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Elastic Softness of Hybrid Lead Halide Perovskites
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Much recent attention has been devoted towards unraveling the microscopic optoelectronic properties of

hybrid organic-inorganic perovskites. Here we investigate by coherent inelastic neutron scattering

spectroscopy and Brillouin light scattering, low frequency acoustic phonons in four different hybrid
perovskite single crystals: MAPbBr;, FAPbBr;, MAPbI;, and a-FAPbl; (MA: methylammonium, FA:
formamidinium). We report a complete set of elastic constants characterized by a very soft shear modulus

Cyy. Further, a tendency towards an incipient ferroelastic transition is observed in FAPbBr;. We observe a

systematic lower sound group velocity in the technologically important iodide-based compounds compared
to the bromide-based ones. The findings suggest that low thermal conductivity and hot phonon bottleneck
phenomena are expected to be enhanced by low elastic stiffness, particularly in the case of the ultrasoft

a-FAPbI;.

DOI: 10.1103/PhysRevLett.121.085502

Motivated by environmental and energy issues, hybrid
organolead perovskites (HOP) have drawn a lot of interest
in the field of photovoltaic cells [1-7]. Currently, the state
of the art of HOP solar cells is based on alloys where
methylammonium (MA) and formamidinium (FA) are both
present in the same structure and ca. 10% are replaced
by rubidium (Rb) and caesium (Cs) atoms, together with
concomitant alloying of iodide (I)/bromide (Br) halogens
[8], now reaching power conversion efficiencies (PCEs) in
excess of 22% [9]. The rapid emergence and success of
hybrid perovskites is widely attributed to various features
such as low cost and low temperature processing, suitable
optical band gap (especially for iodide based HOPs),
superb optical absorption across the visible spectrum,
low exciton binding energies, and long charge-carrier
diffusion lengths. Much recent attention has been devoted
towards HOPs charge-carrier features [10—13] and previous
experimental studies have successfully evidenced the
influence of crystal structure on their optoelectronic proper-
ties, as exemplified with the effect of octahedral tilt on the
band gap [14,15]. However, the origin of the softness of
HOPs, compared to classic semiconductors, and its influ-
ence on their charge-carrier dynamics is still lacking a
comprehensive understanding and systematic experimental
studies. Furthermore, in perovskite based thin film solar
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cells, device performance is deeply affected by film quality
and fabrication processing (morphological effects, grain
boundaries, etc.), which makes it difficult to study the
intrinsic properties of HOPs. Single crystals, on the other
hand, provide the ideal platform to uncover their funda-
mental limits. In this work, we have investigated low
frequency structural excitations in the cubic phases of
the most relevant compounds implemented in HOPs,
namely, MAPbBr;, FAPbBr;, MAPbI;, and a-FAPbI;,
in their single crystal form. For additional information
regarding structure and crystal growth please refer to the
Supplemental Material [16]. We report a complete set of
elastic constants, via the corresponding sound velocities,
and we relate the results to the lower thermal conductivity
found in HOP compounds and the hot phonon bottleneck
hypothesis proposed for such systems. For that purpose,
dispersions of the acoustic phonons have been measured
around main Bragg reflections using inelastic neutron
scattering (INS). Complementary Brillouin light scattering
(BLS) experiments have also been used to determine sound
velocities in the bromide-based compounds. The exper-
imental conditions and procedure of both techniques are
detailed in the Supplemental Material [16].

Figure 1 shows the low energy INS spectra of transverse
acoustic (TA) phonons in MAPbBr;, FAPbBr;, MAPbDI;,
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FIG. 1. Transverse acoustic (TA) phonon spectra measured by

inelastic neutron scattering in the cubic phase of (a) MAPbBTr3,
(b) FAPbBr3, and (c) MAPbI; for different Q positions going
away from the (002) = (200) Bragg peak [i.e., Q = (kk2)]; and
of (d) a-FAPDbI; for different energy values. With the exception of
MAPDI; (340 K), all other compounds were studied at room
temperature (RT).

and a-FAPbI;, measured around the Bragg reflection (200).
Additional data around other Bragg reflections, (110)
and (111), can be found in the Supplemental Material
[16]. We performed both constant energy and Q scans at
the main Bragg positions. Using the (200) position as an
example, longitudinal (LA) and transverse (TA) acoustic
modes were measured at different reciprocal space positions
Q = (200) + g in HKL units, with ¢ along (LA) and
perpendicular (TA) to [200] (for TA ¢ is parallel to [011]).

Clear acoustic phonon modes are observed on top of a
background. As shown by constant Q scans, the background
results from large quasielastic signals, likely coming from
incoherent scattering of hydrogen atom excitations present
in the MA/FA molecules, as it has been previously studied on
powder samples in MAPbBr; [20]. Energy scans performed
at various momentum vectors around the Bragg positions
revealed that the quasielastic signal occurring in the energy
window of the acoustic phonons is almost independent of the
sample orientation and weakly dependent of the longitudinal
momentum. In constant-energy scans [e.g., Fig. 1(d)], the
incoherent quasielastic signal corresponds to a flat contri-
bution, whereas acoustic phonons show up as a double peak
structure at symmetric positions of the Bragg reflection. As a
result, even though the background is relatively large, one
can easily separate it from the dispersing and symmetric
phonon modes. All neutron spectra have been fitted as
described in the Supplemental Material [16], from which
the phonon energy can be extracted.

By varying the distance g to the nearest Bragg peak, I
point, one can draw the dispersion curves, which are
reported in Figs. 2(a)-2(b) and in Supplemental Material
[16]. Each subfigure represents measurements at a different
Bragg position or propagation direction. We derive the
phonon sound velocity » from linear regressions along
most directions and then, with simple rules of elasticity in
cubic systems [21], readily determine the corresponding
elastic constants for the four perovskite compounds.
Figures 2(a) and 2(b) specifically show the sound velocities
of transverse and longitudinal acoustic phonons around the
(002) Bragg reflection. These respectively yield Cy, and
Cy, in a rather direct way (C = pv?) which are then plotted
as a function of the lattice constant in Fig. 2(c). A summary
of the determined sound velocities by INS for all four HOP
compounds is given in the Supplemental Material [16] and
the extracted elastic constants are in Table I. Considering
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FIG.2. Acoustic phonon dispersion curves of the four HOP (a) TA and (b) LA phonons at around the (002) Bragg reflection, measured
by INS. (c) Elastic constants C;; and Cyy as well as the bulk modulus K behavior as a function of the cubic lattice constant of each
compound. (d) Sound velocity diagram for FAPbBr; and MAPbBr3, as determined by Brillouin light scattering. The velocity is given as
a function of the angle between the direction of measurement and the [100] direction.
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TABLE L

Summary of the elastic properties at RT for MAPbBr;, FAPbBr3, and a-FAPbI; and at 340 K for MAPbI;, as measured by

inelastic neutron Sscattering (INS) and Brillouin scattering (BS). In a-FAPbI;, the bulk modulus is found: K = 0.1 & 2.3 GPa (we here

only quote the positive range which is only physically meaningful).

MAPbBr; FAPbBr, MAPbI, FAPbI,
Elastic constant INS BS INS BS INS BS INS BS
C;, [GPa] 345+1.2 322402 277+ 1.6 312402 21.8+1.3 n/a 11.1+2.0 n/a
Cy, [GPa] 41+02 3.44+0.1 3.1+0.1 1.5+0.1 73+0.3 n/a 27403 n/a
Ci, [GPa] 185+2.0 9.1+0.8 11.5+24 9.44+0.5 11.3+3.1 n/a -55+22 n/a
Bulk modulus [GPa] 239413 16.8 £ 0.1 169 £ 1.7 16.7+0.3 148 +£1.7 n/a 00+24 n/a
Anisotropy, A 0.52+0.005 029+001 0.38+003 0.14+001 138+022 n/a 04+02 n/a
L/T ratio 84405 954+03 8.9+0.7 208+ 1.4 3.0+0.2 n/a 43+09 n/a

the obtained elastic constants one can next calculate the
bulk modulus K = 1/3(Cy; + 2C},) [21], Zener anisotropy
index A =2Cyu/(C;y—Cp) [22] and longitudinal-
transverse (L/T) ratio for all systems (see Supplemental
Material [16]). In MAPbBr; and MAPbI;, the sound
velocities or bulk modulus recently obtained from high-
resolution inelastic x-ray scattering measurements [23,24],
although with less accuracy, agree with our findings.

Immediately we note that C;, in a-FAPbI; is negative,
but still it respects the necessary Born elastic stability
criteria for cubic systems: Cy; —Cj, > 0; Ci; +2C, >0
and Cyy > 0 [25,26]. A negative C}, simply implies that a
cubic material, when uniaxially compressed along a [100]
direction, will contract in the other two directions ([010]
and [001]) and in that way, try to maintain an isotropic
structure. Nonetheless, the negative C;, together with the
very low bulk modulus, confirms the very unstable nature
of a-FAPDI; (whose metastable single crystals last less than
a week in the a phase [27]) and why it has actually been
paired with MA, Rb, and Cs for better performing photo-
voltaic devices. As shown in Table I, the four perovskite
compounds exhibit an overall sizeable elastic anisotropic
nature (A # 1), which can be mostly attributed to the very
low shear modulus C4. MAPbDI; stands out with its
relatively higher (around double) C44 which results in a
discrepant, although still anisotropic, Zener index. However,
it should be noted that the measurements were performed at
340 K, just above the transition to the cubic phase [28],
resulting in an additional anharmonicity effect. The remark-
ably low shear moduli are much more evident when
compared to the ones of classical semiconducting photo-
voltaic materials such as Si, GaAs, or AlAs, where the elastic
constants are in the 10> Gpa order [29]. It is believed that the
rotation and tilt of the corner sharing PbXg octahedra [30]
could be responsible for the particularly low shear modulus
and large anisotropy in HOPs.

As evidenced in Fig. 2(c), C}; and K decrease noticeably
with increasing lattice constant. These two quantities are,
therefore, lower in iodide-based systems compared with
bromide ones, especially in a-FAPbl; where they are a
third of its bromide counterpart. This indicates a structural

instability when the lattice parameter exceeds ~6.4 A.
The relatively higher bulk modulus in MA-based com-
pounds should be related to a steric effect, where the
more symmetric and rotating MA molecules lead to more
compact structures, which in turn results in larger binding
elastic interactions. It is worth emphasizing that, by
construction, the acoustic branches are defining the lowest
zone boundary phonons and thus, related to the lowest
peaks of the phonon density of states. That also implies that
the Debye temperature is very small (i.e., about 30 K).
Moreover, as a function of lattice constant, this quantity
exhibits the same trend as for C;; and the bulk modulus.
The observation that iodide materials are softer than
bromide materials, as well as FA-based compounds versus
MA-based ones is consistent with recent static nanoinden-
tation measurements of the Young modulus [31,32],
though a-FAPbI; was not explored there (see table in
the Supplemental Material [16] for comparison). In con-
trast, recent pulse-echo ultrasonic measurements at low
frequency (10 MHz) and in the 140-350 K temperature
range [33], show larger sound velocities for MAPbI; than
for MAPbBr3;. However, the results of Anusca et al. [33] are
also in disagreement with other ultrasonic studies [34,35].
Yet it should be noted that the sound velocity attenuation is
very large at 10 MHz and strongly affected by the structural
phase transitions.

Brillouin light scattering on the other hand, allows
exploring the same properties in the GHz range, intermediate
between ultrasonic and neutron scattering measurements.
Sound velocities were measured in both bromide compounds
at room temperature (RT) using Brillouin light scattering,
with a setup in the [100], [010] base plane [34]. Five different
incidence angles between the normal (0°) and the Brewster
angle (25°) are reported in Fig. 2(c) with the observation
of quasilongitudinal and quasitransverse acoustic modes. A
measurement along the cubic diagonal [110] is also shown.
For both bromide compounds, a good agreement between
INS and BLS longitudinal sound velocities is observed
(see Supplemental Material [16]). The same applies for
the transverse mode in MAPbBr; [34], within a 5% differ-
ence. In contrast, a 30% difference is observed for the same
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FIG. 3. Softening of C44 in FAPbBr3 (a) as function of ¢ (at RT)

and (b) as a function of temperature (230-300 K), around the
(002) Bragg reflection. Also in (b) the Bragg M point intensity
(red) across a similar a temperature range. The bare elastic
constant, C?w represents the elastic properties without the
influence of the (incipient) phase transition. Note that the ¢
scale is logarithmic to underline the broad ¢ range covered by
both experimental techniques.

mode in FAPbBr;. This is emphasized in Fig. 3(a) where the
sound velocity is presented as a function of g. One can clearly
observe the phonon softening of the transverse mode at
lower ¢, in the BLS regime, which indicates a tendency
towards a ferroelastic phase transition [36]. Recording that
this specific sound velocity is related to the Cy elastic
constant as Cyy = pv> (where p = 4087 kg/cm® is the
density of FAPbBr3), it means that a 30% softening of the
sound velocity corresponds to a 60% renormalization of Cyy.
Interestingly, the values obtained by laser ultrasonics [35],
where a set of elastic constants was also given for MAPbBr3,
are in good agreement with our BLS results and a similar
softening of Cyy is observed too.

The softening of the shear modulus Cyy is typically
related to the proximity of a ferroelastic transition [36]
which, in this case, can be only incipient. To test that
possibility, we have performed a temperature study of the
respective acoustic branch in FAPbBr;, using INS at
constant Q = (2,0.025,0.025). Indeed, as one can observe
in Fig. 3(b), Cy44 is drastically reduced as soon as we start
to cool down the sample below RT. However, that effect

is blocked once we reach ~260 K. Actually, at around
265 K, FAPbBr; additionally undergoes a cubic to tetrago-
nal 2nd order phase transition, characterized by the dou-
bling of the unit cell of the crystal. This is revealed by the
appearance of a Bragg reflection at the M point, e.g., Q =
(3/2,1/2,0) [Fig. 3(b)]. It is known that lead perovskites
exhibit structural instabilities at both the M and R points
[37]. However, such antiferrodistorsive instabilities cannot
produce in the disordered phase (here above 265 K) any
softening of the elastic constants [36]. Therefore, the
softening of C,4 at high temperature is due to an indepen-
dent tendency towards a ferroelastic instability, which is
blocked by the cubic to tetragonal phase transition, limiting
ferroelastic pretransitional effects compared to what would
be expected for a full phase transition [36]. In Fig. 3(b), one
can easily see how the two processes coincide. By linearly
extrapolating the softening rate at high temperature (before
it is blocked), one can estimate that such a ferroelastic
transition would occur around 240 =+ 20 K. Consistently
also with an aborted ferroelastic instability, a very modest
phonon broadening is observed with decreasing temper-
ature from 300 to 230 K (see Supplemental Material [16]).

HOPs are characterized by high electron and hole free
charge carrier mobility at room temperature. At high
temperature ranges such as RT (10 times the Debye
temperature), the electronic mobility, u, is typically gov-
erned by phonon scattering, via electron-phonon coupling
(Frohlich phonon emission). The whole phonon spectrum
will then contribute to the electronic scattering rate, 1/7 (u
is proportional to the electronic relaxation time 7).
However, for intravalley electron bands of direct gap
semiconductors like the 3D HOP, the scattering rate should
also be enhanced by collisions with low energy longi-
tudinal acoustic phonons. When the acoustic phonon
contribution is considered, the electronic scattering time
7 is expected to be proportionnal to the average squared
longitudinal sound velocities [38], i.e., proportional to the
average elastic constants such as Cy; or the bulk modulus K
that are shown in Fig. 2(c). The contributions to the carrier
mobilities related to interactions with acoustic phonons are
thus predicted to be strongly different between iodide- and
bromide-based compounds, but such a large difference in
carrier mobilities is not experimentally observed [27,39].
Instead, it rather shows that the carrier mobilities are
limited by other processes, namely, interactions with
optical phonons. Such a conclusion is corroborated by
emission line broadening results [40,41], and it confirms
that scattering from longitudinal optical phonons could be
the dominant source of electron-phonon coupling near RT.

It is necessary, however, to consider the acoustic pho-
nons in order to explain other optoelectronic properties that
Frohlich optical phonon emission does not account for.
More precisely, a significant hot-phonon bottleneck effect
in carrier thermalization is observed in lead halide per-
ovskites [42,43]. The effect consists of the up-conversion
of acoustic phonons into optical modes, which recycles
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thermal (vibrational) energy, reheating charge carriers and
prolonging the cooling period of the carrier-optical phonon
system. This helps maintaining a hot carrier population,
something that is vital to achieve hot carrier photovoltaic
devices and break the Shockley-Queisser limit. At the same
time, ultrafast transient absorption measurements reveal
two stages of the carrier cooling process [43]. The first one
is related to the intrinsic Frohlich phonon emission men-
tioned above and does not vary significantly among the
various different perovskites. On the other hand, in the
second cooling stage, hot carrier-phonon dynamics occur,
corresponding to the phonon bottleneck effect [42,43]. The
various HOP materials studied in the present work show, in
fact, very different acoustic phonon densities of states that
might affect hot phonon energy relaxations. At RT, the
carrier-phonon relaxation rate of that second cooling stage
is typically 3—4 times slower in a-FAPbI;, compared with
the MAPbBr; system [43]. This is fully consistent with the
difference in elastic constants reported in Fig. 2(c).

Another direct consequence of the lattice softness is the
ultralow thermal conductivities reported in perovskites
[44]. In any electric semiconductive or insulating material,
thermal conductivity « is directly affected by the phonon
properties. More specifically, the kinetic theory of phonon
transport yields k = 1 C,v*z, where C,, v, and 7 are the
phonon specific heat, group velocity, and the scattering rate
[38,44]. Therefore, since both x and 7 are related to the
phonon sound group velocity, it means « is also propor-
tional to the elastic moduli of HOPs [Fig. 2(c)]. One can
then associate lower thermal conductivity to lower elastic
stiffness [32,45,46]. This correlation and the similar behav-
ior of Cy; and relaxation rates seen above, suggest lower
elastic stiffness to be, therefore, an important factor to
enhance the hot carrier effect in hybrid perovskites.

In conclusion, our quantitative study of low energy
acoustic phonons provides a complete set of elastic constants
of various technologically relevant hybrid perovskites, in
their cubic phases. We highlight the overall very low shear
modulus Cyy and the significant variation of elastic bulk
modulus among them. This way we give a clear picture of
the difference in softness between FA and MA based
compounds and how it relates to their structural stability
and their ultralow thermal conductivities. Moreover, the data
presented here strongly support the hypothesis of the hot
phonon bottleneck phenomena reported by other authors to
explain hot carriers relaxations. Both processes are expected
to be enhanced by low elastic stiffness, especially in the case
of the ultrasoft a-FAPbI;.
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