetics, as shown in a recent 
work (39). Even taking carrier diffusion into consideration, its effect 
on propagation strain is much weaker given that carrier diffusion is 
much slower compared with acoustic strain wave propagation, as 
mentioned previously. Nonetheless, this polaron effect is beyond the 
scope of our work. Similar background effects include defect-related 
strain generation and residual strain from the sample crystallization 
process. Again, this will not change our conclusion of laser-induced 
picosecond acoustic strain propagation. On the other hand, in Eqs. 3 
and 5 and estimating the DP constant, we have ignored the Auger 
heating contribution, which only plays a negligible role in strain gen-
eration. This is because most of the HCs’ excess energies are lost 
through the dominant Fröhlich interaction that occurs over a sub-
picosecond time scale. This has been demonstrated previously in 
perovskite bulk films (>99%) (22) and weakly confined nanocrystals 
(>94%) (40). Therefore, even for near-resonant photoexcitation, the 
effect of Auger heating on strain generation via the TE process is 
still negligible compared to DP interaction.

Strain propagation velocity decreased by vdW interaction
Next, we examine the influence of the organic linker (aromatic ver-
sus aliphatic) on the strain propagation properties in Ruddlesden-
Popper (RP) and Dion-Jacobson (DJ) perovskite systems. Beginning 
with the aromatic systems, the two layers of organic cations (PEA+) in 
(PEA)2PbI4 RP perovskite are tethered to their adjacent PbI6 layer by 
hydrogen bonding, respectively. In turn, these PEA+ layers are held 
together by vdW interactions. In the (4AMP)PbI4 [4-(aminomethyl)
piperidinium (4AMP)] DJ perovskite, the adjacent octahedral PbI6 
layers are connected by a single layer of organic cation 4AMP2+ via 
hydrogen bonding. XRD measurements establish that the a axis is 
along the out-of-plane direction of the DJ SCs (fig. S14).

Through similar transient reflectivity measurements for the 
(4AMP)PbI4 SC flakes, we obtain its propagation velocity v = 2450 ± 
80 m/s (fig. S14), which is higher than that of (PEA)2PbI4 (Fig. 3A). 
Treating the PbI6 octahedron and organic spacer as two distinct 
masses in a linear biatomic lattice (Fig. 3B), we model the RP perov
skites using a bead-spring model (or coupled oscillators). Figure 3C 
shows the calculated propagation velocity as a function of the spring 
constant ka between the organic and inorganic lattice. Table 1 shows 
that the ka value for (4AMP)PbI4 (i.e., 19.5 N/m) is more than twice 
that of (PEA)2PbI4 (i.e., 7.6 N/m). This suggests that vdW bonding 
strongly reduces the effective spring constant and, thus, the lattice 
stiffness. To further assess the vdW bond strength, we construct a 
linear triatomic bead-spring model (Fig. 3D) and assume that the 
hydrogen bonding between the organic spacer and the inorganic 
lattice (41) is the same for (PEA)2PbI4 RP and (4AMP)PbI4 DJ per-
ovskites. Figure 3E shows the calculated strain propagation velocity 
as a function of the unit cell length l and the spring force constant of 
kb between organic layers (see also fig. S15 and note S5). We obtain 
kb = 6.2 N/m that is much smaller than the spring constant ka = 19.5 N/m 
for hydrogen bonding (Table 1), in agreement with their expected 
bond strengths (i.e., hydrogen bond > vdW bond).

Extending to RP and DJ perovskites with aliphatic organic 
linkers, we obtained the propagation velocities for vdW-bonded 
n-butylammonium lead iodide [(BA)2PbI4] RP system (fig. S16) and 
the butane-1,4-diammonium lead iodide [(BdA)PbI4] DJ system 
(fig. S17). vdW bonding present in (BA)2PbI4 RP perovskite drasti-
cally decreases the effective spring constant, leading to a much slower 
propagation velocity of 1500 ± 400 m/s compared to 2110 ± 20 m/s 
in (BdA)PbI4 DJ perovskite (Table 1 and fig. S17). On the other 
hand, comparing the aromatic linker in (PEA)2PbI4 and the aliphatic 
linker in (BA)2PbI4, both the propagation velocity and spring con-
stants of the latter are much smaller, indicating reduced lattice 
rigidity (Table 1 and fig. S16). This is attributed to the strong dipole-
dipole and - interactions between the aromatic functional groups 
in (PEA)2PbI4 that are absent in (BA)2PbI4. This also suggests 
that the organic cation has a large influence on the vdW bond 
strength. The reduced lattice stiffness by the presence of vdW 
bonding can be further verified from the calculated Young’s 
modulus Y33 = v2, where  is the mass density. From Fig. 3A, 
the Young’s modulus of (PEA)2PbI4 and (BA)2PbI4 RP perov
skites is 13.1 and 6.3 GPa, respectively, which are comparable to 
that of soft materials such as polymers or organic solids (Y33 of 
~10 GPa) (42). Comparatively, the Young’s modulus of (4AMP)
PbI4 and (BdA)PbI4 DJ perovskites is much larger. Note that the 
estimated Young’s modulus of (PEA)2PbI4 is even smaller than 
that of typical transition metal dichalcogenides, such as MoS2 
(Y33 of ~32 to 60 GPa) (43). This agrees with its soft lattice nature 
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because of the intrinsic soft organic sublattice and anharmonic in-
organic PbX6 octahedron (44).

DISCUSSION
To provide further insights into the strain propagation, we simulate 
the fluence-dependent strain propagation and its modulation to 
∆R/R spectrum in (PEA)2PbI4 under a 400-nm pump with an HCC 
time c of 0.13 ps. As expected, the strain (Fig. 4A) and its induced 
modulation amplitude (Fig. 4B) increase with pump fluence. Mean-
while, the induced ∆R/R oscillation occurs earlier when increasing 
the pump fluence (red dashed arrow). To explain this shift, we sim-
ulate the respective strain-induced modulation by TE stress and DP 
interaction (fig. S18). The slight shift with fluence is only observed 
under DP interaction, whereas it is barely discernible under TE 

stress, clarifying the origin. We note that there is a nonlinear Auger 
recombination term in Eq. 6. This contribution from nonradiative 
Auger recombination to carrier depopulation increases with in-
creasing pump fluence, which brings about a faster onset of the os-
cillations, bearing in mind that strain due to DP interaction ​​​ DP​​  = ​
∂ ​​ DP​​ _ ∂ z  ​  ∝  − ​∂ N _ ∂ z ​​ (fig. S18).

Next, we examine how strain and its modulation are affected by 
the HCC effect. Although HCC and exciton formation time is very 
fast and insensitive to pump fluence (fig. S9) (37), the time scale of 
this process varies with different organic cations, such as in ethylam-
monium lead iodide [(EA)2PbI4] (17). Figure 4C shows that the strain 
is almost unchanged when c ≤ 1 ps but decreases drastically when c 
further increases. This is expected given that a shorter c means a 
faster transfer of the excess energies of the photoexcited carriers to 
the lattice. Thus, the strain wave equation (Eq. 7) is solely governed 

Fig. 3. Reduction of strain propagation velocity by vdW interaction. (A) Organic cation–dependent strain propagation velocity and Young’s modulus of layered 2D 
perovskites. (B) Schematic crystal structure of (4AMP)PbI4 and linear biatomic bead-spring model. Here, the blue sphere represents PbI6 octahedron, while the beige 
sphere represents 4AMP and (PEA)2, in (4AMP)PbI4 and (PEA)2PbI4, respectively. (C) Calculated strain propagation velocity as a function of the spring constant ka of a linear 
biatomic lattice chain. (D) Schematic crystal structure of (PEA)2PbI4 and linear triatomic lattice in which the blue and beige spheres represent PbI6 octahedron and PEA, 
respectively. (E) Calculated strain propagation velocity as a function of the spring constant of kb and the unit cell length l of a linear triatomic lattice.
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by other processes (i.e., heat diffusion, carrier recombination, and 
diffusion). The reduced strain amplitude with the growth of c can 
be ascribed to a more moderate spatial distribution of lattice tem-
perature given that the DP contribution remains unchanged. As a 
result, this reduced strain amplitude leads to a reduction of the mod-
ulation amplitude (Fig. 4D). This suggests that while 2D perovskite-
based solar cells are more chemically stable, they may be suffering from 
intrinsic instability induced by strong lattice strain from heat inevi-
tably generated during HCC under concentrated solar irradiation. 

On the other hand, the delayed HCC slows down the generation of 
TE stress, resulting in delayed strain modulation to the TR spectrum 
(green dashed arrow).

With our model, we successfully differentiated the contributions 
from TE stress and DP interaction to strain propagation and the re-
sultant strain modulation on the optical properties in layered 2D 
perovskites. Although a rigorous treatment would invoke the three-
temperature model consisting of HCs, LO phonons, and lattice (45), 
the ultrafast phonon scattering process (LO < 1 ps) in 2D halide 

Table 1. Comparison of strain propagation velocities and derived spring constants using linear biatomic and triatomic lattice models between RP and 
DJ 2D layered perovskites.  

Materials
RP perovskites DJ perovskites

(PEA)2PbI4 (BA)2PbI4 (4AMP)PbI4 (BdA)PbI4

v (m/s) 2300 ± 100 1500 ± 400 2450 ± 80 2110 ± 20

Biatomic model ka (N/m) 7.6 4.6 19.5 14.6

Triatomic model ka (N/m) 19.5 14.6 − −

kb (N/m) 6.2 3.3 − −

Fig. 4. Influence of HCC lifetime on strain generation and detection. Simulated pump fluence–dependent lattice strain in (PEA)2PbI4 at ​t  = ​  2 _ v​​ as a function of pump 
penetration depth (A) and the induced ∆R/R oscillation (B) probed at 542 nm for c = 0.13 ps. The red dashed arrow in (B) is a guide to the eye, illustrating that the ∆R/R 
oscillations occur earlier with increasing pump fluence. Simulated lattice strain (C) as a function of pump penetration depth at ​t  = ​  2 _ v​​ and the induced ∆R/R oscillation 
probed at 542 nm (D) for a different c. The green dashed arrow in (D) is a guide to the eye, illustrating the delayed onset of the ∆R/R oscillations with increasing c.
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perovskites has minimal effect on the strain generation and the re-
sultant R/R modulation. Thus, the two-temperature model would 
suffice here (figs. S19 and S20 and note S3). Our study of acoustic 
strain propagation velocity will be important for thermal management 
of the 2D perovskite-based devices, considering that the sound ve-
locity is a key parameter of thermal conductivity. Meanwhile, the 
thermal conductivity of a semiconductor is generally dominated by 
LA phonon scattering with transverse acoustic phonon and optical 
phonon having negligible contributions because of their much lower 
group velocities. Within a generic kinetic theory, thermal conduc-
tivity k can be approximated as ​​1 _ 3​ ​C​ v​​ ​v​​ 2​ ​​ 0​​​, where 0 is the LA phonon 
lifetime because of phonon scattering by grain boundaries, defects, 
and phonon anharmonicity due to the three-phonon Umklapp pro-
cess (46). For these high-purity SCs, phonon scattering is dominated 
by its intrinsic anharmonicity. Although the estimated LA phonon 
velocity and the reported Cv of (PEA)2PbI4 are comparable to those 
of its 3D counterpart MAPbI3 (19, 21), its cross-plane thermal con-
ductivity is found to be less than half of the latter (33), which means 
that (PEA)2PbI4 has a shorter acoustic phonon lifetime. This sug-
gests that phonon anharmonicity plays an important role in the ultra
low thermal conductivity of (PEA)2PbI4. The shorter acoustic phonon 
lifetime of (PEA)2PbI4 may be attributed to additional vibrational 
scattering at the organic/organic interface between organic spacers 
connected by the weak vdW bond, as compared to the cluster rat-
tling mechanism of organic molecules to the inorganic lattice that 
governs the acoustic phonon scattering in 3D perovskite (47). On the 
other hand, our results demonstrate that the presence of vdW bond, 
in which its strength is affected by the type of organic cation, also 
leads to a decrease in phonon velocity caused by reduced lattice ri-
gidity. Together, these two factors result in the ultralow thermal con-
ductivity of 2D halide perovskites.

In summary, we investigate the strain propagation process in 
layered 2D halide perovskites using ultrafast TR spectroscopy and 
theoretical modeling. We identify the mechanisms of strain genera-
tion and detection processes via detailed pump and probe energy–
dependent modulation studies. Using a two-temperature model 
together with a 1D wave equation, we successfully reproduce the 
strain propagation and the resultant strain modulation on the TR 
spectrum. Meanwhile, we show that HCC plays an important role in 
strain generation, which affects both the phase and amplitude of the 
induced modulation. Nevertheless, compared to their 3D MAPbI3 
counterpart, HCC is much faster in 2D halide perovskites due to a 
stronger Fröhlich interaction. Furthermore, on the basis of the bead-
spring model, we find that the interaction between organic spacers 
has a large effect on the strain propagation velocity in layered 2D 
halide perovskites. Our study injects fresh insights into strain prop-
agation and the resultant strain modulation on the optical and elec-
tronic properties of 2D halide perovskites, which could unlock new 
opportunities for engineering their functional properties.

MATERIALS AND METHODS
Sample preparation
(C6H5C2H4NH3)2PbI4 [or (PEA)2PbI4] and (C4H9NH3)2PbI4 [or (BA)2PbI4] 
SC flakes were prepared using a modified temperature-cooling method 
according to (48). PEAI or BAI (Dyesol) and PbO (99%; trace 
metals basis, Acros Organics) with a stoichiometric molar ratio of 
1:1 were dissolved in a mixture of hydroiodic acid and phosphoric 

acid with a concentration of 0.59 M. The obtained solution was then 
heated to boiling under constant magnetic stirring for about 5 min, 
which formed a bright yellow solution. Subsequently, the stirring 
was stopped, and the solution was cooled down to RT at a rate of 
2°C/min, which formed orange crystals. The obtained crystals were 
then isolated with vacuum filtration thoroughly dried under reduced 
pressure. (C6H16N2)PbI4 [or (4AMP)PbI4] SC flakes were grown ac-
cording to (49). For the growth of (C4H14N2)PbI4 [or (BdA)PbI4] 
SC flakes, BdAI source was first synthesized. Concentrated hydro-
iodic acid [aq., 57 weight % (wt %)] and hypophosphorus acid 
solution (aq.; Sigma-Aldrich) with a stoichiometric volume ratio of 
1:0.025 were added to a mixture of ethanol and butane-1,4-diamine 
(99%; Sigma-Aldrich). After stirring the solution for 1 hour, the 
volatiles were removed using a rotary evaporator. The BdAI source 
was then obtained by washing the remainder using diethyl ether 
followed by drying in the vacuum oven at 50°C overnight. Then, 
PbI2 (99.99%; trace metals basis, Acros Organics) and BdAI with a 
stoichiometric molar ratio of 1:1 were dissolved in a mixture of 
concentrated hydroiodic acid (57 wt %) and hypophosphorus acid 
solution (Sigma-Aldrich) with a stoichiometric volume ratio of 
1:0.025 using magnetic stirring, which resulted in a solution with a 
final molar concentration of 0.1 to 0.15 M. The solution was then 
stirred and heated at ~135°C for 1 hour, which formed a clear yellow 
solution. The obtained solution was then slowly cooled down to 
RT at a rate of 5°C/hour. The obtained SCs were then isolated with 
vacuum filtration thoroughly dried under reduced pressure.

Sample characterization
The RT XRD pattern of 2D perovskite SC flakes was collected using 
a Bruker-AXS D8 Advance x-ray diffractometer equipped with Cu 
K ( = 1.5418 Å) x-ray source. The measurement was performed 
in the 2 mode between 3° and 50° with a step size of 0.02° and the 
integration time of 1 s per step. The in situ temperature-dependent 
XRD pattern of (PEA)2PbI4 films between 30° and 85°C was mea-
sured using a Bruker D8 Discover equipped with Anton Paar 
DHS1100 vacuum heating chamber and a LYNXEYE detector. The 
measurement was performed in 2 mode between 3° and 60° with a 
step size of 0.02° and integration time of 1 s per step. For each tem-
perature measurement, the sample’s temperature was allowed to 
stabilize with a waiting time of about 20 min. The complex refrac-
tive indexes of the samples were measured by using a commercial 
spectroscopic ellipsometer (J.A. Woolam Company). Variable inci-
dence angle measurements were performed from 65° to 75° with a 
step size of 5° to obtain accurate fitting parameters. Detailed fitting 
process refers to (50).

TR spectroscopy
TR spectra were collected using an integrated Helios and EOS setup 
(Ultrafast Systems LLC), which works in a nondegenerate pump-
probe configuration. The pump pulses were generated from a 
Coherent TOPAS-C optical parametric amplifier pumped by a 
1-kHz regenerative amplifier (Coherent Legend, 800 nm, 150 fs). The 
amplifier was seeded by a mode-lock Ti-sapphire oscillator (Coherent 
Vitesse, 100 fs, 80 MHz). A 400-nm pulse pump was generated by 
doubling an 800-nm pulse with a beta barium borate crystal. The 
white light continuum probe pulses were produced by focusing 
the 800-nm femtosecond pulses through a 2-mm sapphire plate. The 
probe incidence angle is 13°. A 750-nm short-pass filter was placed 
before the sample to filter out the 800-nm residue. A reference 
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probe light before the sample and the signal probe light were col-
lected using the same complementary metal-oxide semiconduc-
tor sensors.

DFT calculations
For calculations of the crystal structure optimization and DP con-
stants of (PEA)2PbI4, we used the all-electron-like projector aug-
mented wave method (51) and Perdew-Burke-Ernserhof revised for 
solids exchange correlation potential (52), as implemented in the 
Vienna Ab Initio Simulation Package (VASP) code (53). The semi-
core of Pb atoms (5d orbital) was treated as valence electrons, i.e., 
14 valence electrons for Pb (5d106s26p2) atom. The cutoff energy 
for the plane wave expansion of the wave functions is 500 eV. The 
primitive cell was fully optimized, including its lattice vectors and 
atomic positions. The Hellman-Feynman forces are less than 1 meV/Å.  
The spin-orbit coupling effect was taken into consideration because of 
heavy valence electrons from Pb ions. The 4 × 4 × 1 Monkhorst-Pack 
grid of k-points (54) for the Brillouin zone integration of (PEA)2PbI4 
was used in the calculations for structure optimization. The opti-
mized lattice constants are a = 8.624 Å, b = 8.616 Å, c = 33.349 Å, 
 = 85.83°,  = 85.89°, and  = 89.50°. The absolute DP (ADP) is de-
fined as as

v = V0dEs/dV for energy state s, where V0 is the balanced 
volume of the (PEA)2PbI4 unit cell. The calculation of DP is based 
on the methods by Wei and Zunger (55). The calculated ADPs for 
CBM and VBM are −1.29 and −2.60 eV, respectively. The bandgap 
ADP is defined as ​​a​V​ gap​  = ​ a​V​ CBM​ − ​a​V​ VBM​  =  1.31​ eV, and the total 
ADP is defined as ​​a​ V​​  = ​ a​V​ CBM​ + ​a​V​ VBM​  =  − 3.89​ eV (19). We find that 
both ADPs of VBM and CBM are negative, whereas the bandgap ADP 
is positive, suggesting that the energy levels exhibit an inverse rela-
tionship compared to that of the bandgap under pressure.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq1971
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