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Sample preparation and characterization

Anhydrous dimethylacetamide (DMAc) solvent that suppresses formation of intercalated inter-

mediate structures, thus leading to smooth morphology,1 is purchased from Sigma-Aldrich. Lead
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Figure S1: Grazing-Incidence Wide Angle X-ray Scattering patterns for our 2D metal halide per-
ovskite films.
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Figure S2: (a) Temperature rise due to pump beam heating as a function of radius. The probe-
averaged temperature rise is also shown. (b) Sensitivities of the ratio of the in-phase and out-of-
phase signals to the parameters used in the thermal model for the isoBA2PbI4 sample.

iodide (PbI2) and lead bromide (PbBr2) are purchased from TCI America along with PEAI, PEABr,

nBAI, isoBAI, isoBABr, and MAI (BA = butylammonium, MA = methylammounium) which are

purchased from Greatcell Solar. The 2D perovskite precursor solutions are prepared by dissolving

stoichiometric Pb salts and ammonium salts in DMAc solvent at a concentration of 0.375M for

lead. For the fabrication of the 2D perovskite thin films, the precursor solutions are dynamically

spin-coated on nominally 80 nm Al thin film deposited on glass substrates at 4500 rpm for 60 s in

a nitrogen filled glovebox. The substrates are then transferred to a hotplate to anneal at 100 °C for

10 minutes.

To confirm the orientations of the samples, Grazing-Incidence Wide Angle X-ray Scattering

(GIWAXS) is performed at D-1 beamline at Cornell High Energy Synchrotron Source (CHESS) us-

ing X-rays with a wavelength of 0.1162 nm, a custom precision goniometer, and a Pilatus 200k 2D

pixel array detector (Dectris). A typical X-ray incidence angle is 0.2°. The diffraction patterns are

visualized with a MATLAB toolbox for grazing-incidence X-ray scattering data visualization and

reduction.2 The diffraction intensity concentrated in spots indicates preferential crystallographic
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orientation with respect to the substrate.3

Time domain thermoreflectance (TDTR) is used to predict the thermal properties of our sam-

ples. In short, TDTR is an optical pump-probe technique, in which ∼100 fs pulses emanate from

a Spectra Physics Tsunami at 80 MHz repetition rate. The probe pulses are delayed in time using

a mechanical delay stage for a maximum of 6 ns. The pump pulses that heat up the sample are

modulated at 8.4 MHz and we monitor the ratio of the in-phase to out-of-phase signal of the probe

beam from a lock-in amplifier (-Vin/Vout). As the 2D hybrid perovskite films thermally degrade

due to steady state heating, we use minimal laser intensity with pump and probe 1/e2 radii values

of ∼10 and 5 µm, respectively. To enhance the signal-to-noise ratio at these low laser fluences, we

implement a balanced photodetector scheme to efficiently monitor the thermoreflectance signal. In

this scheme, the reflected probe beam from the sample surface (after being focused through the ob-

jective lens along with the pump beam) is directed to a balanced photodetector with a path-matched

reference beam where the transient changes in the probe beam are monitored by the relative inten-

sities impinging on the balanced photodetector. Note, this detection scheme greatly minimizes the

noise associated with conventional schemes based on a single path photodetection while using min-

imal laser powers for the pump and probe beams (2 mW and 10 mW, respectively), thus allowing

for the reliable measurement of the thermoreflectance signal even with minimal laser intensities.

We also note that the sample geometry (substrate/Al transducer/hybrid perovskite films) used in

this work greatly facilitates our use of minimal laser powers (and therefore lower steady-state laser

heating) since higher laser powers are required to achieve similar signal-to-noise ratio for the Al/

hybrid perovskite films/substrate geometry due to the surface roughness associated with the sample

stack with hybrid perovskite thin films sandwiched between the transducer and the substrate. For

our sample geometry and the laser powers utilized, the probe averaged surface temperature rise is

∼14 K as shown in Fig. S2a, which shows the surface steady-state temperature profile induced by

a pump beam (see Ref. 4 for details of the calculations).

We use the measured thermal conductivity of the glass substrate as an input parameter and take

other parameters in our thermal model for the various layers from literature. To gauge the accuracy
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of our TDTR measurements, we define the sensitivity of the ratio to various thermal properties used

in the three-layered thermal model (SiO2/Al/metal halide perovskite) by,5

Sx =
∂ln(−Vin/Vout)

∂ln(x)
(1)

where x is the thermophysical parameter of interest and Vin and Vout are the in- and out-of-phase

signals, respectively. Figure S2b shows the sensitivities of the ratio to the thermophysical parame-

ters for a ∼350 nm thick 2D hybrid perovskite film at 8.4 MHz pump-modulation frequency. The

most sensitive parameter in the model is the thermal conductivity of the glass substrate, which we

accurately measure with a control sample (without the perovskite film) as shown in TDTR data

in Fig 1d (red circles) of the main article. We use the measured thermal conductivity of the glass

substrate as an input parameter and take other parameters in our thermal model for the various

layers from literature; as the heat capacities of the 2D metal halide perovskite films are nonexistent

in prior literature, we determine the heat capacities of these structures from MD simulations. The

thermal boundary conductances (hK) across Al/SiO2 and SiO2/hybrid perovskite films have negli-

gible sensitivities throughout the pump-probe delay times considered in this work (see Fig. S2b).

This is due to the fact that the thermal conductivities of the substrate and the thin films are the

dominant resistances to thermal transport for our multilayered systems; for our calculations, we

take values in the range of 20-200 MW m−2 K−1 that are typical for various types of solid/solid in-

terfaces (see Ref. 6 for a review of hK measured across various types of solid/solid interfaces) and

observe negligible changes in the measured thermal conductivities of our hybrid perovskite films

with perturbations to the prescribed thermal boundary conductances. Likewise, the variations in

the thicknesses of our films (with nominal thicknesses of∼350 nm) due to surface roughness mea-

sured via atomic force microscopy has negligible influence on the measured thermal conductivities.

The thermal model with the thermal conductivity of the hybrid films used as the fitting param-

eter are shown in Figure 1c for our nBA2PbI4 (green squares) and isoBA2PbI4 (blue diamonds).

It should be noted that the largest uncertainty in our thermal conductivities of the 2D perovskite
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films arises from the uncertainty in the thermal conductivity of the SiO2 substrate. For example,

an ∼8 % uncertainty in the thermal conductivity of the SiO2 propagates to ∼20 % uncertainty for

our isoBA2-based films.

Minimum thermal conductivity model and molecular dynamics

simulations

The minimum thermal conductivity model is given by,

κmin =

(
π

6

)1/3

kBn
2/3
∑
i

vi

(
T

Θi

)2 ∫ Θi/T

0

x3ex

(ex − 1)2
dx, (2)

where the sum is taken over the three sound speeds (vi), n is the atomic density, and Θi =

vi(h̄/kB)(6π2n)1/3 is the cutoff frequency for each polarization expressed in degrees.7 The longi-

tudinal and transverse sound speeds for our 2D hybrid perovskites are determined through elastic

constants from our molecular dynamics simulations as described in detail below.

Table S1: Mechanical properties of 3D and 2D hybrid perovskites determined by MD simulations.
B̄, ν and Ḡ are the cubic averages of bulk modulus, Poisson ratio and shear modulus, respectively.

Sound velocities are derived from elastic constants as vT =
√

Ḡ
ρ

and vL =
√

B̄+4/3G
ρ

. (a)Data from

Ref. 8; (b)Data from Ref. 9.

System elastic isotropy B̄ ν Ḡ vT =
√

Ḡ
ρ

vL =
√

B̄+4/3G
ρ

Cmin/Cmax GPa GPa m/s m/s

MAPbI3 0.95 19.8 0.33 9.4 1515 2807
12.2(a) 0.33(a) 1374(a) 2135-2612(a)

MAPbBr3 0.95 25.5 0.35 12.3 1778 3283
22.6(a) 10.4(a) 1699(a) 3099(a)-3620(b)

isoBA2PbI3 0.73 13.3 0.33 5.4 1368 2662
isoBA2PbBr3 0.45 20.2 0.27 9.4 1858 3472
n-BA2PbI3 0.7 9.3 0.29 4.0 1199 2295
n-BA2PbBr3 0.75 15 0.28 7.0 1637 3042
PEA2PbI3 0.83 16.1 0.30 6.2 1517 2999
PEA2PbBr3 0.56 11.5 0.25 6.4 1641 2904

6



−0.015

−0.01

−0.005

 0

 0.005

 0.01

 0  500  1000  1500  2000  2500  3000

20.0 40.0 60.0 80.0

n
o

rm
a

liz
e

d
 v

d
o

s
 (

a
.u

.)

cm
−
1

Thz

MAPbBr3
MAPbBr3 mol
isoBA2PbBr4

isoBA2PbBr4 mol
PEA2PbBr4

PEA2PbBr4 mol
n−BA2PbBr4

n−BA2PbBr4 mol

Figure S3: Total (continuous lines) and molecular-projected (dashed lines) vibrational density of
states for 2D bromine hybrid perovskites compared to 3D counterpart, calculated by MD at room
temperature. The dashed lines are the vibrational density of states for the organic constituents only.
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Figure S4: Temperature dependent molar heat capacities determined via molecular dynamics sim-
ulations for 3D MAPbI3 (tetragonal), 2D isoBA2PbBr4, nBA2PbBr4 and PEA2PBr4 structures. The
heat capacities predicted for the 3D structure agree well with the calorimetric measurements (Ref.
10) for tetragonal MAPbBr3.
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Interatomic forces of 2D and 3D hybrid perovskites are modeled by combining the MYP po-

tential11,12 for MAPbI3 and MAPbBr3 to the GAFF force field13 for organic isoBA,n-BA, PEABA

molecules. Molecular dynamics simulations are performed by the LAMMPS code14. The 2D

crystals contain 48 formula units. Each system is optimized at 1 K, heated at 300 K in 30 ps

and annealed for 0.1 ns. Annealing are performed in NPT ensemble with a fully flexible triclinic

simulation box. The long-range electrostatic forces are calculated by Ewald sum methods.

Mass-weighted velocity correlation function (VCF) (〈v(0)·v(t)〉 = 1
Nt′

∑
t′
∑

i,amav
i
a(t
′)via(t

′+

t), with via i-th coordinate of velocity of a-atom) is calculated at 300 K by sampling 1000 config-

urations every 4 ps. By discrete fourier-transform it is obtained the vibrational density of states

(VDOS) over a frequency range 4166.67cm−1 with resolution 4.16 cm−1. The molecular projected

VDOS is obtained by summing the VCF on atoms of molecules only. Characteristics VDOS for

the 3D and 2D iodine systems are given in Fig. S3. The molar capacity increases as expected

with the number of atoms per formula units (12, 39, 39, and 47 atoms, for MAPbI3, n-BA2PbI4,

isoBA2PbI4, PEAPbI4, respectively). The volumetric heat capacities are obtained by dividing the

molar values by the equilibrium volume per formula unit. Results are reported in Table 1. Note,

the heat capacities calculated from the vibrational density of states computed in MD also include

Bose-Einstein statistics.

Elastic constants are calculated after rapidly cooling the systems at zero temperature followed

by conjugated-gradient minimization. Finite difference method is used as implemented in the

LAMMPS code14. Cubic averages of bulk modulus

C̄11 = (C11 + C22 + C33)/3.0; C̄12 = (C12 + C13 + C23)/3.0 B̄ = C̄11 + 2C̄12

and shear modulus

C̄44 = (C44 + C55 + C66)/3.0G1 = C̄44G2 = (C̄11 − C̄12)/2.0

makes it possible to calculate sound velocities through formulas
√

Ḡ
ρ

and
√

B̄+4/3G
ρ

, respectively.
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To estimate the elastic isotropy we also calculate the ratio between highest and minimum elastic

constant Cmax
ii /Cmin

jj . Results are reported in Table S1 showing that isotropy is maximum in the

3D systems and decreases in 2D layers.

Molar heat capacity is obtained from the VDOS (dn
dν

, i.e. the fraction of vibrational states per

interval of frequency) by applying the phonons Bose-Einstein statistics according to relations

C = 3R naΘ(T )

where the function Θ(T ) is

Θ(T ) =

∫
dν

dn

dν
(ν)

(hν)2

(kBT )2

e
hν
kBT

(e
hν
kBT − 1)2

with kB the Boltzmann constant, R = kBNa is the molar ideal gas constant with Na avogadro

number, na is the number of atoms per mol. The calculated molar heat capacity for the bromine

systems are given in Fig. S4.
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Figure S5: Shematic of the computational domain for Phenethylamine (PEA) used for the Green-
Kubo calculations. (b) Green-Kubo predicted thermal conductivity of the PEA structure. (inset)
HCACF vs. time showing that the integration time of 25 ps is enough to provide a converged
thermal conductivity.
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For comparison, we calculate the thermal conductivity of the organic components based on

Butylammine (BA) and Phenethylamine (PEA) via the Green-Kubo (GK) method.15–18 A schematic

of the computational domain for PEA structure is shown in Fig. S5a. The GK-predicted thermal

conductivity of PEA is shown in Fig. S5b with the normalized heat current autocorrelation function

(HCACF) shown in the inset. A total integration time of 25 ps (where the heat current is calculated

every 10 time steps with a time step of 0.5 fs) during the data collection period is adequate to

ensure the thermal conductivity is converged for the structures. The GK simulations are performed

under the microcanonical ensemble (with the number of particles, simulation volume and total

energy are held constant). The predicted thermal conductivities for the PEA and BA structures

are 0.39±0.04 W m−1 K−1 and 0.54±0.06 W m−1 K−1, respectively. These values are within

the values of 0.2 to 0.7 W m−1 K−1 that are typically measured for highly disordered polymers.19

Note, the GK-predicted thermal conductivities for the organic components are also much larger

than the thermal conductivities of 0.1 to 0.19 W m−1 K−1 measured for our 2D hybrid perovskite

films suggesting that the preferentially layered inorganic/organic structures are more efficient in

impeding heat conduction.
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