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ABSTRACT: In 2D organic−inorganic hybrid perovskite materials, layers of conducting inorganic material are separated by
insulating organic spacers whose length and composition can be tuned. We report the heat capacity and cross-plane thermal
conductivity of 2D alkylammonium lead iodide single crystals with increasing chain length, (CnH2n+1NH3)2PbI4 (n = 4−7). The
measured thermal conductivities are some of the lowest ever recorded for single crystals, with averages in the range k = 0.099−0.125
W/m K. Although a model based on independent interface resistances between adjacent layers predicts an increase in thermal
conductivity with a chain length of more than 30%, experimentally we ﬁnd that the thermal conductivity is nearly independent of
chain length and possibly decreases. We hypothesize that phonons carry an appreciable portion of the heat across the interface
coherently, rather than being limited by individual weak interfaces.
KEYWORDS: Two-dimensional metal halide perovskite, thermal conductivity, heat capacity, time domain thermoreﬂectance,
organic−inorganic interfaces

1. INTRODUCTION

resulting in 2D layered structures with alternating inorganic
and organic layers (Figure 1). For example, in 2D perovskites
based on alkylammonium cations, RNH3+, an inorganic layer is
sandwiched on both sides by a layer of RNH3+ cations where
the alkylammonium ion bonds with the negatively charged
halide in the inorganic octahedra. The uncharged end of the
RNH3+ cations forms a weak van der Waals bond with the
corresponding uncharged ends of the RNH3+ in the adjacent
layers. 3D perovskites suﬀer from moisture instabilities due to
the dissolution of organic cations, as well as structural phase
transitions near operating temperatures. In contrast, 2D
perovskites show improved stability against humidity when

Hybrid organic−inorganic perovskites based on metal halides
have emerged as promising materials for optoelectronic
applications including photovoltaics,1 light-emitting diodes,2
lasers,3,4 photodetectors,5 and solar-fuel production because of
their strong light-harvesting capability, long charge carrier
diﬀusion length,6 high mobility,7 and potential for low-cost
solution processing.1
At present, the most heavily investigated hybrid perovskites
are based on CH3NH3PbX3 (X = Cl, Br, I) and their
derivatives, which consist of three-dimensional networks of
inorganic corner-shared octahedral PbI6− units. In these
materials, the region between the octahedra is occupied by
small charge-balancing organic cations such as CH3NH+3 (aka
MA + or methylammonium) or NH2CHNH+2 (aka FA+ or
formamidinium). The power conversion eﬃciency of solar cells
based on these materials has surpassed 22.1%.8 Interestingly,
larger organic cations are unable to stably be inserted between
the octahedra and instead destroy the regular 3D arrangement,
© 2020 American Chemical Society

Received: June 15, 2020
Accepted: November 5, 2020
Published: November 17, 2020

53705

https://dx.doi.org/10.1021/acsami.0c10894
ACS Appl. Mater. Interfaces 2020, 12, 53705−53711

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

0.18 ± 0.04 W/m K, nearly an order of magnitude lower than
its implied minimum thermal conductivity based on sound
speed and atomic density. It was suggested that vibrational
mismatch between the organic and inorganic phases could
result in such a low thermal conductivity.
On the other hand, for superlattices of fully inorganic
materials, a large number of independent reports support the
existence of coherent heat-carrying phonons across interfaces
in short-period superlattices with smooth interfaces.24−27 For
excitation wavelengths comparable or larger than the
periodicity, phonons no longer interact with the interface via
discrete scattering or reﬂection but rather via an altered
dispersion relation that can be described by Brillouin zone
folding; for such phonons, scattering is hypothesized to occur
by phonon−phonon scattering rather than the interface.
Evidence of coherent thermal transport across organic−
inorganic interfaces has not previously been demonstrated
but is not fundamentally forbidden. Failure to see such
behavior at organic−inorganic interfaces may simply be a result
of the disorder in most organic−inorganic systems. It is of
fundamental interest in this work to investigate whether the
thermal transport in superlattice structures of 2D hybrid
perovskites should be considered as independent interface
resistance or as a coherent transporter of phonons.
Guo et al.28 have investigated the propagation of longwavelength coherent longitudinal acoustic phonons in several
2D Ruddlesden−Poppers phases of (BA)2(MA)N−1PbNI3N+1
(N = 1 to N = 6). With increasing N (i.e., a high volume
fraction of the (MA)PbI3 phase), sound velocity shows a
linearly increasing trend over the range N = 1−4 because the
fraction of inorganic layers increases and these have higher
interatomic force constants than the weak van der Waals
interactions between layers. They also studied a dication
ammonium group which does not utilize van der Waals forces
at the interfaces. They showed that the sound velocity
increased, even though the organic−inorganic bond was
ionic for both samples, and thus the organic−organic interface
between layers primarily determines the interlayer bonding
strength and sound velocity.
In this paper, we investigate the thermal conductivity of
single crystals in the simplest inorganic−organic hybrids with
the layered perovskite-type motif having extended alkylammonium chains with the general formula (CnH2n+1NH3)2PbI4 (n =
4−7). Shown in Figure 1, the structure has staggered layers of
corner-sharing PbI6 octahedra. By controlling the value of n,
the length of the organic bilayer can be controlled and
extended systematically. This allows us to probe the manner in
which thermal transport properties depend on interface density
and thus the role of interfacial scattering on phonon transport.

Figure 1. (top) Crystal structure of (CnH2n+1NH3)2PbI4 with n = 4−7
at 330 K. (bottom) Top view of PbI4 octahedral networks in the
staggered and the eclipsed phases. At 330 K, all crystals assume a
staggered alignment.

hydrophobic organic surface terminating ligands are used.9−13
They simulate natural quantum well materials, where the
electrically insulating organic spacers act as a barrier between
conductive inorganic layers.
Recently, a number of publications have described
theoretical and experimental thermal transport properties of
3D hybrid perovskites, which have extremely low thermal
conductivity.14−17 Because of the high number density of
inorganic−organic interfaces, one might expect the phonon
thermal conductivity to be quite low in 2D hybrid perovskites
as well. For example, the literature on self-assembled
monolayers (SAM) with alkane bridges between pairs of
inorganic layers (i.e., inorganic−organic−inorganic interfaces)
shows interface conductance values in the range between 25
and 65 MW/m2 K.18−20 In 2D hybrid perovskites, such
interfaces occur quite densely; for example, considering the 2D
hybrid perovskite butylammonium lead iodide,
(CnH2n+1NH3)2PbI4 (n = 4), there are such interfaces every
L = a/2 = 1.4 nm. If transport across each alkane bridge was
independent, then this would imply that thermal conductivity
might be as low as k = GL = 0.035−0.091 W/m K. Several
investigations of hybrid materials support this type of model.
In ZnO/hydroquinone superlattices grown by a hybrid atomic
layer deposition/molecular layer deposition method, it was
shown that interfaces behave thermally as independent
resistances.21 In nanocrystal arrays, where the interfaces are
not as dense, the thermal conductivity has been found to be as
low as 0.2 W/m K for CdSe with oleic acid ligands,22 where it
was concluded that interorganic chain thermal resistance
dominates thermal transport. Giri et al. recently reported the
room-temperature thermal conductivity of several polycrystalline thin ﬁlms of 2D hybrid perovskites,23 including nbutylammonium lead iodide, which was found to have k =

2. SAMPLE PREPARATION AND STRUCTURAL
CHARACTERIZATION
Our synthesis of alkylammonium-based 2D perovskite crystals
follows the slow cooling method reported previously.29,30 We
dissolved PbI2 (99.999%, Sigma-Aldrich) in excess hydriodic
acid (HI, ≥ 57% with 1.5% hypophosphorous acid stabilizer)
and then added the appropriate alkylamine (butylamine
(99.5%), pentylamine (99%), hexylamine (99%), or heptylamine (99%)) in a 1:2 molar ratio (PbI2:alkylamine), and the
resulting precipitate was dissolved by reﬂuxing for 2 h at 100
°C; the amount of HI is adjusted according to the solubility of
the crystals (0.04, 0.009, 0.009, 0.04 M, Pb basis for n = 4−7,
respectively). The solution was then cooled down at 2°/h to
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room temperature in order to induce slow precipitation and
growth of crystals. Crystals were then removed and rinsed with
hexane over a ﬁlter to remove reagents. The samples were then
placed in a desiccator for 2 h. The crystals tend to grow as
plates with the thin dimension perpendicular to the (001)
plane; n = 5 and 6 crystals tended to have one dimension that
was much longer than the others such that they form
rectangular bars (Figure 2).

Figure 2. Photographs of the as-grown crystals in solution.

2θ−ω X-ray diﬀraction patterns were collected (Figure 3).
Only reﬂections associated with (00S) planes are visible with no
oﬀ-(00S) peaks visible, conﬁrming that the samples are single
crystals. For n = 4−6, only the even order peaks are visible,
while n = 7 crystals also show some odd order peaks associated
with the 009, 0011, 0013, and 0015 reﬂections. While such
odd-ordered peaks are technically forbidden for the equilibrium structure, large thermal ﬂuctuations of the chains,
previously noted in this compound,30 may be responsible for
their appearance. A very small unattributable peak appears at
2θ = 24.8° for the n = 4−6 compounds; the peak cannot be
matched to any known peaks for the perovskites and is
inconsistent with known peak locations for PbI2. The
associated interplanar spacings in Figure 3 closely match
previous reports for the corresponding monoclinic (n = 5) or
orthorhombic phases (n = 4, 6, 7) at room temperature.29,30
For time-domain thermoreﬂectance measurements, it is
necessary to accurately know the heat capacity of the crystals,
and these have not previously been reported. Thus, we
performed diﬀerential scanning calorimetry (DSC) on each
crystal type, which also provided the indirect ability to conﬁrm
the structural phase transitions previously reported.29,30 All
samples were heated from 193 to 373 K with a ramp rate of 20
K/min in a hermetically sealed aluminum pan.
The structures associated with each phase have been
reported previously using high-resolution temperature-dependent XRD.29,30 Generally, all compounds, except butylammonium lead iodide (n = 4), are monoclinic at their lowest
temperature and undergo transitions to orthorhombic phases
at higher temperatures; in the case of hexlyammonium lead
iodide, a high-temperature tetragonal phase with a transition at
370 K has also been observed. At room temperature, where the
XRD is performed in the current work, the crystals are
expected to be in either the monoclinic (n = 5) or
orthorhombic phases (n = 4, 6, 7).
However, there are a number of diﬀerent unit cell
arrangements that can exist with the same unit cell type. For
example, in Figure 4, butylammonium lead iodide (n = 4) has
an orthorhombic structure in both phases and the observed

Figure 3. 2θ−ω XRD patterns for (CnH2n+1NH3)2PbI4 crystals over a
broad range of angles (linear scale, data oﬀset for clarity) and over a
narrow range of angles showing the ﬁrst observable peak (logarithmic
scale) and associated plane spacings.

Figure 4. DSC scans of phase transition for the heating cycle
(endothermic peak) from 200 to 373 K. The DSC scans also shows
some small peaks which could be due to sample movement in the
aluminum pan or minor structural rearrangements in the crystals.
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transition corresponds to shifting of the essentially rigid
butylammonium cations relative to the inorganic layers.29 For
additional information on the nature of the phase shifts
observed in Figure 4, refer to refs 29 and 30.
The calculated heat capacity of the samples is shown in
Figure 5 as determined from DSC using the 3-run heat

This is unusually large, but because of its bulk form and low
observed thermal conductivity, we found that this was
necessary to achieve enough signal-to-noise ratio to perform
the experiments. The reported values should be considered as
being near those near 330 K, and input parameters for thermal
modeling were used accordingly (details in the Supporting
Information, Section S1). The per pulse temperature
ﬂuctuation was <1 K. We have observed non-thermal dips in
the TDTR ratio that span the time delay range from 100 to
2000 ps (Figure S1b in the Supporting Information) that we
attribute to zero-order Lamb modes of the transducer.33 To
avoid ﬁtting such dips, we only ﬁt the data in the range 2.0−5.4
ns. Early time delays are only used to adjust the reference
phase of the lockin ampliﬁer. A transducer layer composed of a
10 nm titanium adhesion layer followed by approximately 60
nm aluminum was deposited by thermal evaporation to enable
TDTR measurements. We found that, when used without an
adhesion layer, aluminum had a tendency to delaminate from
the sample over time. Just prior to depositing the metal
transducer, we exploited the weak interlayer bonding in the
[001] direction to expose fresh surfaces on the crystals by
exfoliation with Scotch tape; crystals were 10−100 μm thick
after exfoliation and at least 500 μm wide in other dimensions.
AFM showed the exfoliated samples to be smooth with
occasional step-height changes associated with integer
numbers of monolayers of the crystal (Figure S5 in the
Supporting Information). The transducer thickness was
measured by performing TDTR on a reference sample of 1
μm thick SiO2 adjacent to the perovskite samples during
evaporation, ﬁtting for the Al layer thickness without any other
adjustable parameters. In-plane thermal conductivity of the
aluminum was estimated to be 200 W/m K on the reference
samples using the 4-point probe electrical resistivity and
application of the Weidemann-Franz law. The reported
thermal conductivity and its uncertainty were estimated
using a Monte Carlo approach with 200 diﬀerent sets of
input parameters per measurement chosen to be normally
distributed around the input parameter baselines with variance
determined by the estimated uncertainty in each parameter
(see Section S1 of the Supporting Information). The Monte
Carlo results are treated as a probability distribution from
which the average value and standard deviation are extracted
for each crystal/location. Figure 6 shows the main result. In
total, 14 individual crystals are reported and 3 diﬀerent
locations were measured on most crystals, for a total of 41
unique scans. Small colored dots show the Monte Carlo
average for each crystal/location. See Figure S6 in the
Supporting Information for a crystal-by-crystal/location-bylocation breakdown with errorbars for each. The average and
standard deviation for all crystals/locations at a particular n are
summarized as the larger black circles with errorbars in Figure
6. The experimental thermal conductivities are extremely low
with averages for each value n in the range 0.099−0.125 W/m
K. Some individual observations are near the lowest thermal
conductivity ever reported for a crystalline material, although
still higher than some fullerene derivatives which exhibit
conductivity as low as 0.05 W/m K.34 In the case of
butylammonium lead iodide, the current measurements, k =
0.125 ± 0.089, are slightly lower than those recently reported
for horizontally oriented, polycrystalline thin ﬁlms,23 k = 0.18
± 0.04. We have also noticed that there is much more sampleto-sample variation in the observed thermal conductivity for
the n = 5 and 7 crystals. We are unsure as to the cause of this,

Figure 5. Heat capacity of [(CnH2n+1NH3)2PbI4] crystals for n = 4−7.
Portions of the data corresponding to phase transitions have been
removed (see Figure 4).

capacity method (ASTM E1269). Volumetric heat capacities
are calculated using the theoretical density from the unit cell
structures obtained by XRD. Our measured volumetric heat
capacity at 300 K, cp = 1.29 MJ/m3 K compares favorably to a
calculated value from molecular dynamic simulations.23

3. THERMAL CHARACTERIZATION
We used time-domain thermoreﬂectance (TDTR) measurements, performed at UVA, to determine the thermal
conductivities of these samples at room temperature. The
TDTR experimental setup used is based on the two-tint
method. The experimental setup and theoretical modeling
have been discussed previously.31,32 There are two potentially
important diﬀerences between our experimental setup and the
one described by Kang et al.:32 (1) the setup uses a balanced
ampliﬁed detector (Thorlabs, PDB450A-AC), (2) we use a
high-performance lockin ampliﬁer (Zurich Instruments, Model
HF2LI), which reduces coherent pickup by 20-fold, increases
dynamic reserve by 60 dB, and automatically rejects odd
harmonics of the modulation frequency, and (3) the system
delays the probe beam, rather than advancing the pump beam.
The ﬁrst two items help the system obtain higher signal-tonoise measurements at low laser power. For data ﬁtting, all
parameters were ﬁxed except for through-plane thermal
conductivity; the anisotropic ratio of the crystal was ﬁxed at
1, and the measurement was found not to be sensitive to this
valuealthough there is non-negligible sensitivity to in-plane
heat spreading in the metal transducer (Figure S2 in the
Supporting Information). The modulation frequency of the
laser was f = 8.4 MHz, and the 1/e2 radius of the pump and
probe focused beams was measured for each sample and was
near 10.5 and 5.5 μm, respectively. The pump and probe laser
power were set to 4 and 2 mW, respectively, which was
calculated to produce ≈30 K steady-state temperature rise.
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through iterative application of Bayes’s theorem to each
measured data point (details in the Supporting Information).
We compute the full distribution, P(G, k0|H, data), and then
observe the asymptotic limits P(G → ∞, k0|H, data) and P(G,
k0 → ∞|H, data). Model H is constructed such that the former
represents the probability distribution of k0 when interface
resistance is a negligible eﬀect (i.e., a chainlength independent
model), and the latter represents the probability distribution of
G if the system thermal conductivity was entirely dominated by
stacked interfaces. The ratio max P(G → ∞, k0|H, data)/max
P(G, k0 → ∞|H, data) gives the relative probability that a
chainlength independent model ﬁts the data better than a
stacked interface model.
We ﬁnd that the probability of a chain-length-independent
model being appropriate (within the framework of the model,
H) is 109 times higher than a stacked interface resistance
model that expects a 30% increase in thermal conductivity over
this range of n. Thus, it is virtually impossible that a physical
model based on independent interfaces can capture our data,
even considering the scatter and the errorbars associated with
each point. The stacked thermal interface model could be
amended by assuming that the eﬀective interface conductance
itself depends on n, but we ﬁnd this to be an unlikely scenario.
To the extent that these compounds have diﬀerent structures,
the primary diﬀerence (Figure 1, top) is that there is increased
interdigitation of opposing alkylammonium chains. Thus, to
the extent that G should depend on n, we would expect G to
increase with increasing chainlength, rather than the decrease
that would be required to ﬁt the experimental data.
In addition, as a byproduct of calculating the probability
distribution P(G, k0 → ∞|H, data), we can assign statistical
bounds on the G required if such a model was used anyway.
Using the Bayesian analysis framework it can be shown that the
95% conﬁdence interval on G for a stacked thermal interface
model would be fairly narrow, 67 MW/m2 K < G < 74 MW/
m2 K, with the most probable value G = 70.6 MW/m2 K (thick
solid line, Figure 6). For weakly bonded alkane−monothiol
interfaces, values near 35 MW/m2 K have been reported in
prior works.18,20 Majumdar has reported, however, that surface
roughness may substantially suppress observed values in the
existing SAM literature such that for extremely ﬂat surfaces one
expects values that are about twice as high, which might
indicate expected values close to what we observe. On the
other hand, the expected k versus n trend associated with
stacked thermal interfaces is absent as prior noted.
Apart from a stacked interface resistance model, another
physical possibility is that an appreciable portion of the heat is
transported by phonons that are coherent across the unit cell,
scattering via anharmonic interactions, similar to their 3D
counterpart methylammonium lead iodide,15 or because of
occasional structural imperfections (interstitials, dislocations,
etc.). Apart from chain-length dependence, there are alternate
approaches that could be taken to examine whether transport
in the crystals occurs via coherent phonons, although none of
them appear to be readily experimentally accessible. One
method would be to perform temperature-dependent thermal
conductivity measurements and look for a tell-tale scaling of
thermal conductivity with temperature; thermal conductivity
reduces with temperature for coherent transport with

Figure 6. Monte Carlo averaged ﬁts for through-plane thermal
conductivity of [(CnH2n+1NH3)2PbI4] crystals for n = 4−7 (small
colored circles show each individuals crystal/location). Black circles
and errorbars show the average over all crystals/locations at each n
and associated standard deviation (thin black line is a guide to the
eye). The thick black line shows the best ﬁt model based on stacked
thermal boundary resistances and its 95% conﬁdence interval derived
from the Bayesian analysis.

but one possibility is that this is connected to the phase
transitions that occur just above room temperature in these
compounds. At 330 K, both crystals should be safely above
their transition temperatures (317 K for n = 5, 310 K for n = 7)
and in their orthorhombic phases, but suﬃciently far from the
laser absorption the other phase will exist, potentially with
diﬀerent thermal conductivity; we think slight variations in
steady-state temperature might be responsible for the
variations in conductivity for n = 5 and 7.
Interestingly, there is no obvious alkane chain-length
dependence observed in the range n = 4−7. This is the
opposite of what one expects if any type of interfacial
resistance (either organic−organic or organic−inorganic) acts
independently in series. Any model that assumes that the
thermal conductivity is dominated by independent interface
resistances stacked in series (regardless of which interfaces are
dominant) produces thermal conductivity that scales proportionally to the vertical distance between adjacent inorganic
layers, k = GLn. In the current experiments, if G is assumed to
be the same for all compounds (we refer to this as the stacked
thermal interface resistance model), one thus expects a
systematic ≈30% increase when increasing the chain length
from n = 4 (L4 = 13.8 Å) to n = 7 (L7 = 18.03 Å) for thermal
model based on independent interface resistances. This is not
what is observed.
To better quantify this observation, we used a Bayesian
statistical approach to compare the probability that a
chainlength independent model (i.e., k = k0 = const) could
ﬁt the experimental data, rather than a stacked thermal
interface resistance model (k = GLn), given the computed
uncertainty in the experimental data points, as well as to
identify the probability distribution of the relevant ﬁtting
parameters. The essence of the approach is to compute the
probability distribution P(G, k0|H, data), given a hypothetical
model, H, where the thermal conductivity of the system is
given by
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anharmonic phonon scattering, while it generally follows the
temperature dependence of the heat capacity for interfacedominated transport, which is an increasing function of
temperature. This method is experimentally challenging here
because (a) there are structural transitions (Figure 4) that
would also cause temperature-dependent changes in thermal
conductivity, limiting the temperature range of viable data such
that even a strong dependence (i.e., k ∼ T−1) would not be
discernible within experimental uncertainties. This could
potentially be addressed in the future using the 3ω method
which would have a much higher signal-to-noise for these
samples, although that method could be challenging due to the
incompatibility of the sample with microfabrication techniques
(i.e., water solubility). (b) A second method to observe
coherent transport is to measure thermal conductance as a
function of total sample thickness to conﬁrm or refute the
existence of boundary scattering in the ballistic regimewhich
could only exist if coherent phonon transport exists.24 While
exfoliating thin layers of perovskites is possible, the small
number of layers required would make this experimentally
challenging because the intrinsic mean free path would already
be short; using the kinetic theory formula k = 1.3Cv S with our
measured k and C for buytlammonium lead iodide and the
measured sound speed from the literature, one estimates
S = 0.25 nm . While this is likely an underestimate by up to 1
order-of-magnitude because phonon−phonon scattering is a
frequency-dependent phenomena,35 it highlights the fact that
to see boundary scattering one needs samples that would be
measured in monolayers or submonolayers thick, making this a
challenging route as well.

Authors

Md Abu Jafar Rasel − Department of Mechanical Engineering,
University of Delaware, Newark, Delaware 19716, United
States
Ashutosh Giri − Department of Mechanical, Industrial and
Systems Engineering, University of Rhode Island, Kingston,
Rhode Island 02881, United States; orcid.org/00000002-8899-4964
David H. Olson − Department of Mechanical and Aerospace
Engineering, University of Virginia, Charlottesville, Virginia
22904, United States
Chaoying Ni − Department of Materials Science Engineering,
University of Delaware, Newark, Delaware 19716, United
States
Patrick E. Hopkins − Department of Mechanical and
Aerospace Engineering, University of Virginia, Charlottesville,
Virginia 22904, United States; orcid.org/0000-00023403-743X
Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.0c10894
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
J.P.F. acknowledges the University of Delaware Research
Foundation Strategic Initiative (UDRF-SI) for funding
support. A.G. and P.E.H. gratefully acknowledge support
from United States Army Research Oﬃce (no. W911NF-161−0320). We acknowledge the assistance of A. Bhattacharjee
with AFM imaging.

4. CONCLUSIONS
In summary, we grew and measured the cross-plane thermal
conductivity of a series of 2D hybrid perovskite single crystals
with alkylammonium cations of increasing chain length. The
thermal conductivity of all crystals is extremely low, with values
near the lowest reported for crystalline material. We show that
the thermal conductivity is nearly independent of chain length
in the range n = 4−7, such that statistical analysis shows that
transport in these materials is unlikely to be dominated by
interfacial scattering. We interpret this to mean that coherent
phonons carry an appreciable portion of the heat, rather than
phonons limited by incoherent scattering at the weak interfaces
because otherwise, one expects linear scaling of the thermal
conductivity with chain length.
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