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. Synthesis

All perovskite single crystals were grown by vapor diffusion as previously described for MAPDOCl3,
MAPbI3; and APbBrs (A = MA, FA, Cs) in Ref. 1, 2, and 3 respectively.

Il. FDTR fitting parameters

To extract k from the FDTR, the parameters in Table S1 were used. The focused laser spot
radius was allowed to vary 3.1 + 0.1 um from the measured value during fitting in order to get a
better fit on the data. This range is within the measurement uncertainty of the spot radius, which

is 4 % of the spot radius.

Table S.1: Fitting parameters for FDTR

Layer Thermal Conductivity  Volumetric Heat Capacity
Thickness (W/m-K) (kJ/m3-K)
Measure using 4-point
60 - 70 nm probe method and .
Au (measured by calculate kay from 2500 (@ 30&? z)ther\/vlse use
AFM) Weidemann-Franz '
Law
>100 pm
Perovskite (estlmaFed from Fitting parameter from Measured by DSC or from
top view of
crystal . . FDTR Ref. 5.
microscopic
images)
Substrate No e;‘ifggg?(n the  No effect ?(n the fitted No effect on the fitted k




I11. Heat Capacity Measurements of CsPbBrs; and FAPbBr3

The heat capacity must be known for our fitting of the FDTR data to extract k. While this
has been previously reported for the MAPbXj5 series,® it has not been for CsPbBrs and FAPbBs.
We therefore performed differential scanning calorimetry (DSC) on samples of CsPbBrs; and
FAPbBr3. The DSC was performed using a TA Instrument Q20. Scans were run with 8-15 mg of
the respective perovskite crystals sealed hermetically in Tzero aluminium pans. The heating and
cooling DSC cycles were performed from 190 to 323 K at rates of either 10 or 20 K min~' with an
isothermal interval of five minutes between heating and cooling runs. The measured heat capacity
for a piece of 7.1 mg reference Si crystal was within 3% of the published result over the entire
temperature range. Uncertainty in the heat capacity of these samples is about 7%, coming from
the maximum variation across three separate measurements. The dotted line represents our linearly
extrapolated estimates.

FAPbBrs shows a first-order phase transition at about 265 K corresponding to the
previously reported primitive cubic to body-centered cubic phase transition.
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Figure S1: Experimental heat capacities of (a) CsPbBrs and (b) FAPbBrs. The dotted line
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represents our linearly extrapolated estimates to lower temperatures.



IV. Nanoindentation
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Figure S2: Representative nanoindentation curves for the loading and unloading of an indent on
a MAPDBTr3 crystal.

The group velocity of acoustic phonons can be approximated as sound speed (vg) in the
material, which we estimate from the density, p, and elastic modulus, E, for each of the perovskites.
While density is easily calculated from SCXRD, the elastic modulus must be measured separately.
To do so, we use a technique known as nanoindentation, which measures the indentation load, P,
at a given penetration depth, h, into the surface. We used an MTS Nanoindenter XP on three
separate crystals on which at least six indents was performed to determine the elastic modulus, E.
Penetration depths of 500 and 1000 nm were used on all crystals with no significant variation seen
in the resulting elastic modulus. Each indentation was then unloaded from its penetration depth,
and E was calculated using the slope of the unloading curve as shown in Figure S2 for a typical
gold-coated MAPDBT3 single crystal.

To calculate the elastic modulus, E, the slope of the unloading curve, which is shown as
dP/dh, is taken to be the unloading stiffness, S. This stiffness is related to the effective elastic

modulus (Er) through equation (S1),
2
S = ﬁﬁEfﬂ (S1)

where A is the contact area at a given depth based on the geometry of the pyramidal Berkovich
indenter tip used and £ is a correction factor between 1 and 1.058.° For the tip used in our study,

S =1.058. The elastic modulus of the perovskites can then be calculated using the Poisson ratio,



o, with Equation S3:

_ 1-0? + 1-otip

(S2).

The nanoindentation results for all five perovskites are provided in Table S2 below. The
perovskites with a lighter halide are stiffer while the trend in the elastic modulus for the different
cation groups is not immediately obvious. Our elastic modulus values however are in good
agreement with available experimental and theoretical literature results.”® The increase of E across
the MAPDX3 series as X = | < Br < Cl results from size of the halide. As the radius of halide
decreases the electronegativity increases, and consequently the packing density of the perovskite
lattice, the strength of the Pb—X bonds, and the strength of the hydrogen bonding interactions all

increase as well.’



V. Calculation of longitudinal and transverse sound speeds

We estimate the average sound speed, v, from the measured E by first approximating the

longitudinal (v,) and transverse (v;) sound speeds with Equations S3 and S4 respectively,®

E 1-0

n = (Ge) (53
E

Vr = 2p(1+0) (S4)

where Poisson ratios range from 0.2 < o < 0.35. The average sound speed (v;) was obtained by

combining the longitudinal and transverse velocities:

g, = Lut2vr) (S5).

S 3
The nominal average sound speed was calculated based on the DFT-derived values Poisson ratio of 0.33
(except for MAPDBrs at 0.29).2° The values of 7, for MAPbX; differ by at most 18% from prior

experimental reports’® and follow the trends in E discussed above.

Table S.2: MECHANICAL PROPERTIES OF APbX3 AT ROOM TEMPERATURE*

Perovskite E (GPa) vL (m/s) vr (M/s) v, (mls)
MAPDCI3 23.0 £0.72 3278 1651 2194173,
MAPDBr3 17.8 +1.12 2467 1341 17171326
MAPbDI3 12.0+0.33 2078 1047 1390743
CsPbBrs3 135+1.01 2034 1024 136117%¢
FAPbBr3 10.2 £ 0.43 1992 1004 133331

*The nominal sound speeds were calculated using the Poisson ratio of 0.33 (except for MAPbBIs at

0.29). The uncertainty in the average sound speed was derived using the upper and lower bound in the
elastic modulus and a Poisson ratio between 0.35 and 0.2.



V1. Modelling Phonon Dispersion

To model the acoustic phonon dispersion in the lead halide perovskites, two approaches
were compared in this paper. Both approaches assume an isotropic Brillouin zone. The first
approach uses the linear Debye dispersion with the sound speed (%) and primitive cell number
density (77).* The second approach implements the Born von Karmen sine-like dispersion,'>*3
using 7, values based on our nano-indentation experiments and 7 = rcubic as justified in the paper.
Due to the isotropic assumption the maximum wave vector (x) for both models is defined as max
= (6721)"3, which ensures that the isotropic Brillouin zone contains the same number of phonon

modes as the real Brillouin zone.™

Figure S3 compares the Debye and BvK dispersions with the experimental data from
Beecher et al. for the acoustic phonons along the I"-X direction.’® The BvK model agrees well
with the data, while the Debye model based on 77 = 7cubic/4 and vg = 4000 m/s is inconsistent with

the experimental data.
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Figure S3: Comparison of the phonon dispersions predicted by the Debye and BvK dispersions

with the experimental data from Beecher et al. for the I'-X direction.®



VI1I. Modelling Thermal Conductivity Accumulation

The thermal conductivity accumulation functions (Kaccum) are obtained using a modified
Callaway model with either the Debye or the Born von Karmen dispersion.'>*3 In both models,

the relaxation times (z) due to the various scattering mechanisms are combined using Matthiessen
Rule, t'=7"+ 7, +7," where 7,"=V,/Lis due to boundary scattering, 7;'= A" is due to

defect scattering, and 7' = Bw® is due to Umklapp scattering, where L is the sample size and A

and B are material specific temperature dependent coefficients. An additional term can be added

for resonant scattering, 7;' = Do’ / (coé —a)z)2 where a is the resonant scattering frequency

and D is a material specific coefficient. The mean free path is given as A = v,7. Values of the
coefficients used to create the Kaccum In Figure 3 for our measured values of thermal conductivity
are listed in the tables below. For Debye, we consider impurity scattering with identical A values
as in Ref. 11 and fit our measured thermal conductivity for the B value, while for Debye w/
Resonant we considered resonant scattering with the identical D and an values as in Ref. 11 and

fit our measured thermal conductivity for the B value.

Table S.3: Parameters used for Figure 3a (MAPDI3)
BatT=

Vs (M/s) n (nm2) A (s 300K (5) wo (rad/s) D (s)
Debye 4000 1.0 0.53x10%  0.76x10%4 - -
Debye w/

s 4000 1.0 — 0.42x10**  55x10?  1.88x10%

BvK 1390 4.0 - 0.71x10% —~ —~
Table S.4: Parameters used for Figure 3b
Crystal 7, (M/S) n (nm3) B at T=300 K (s)

MAPDCI3 2194 5.53 0.37x10
MAPbBr3 1717 4.82 0.50x104
MAPbDI3 1390 4.0 0.71x10
CsPbBr3 1361 5.02 0.57x10*
FAPDBTr3 1333 4.66 0.52x10
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