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ABSTRACT: Metal halide perovskite (MHP) nanowires such
as hybrid organic—inorganic CH;NH,PbX; (X = Cl, Br, I)
have drawn significant attention as promising building blocks
for high-performance solar cells, light-emitting devices, and
semiconductor lasers. However, the physics of thermal
transport in MHP nanowires is still elusive even though it is
highly relevant to the device thermal stability and optoelec-
tronic performance. Through combined experimental meas-
urements and theoretical analyses, here we disclose the
underlying mechanisms governing thermal transport in three
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different kinds of lead halide perovskite nanowires (CH;NH;Pbl;, CH;NH,PbBr; and CsPbBr;). It is shown that the thermal
conductivity of CH;NH;PbBr; nanowires is significantly suppressed as compared to that of CsPbBr; nanowires, which is
attributed to the cation dynamic disorder. Furthermore, we observed different temperature-dependent thermal conductivities of
hybrid perovskites CH;NH,;PbBr; and CH;NH;Pbl;, which can be attributed to accelerated cation dynamics in CH;NH;PbBr;,
at low temperature and the combined effects of lower phonon group velocity and higher Umklapp scattering rate in
CH;NH;PbI; at high temperature. These data and understanding should shed light on the design of high-performance MHP

based thermal and optoelectronic devices.

KEYWORDS: Perovskite, nanowires, cation dynamics, thermal conductivity

Metal halide perovskites (MHP), as emerging functional
materials with tunable compositions and properties,
have shown great potential in optoelectronics, such as highly
efficient solar cells,' ™ narrow half-width and wide color-range
light-emitting diodes,’™® and high Q-factor lasers.”™"* Whereas
nanowires have demonstrated advantages in these optoelec-
tronic applications,9’10’14_21 thermal stability is a concern that
needs to be addressed,*” as large amount of accumulated heat
during device operations will result in various issues including
thermomechanical failures and thermochemical degrada-
tion.”>** In addition, perovskite materials have also been
considered as promising for thermoelectrics due to the high
Seebeck coefficient and low thermal conductivity.”>~>” There-
fore, it is of great importance to understand the thermal
properties of MHP nanostructures.

Both theoretical and experimental studies have been carried
out to understand the thermal properties of this material family.
For example, molecular dynamics modeling™® ™’
effects of phase transition on thermal conductivity of
CH;NH,;Pbl;; and the thermal conductivities of bulk single-
or polycrystalline CH;NH;PbI;, polycrystalline CH;NH;PbI,
thin films,*' ~* as well as all-inorganic halide perovskite wires®”
have been experimentally explored.

revealed the
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Here, we systematically investigate the temperature-depend-
ent thermal conductivity of three different kinds of single
crystalline perovskite nanowires in the temperature range of 35
to 320 K. The obtained room-temperature thermal conductivity
values of CH;NH,Pbl;, CH;NH;PbBr;, and CsPbBr; nano-
wires are 0.22, 0.32, and 0.36 W m™' K™/, respectively, which
are considerably lower than those of semiconductor nano-
3937 and traditional oxide perovskites.** Importantly, the
very different temperature dependence of the thermal
conductivity reveals the critical role of cation dynamics on
thermal transport of halide perovskite nanowires.

Single crystalline CH3;NH;PbBr;, CsPbBr;, and
CH;NH;,Pbl; nanowires were synthesized by solution
processed growth techniques (details in Methods). The
structures of these three perovskites are illustrated in Figure
la. Figure 1b—d shows the optical microscopy images of typical
as-synthesized perovskite nanowires. The X-ray diffraction
(XRD) patterns (Figure 1h) taken from as-synthesized
nanowires confirm the cubic phase of CH;NH;PbBr;, the

wires
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Figure 1. Schematic of three kinds of perovskites and characterizations of single-crystal perovskite nanowires. (a) Schematic of the cage structures of
CsPbBr;, CH;NH,PbBr;, and CH;NH;PbI; perovskites with the Cs atom in all-inorganic perovskite and methylammonium (MA) cation in hybrid
perovskite. The color balls below indicate different atoms. (b—d) Optical microscopy images of as-growth CsPbBr;, CH;NH;PbBr;, and
CH;NH,Pbl, respectively, on FTO glasses. (e—g) Magnified SEM image of nanowires of CsPbBr;, CH;NH,PbBr; and CH;NH,Pbl,, respectively.
The well-formed facets confirm good sample quality. (h) XRD patterns of as-growth nanowires. Characterized peaks confirm typical phase at room
temperature. The split of (004) and (220) peaks in CH;NH,Pbl; sample is a strong indication of the tetragonal phase rather than the high-
temperature cubic phase. Similarly, the split of (040) and (202) in CsPbBr; sample confirms the room-temperature orthorhombic phase without

impurities.

tetragonal phase of CH;NH;PbI; and the orthorhombic phase
of CsPbBr; at room temperature, which all agrees well with the
reported results.”’® All nanowires have rectangular cross
section and well-formed facets as shown in Figure le—g. The
selected area electron diffraction patterns confirm single
crystalline nature of these nanowires (Figure S2).

The thermal measurement is gerformed by the well-
established microbridge technique,” which has been widely
used to measure the thermal properties of various nanotubes, "’
nanowires,”®>” and two-dimensional materials.""** In the
measurement, the freshly prepared wire sample (Figure 2a)
was placed between two suspended membranes serving as heat
source and heat sink and electron beam induced Pt deposition
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was done at the wire-membrane contacts to minimize the
contact thermal resistance (see details in Methods). To
evaluate the residual contact thermal resistance, we adopted
the following formula*

1 1
R —

==X
4 1/thActanh( :j LC)

c

where h is the heat transfer coeflicient between nanowire and
supported Pt electrode, P is the effective lateral width of the
contact, A, is the cross-sectional area of the nanowire, and k is
the intrinsic thermal conductivity of the measured samples. The
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Figure 2. Thermal measurement of perovskite nanowires. (a) False-color SEM image of typical microbridge device with a perovskite nanowire
bridging between two suspended pads. The heat flow is defined from heating membrane (red) to sensing membrane (blue) through the nanowire
(green). (Inset) High-magnified SEM image of typical measured nanowire. The image shows well-formed facets and a rectangular cross section of
long nanowire. (b) Calculated total measured thermal resistance and thermal contact resistance of CH;NH,PbI; nanowire (cross section size: 350
nmx480 nm). The thermal contact resistance account for less than $% of total thermal resistance. (c) Thermal conductivity of corresponding
CH;NH;Pbl; nanowire. The dip around 160 K coincides with the orthorhombic-to-tetragonal phase transition.
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Figure 3. Thermal conductivity of CsPbBr;, CH;NH;PbBr;, and CH;NH,Pbl; nanowires. (a) Thermal conductivity comparison between
CH;NH;PbBr; and CH;NH;Pbl, reveals the role of accelerated cation dynamics in suppressing k (green arrow in a) at low temperature. (b)
Thermal conductivity comparison between CsPbBry and CH;NH;PbBr; reveals the role of cation dynamic in suppressing k (green arrow in b).
Insets in (ab) are the simplified schematic diagrams of CH;NH;Pbl;, CH;NH;PbBr;, and CsPbBr; unit cell with indication of cation dynamic
motion in hybrid perovskite (red arrow in the unit cell). Scattered data points are the measurement results and the solid lines are the model fitting
curves. The cross-section sizes for three kinds of nanowires (CsPbBr;, CH;NH;PbBr3, and CH;NH;Pbl;) shown are 320 nm X 390 nm, 200 nm X

340 nm, and 480 nm X 350 nm, respectively.

geometric parameters were carefully determined from scanning
electron microscopy (SEM) images (Figure S1), and k was
calculated from the measured thermal conductance (G,).
Following the reported procedure,” it is confirmed that the
calculated contact thermal resistance (Figure 2b) accounts for
up to about 5% of the total measured thermal resistance for the
CH;NH,Pbl; nanowire (details in Supporting Information).
The corresponding thermal conductivity of the same
CH;NH;Pbl; nanowire is shown in Figure 2c. Similar trend
of temperature dependent thermal properties as that of bulk
CH,NH,PbI;*"* is observed. In particular, our data also show
a small dip of thermal conductivity at the phase transition
temperature around 160 K, consistent with previous work’'
(see zoom-in plot around the phase transition temperature in
Figure S4 in the Supporting Information). In addition, the
distinct temperature dependence below and above 160 K also
indicates the important effect of material phases on the thermal
conductivity. Now we focus on the origin of the low thermal
conductivity (0.22 W m™ K™ at 300 K). Because the electrical
conductivity ¢ was measured to be merely ~4 S m™" at 300 K,
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the electronic contribution to the thermal conductivity can be
neglected based on the Wiedemann—Franz law, k, = LyoT,
where L, is the Lorenz number. As such, the thermal
conductivity of the CH;NH;Pbl; nanowire is mainly due to
lattice vibrations or phonons. For hybrid organic—inorganic
CH,;NH,PbL;, it has been claimed that the low bulk thermal
conductivity (0.5 W m™" K" at room temperature) is due to
the resonant scattering between the organic methylammonium
(MA) cation and the Pbl, framework,*"”* similar to the
mechanism for thermoelectric materials of caged structures.**
The underlying mechanism for the low thermal conductivity of
MHP can be understood through the related studies of
molecular-scale dynamics.**~>* The phonon modes affected by
the dynamic motion of MA cation yield low phonon group
velocity™ and short phonon lifetimes,” which contribute to the
low thermal conductivity.

As to the lower room temperature thermal conductivity of
the measured nanowire (0.22 W m™' K™!) compared to bulk
single crystal CH;NH;Pbl,,*' we consider the crystal
orientation of as-grown nanowires. Although the tetragonal
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phase with high crystalline quality is confirmed by X-ray
diffraction (XRD) patterns, the rectangular cross section of
these nanowires is quite different from the normal rhombohex-
agonal dodecahedrons bulk single crystal CH;NH;PbI,.>** In
addition, the nanowire in our case have a specific growth
direction ((100)),"" which is also the direction of heat transfer
in the thermal measurement. This is different from the
polycrystalline samples and rhombohexagonal dodecahedrons
bulk single crystal.>' This difference could result in anisotropic
thermal transport in the CH;NH,Pbl,,** orginating from both
crystal orientation of the Pblg framework and the correspond-
ing preferred rotational motion of organic cations inside the
framework along the heat flow direction. In addition, we
calculated the minimum thermal conductivity k;, of
CH;NH;Pbl; disordered crystal using a simplified method
developed by Cahill et al.* at room temperature, which yields a
value of ~0.11 W m™" K™ at 300 K (Supporting Information
Note 2). This value is still lower than the smallest measured
thermal conductivity (0.22 W m™" K™') of our CH;NH,PbI,
nanowires.

To systematically investigate the thermal properties of
various kinds of lead halide perovskites, we further measured
the thermal conductivity of CH;NH;PbBr; and CsPbBr;
nanowires, in comparison with that of CH;NH;Pbl; nanowires.
Figure 3a,b shows the measurement results, together with the
model analysis based on the Debye—Callaway model.”® The
experimental data for these three kinds of nanowires show quite
different temperature dependence and the modeling parameters
indicate more scattering induced by cation dynamics in
CH;NH;PbBr; perovskite at low temperature than
CH;NH,Pbl; and CsPbBr;.

Through comparing the measured thermal conductivities of
CH;NH,;PbBr; and CH;NH;PbI; nanowires, we found out that
the halide atom plays a significant role in the thermal transport
through these nanowires. CH;NH;PbBr; undergoes ortho-
rhombic-to-tetragonal phase transition at 155 K and a
tetragonal-to-cubic phase transition at 236 K.** In the low
temperature regime of less than 150 K, where both
CH;NH,PbBr; and CH;NH,;PbI; are of orthorhombic phase,
the thermal conductivity of CH;NH,PbBr; is comparable to
and even lower than that of CH;NH,;Pbl;. However, the
thermal conductivity of CH;NH;PbBr; first increases rapidly at
low temperature and then decreases slowly, which is different
from the much faster decreasing trend in CH;NH;Pbl;. The
peak in the temperature-dependent thermal conductivity of
CH;NH;PbBr; appears at a higher temperature than
CH;NH;PbI;. It indicates that phonon scattering mechanisms
other than Umklapp scattering dominate at low temperature in
CH;NH;PbBr;, and detailed mechanisms for the different
temperature dependence of the thermal conductivity will be
discussed later.

For the all-inorganic CsPbBr; nanowire, in the measured
temperature range from 35 to 320 K, it maintains an
orthorhombic phase.”” Therefore, the thermal conductivity
versus temperature behavior demonstrates a typical trend for
single crystalline materials in a monophasic regime (Figure 3b).
It is found that the all-inorganic crystalline CsPbBr; nanowire
also held relatively low k of 036 W m™" K' at room
temperature. This low k is consistent with recent reports and
can be explained by weaker metal-halide bond, local polar
fluctuations, or cluster rattling mechanism in all-inorganic lead
halide perovskites.”> Furthermore, Figure 3b also shows that
CH;NH,;PbBr; has lower thermal conductivity than CsPbBr; in
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all of its three phases, which indicates that the organic cations
help to further suppress the thermal conductivity irrespective of
the materials’ phase regime.

To understand the underlying mechanism for the different
temperature dependence of thermal conductivity in lead halide
perovskites, we compare the Debye-model analysis results with
the experimental data. We combined multiple phonon
scattering mechanisms and expressed the phonon scattering
rate through the Matthiessen’s rule. Recent studies have
demonstrated sub-100 nm mean free paths in lead halide
perovskites,*>°" even at low temperature of ~50 K. Therefore,
the effect due to phonon-boundary scattering should not play a
significant role in our measured temperature range because of
the rather large characteristic size of the nanowires (~300 nm).
For the all-inorganic CsPbBr;, our model analysis considering
boundary scattering, impurity scattering, and Umklapp
scattering matched the experimental data well (details in
Supporting Information).

In order to analyze thermal conductivity of hybrid perov-
skites, we further included resonant scattering in the model
analysis at low temperature,”” in which the resonant frequency
@, correlates to the dynamic motion of MA cation. From the

(1)2(1)02
(0 - woz)z) we
find that the resonant scattering will dominate when phonons
with frequencies around @, make major contributions to the
thermal conductivity. In hybrid perovskites, the MA cation has
rotational motion in caged structures and can interact with the
metal—halide sublattice.” It is expected that the interactions
can lead to resonant bonding between MA cation and metal—
halide sublattice. Importantly, it has been observed that the
resonant bonding can cause softened phonon modes and
strong anharmonic scattering.”” The resonant scattering usually
exists in the structure containing a quasi-localized rattler (MA
cation in our case). It can be a dominant scattering mechanism
at low temperature and scatter low energy phonons.’>**

It is expected that as the halide atom size decreases, larger
lattice spacing favors MA cation fluctuations in the caged
structure. The modeling results for the low temperature phase
provide a higher resonant frequency of w, ~ 6.85 X 10'* rads™"
for CH;NH;PbBr, than 3.56 X 10'* rads™' for CH;NH,Pbl,,
suggesting higher dynamic disorder in CH;NH;PbBr;, which
leads to lower thermal conductivity in orthorhombic
CH;NH;PbBr;. In fact, the resonant frequency of different
perovskites can be described by a simple model®® and

@y ~ \Jko/m,, where k; represents the stiffness between the

MA cation and PbXy cage and my, is the mass of MA cation. As
the hydrogen bond between the MA cation and PbXy cage
strengthens from I-based perovskites to Br-based perovskites, it
can be imagined that CH;NH;PbBr; has a higher k, and
therefore a higher @, an indication of the accelerated cation
dynamics at low-temperature orthorhombic phase of
CH;NH;PbBr;. This analysis also suggests that the MA cation
dynamics is not fully frozen even at low-temperature phase,
which is consistent with the previous observation via neutron
spectroscopy.”® In addition, by comparison of the model
parameter B at low-temperature phases, we find B ~ 7.95 X
1077 s K™* for orthorhombic phase CH;NH;Pbl;, which is
about 10-fold of that of orthorhombic phase CH;NH,;PbBr;.
This suggests the much more dominant role of Umklapp
scattering in CH3;NH;Pbl; than in CH3;NH;PbBr; at low-
temperature phase.

calculation of resonant scattering rate, T '=C
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As temperature increases beyond 155 K, the CH;NH;PbBr;
changes from orthorhombic phase into tetragonal phase,
leading to a different trend of temperature dependence of the
thermal conductivity. Instead of resonant scattering, phonon-
impurity scattering and Umklapp scattering collectively result in
a slowly decreasing trend in high temperature phase in
CH;NH,PbBr; A recent theoretical prediction has demon-
strated higher k in tetragonal and cubic phase CH;NH;PbBr;
than CH;NH;PbI, as a result of higher elastic stiffness.”” Then
the higher thermal conductivity in CH;NH;PbBr; has been
attributed to the corresponding higher speed of sound.®" In
addition, it is generally accepted”’ that for larger atomic mass
ratio, the gap between acoustic and optic phonon branch is
enhanced, which tends to reduce the phonon—phonon
scattering rate. This is reflected in the model parameter B,
which accounts for the Umklapp scattering rate (details in
Supporting Information). We obtained B ~ 0.52 X 107" s K™
for tetragonal and cubic phase CH;NH;PbBr;, which is lower
than that for tetragonal phase CH;NH;Pbl;, B ~ 0.84 X 107" s
K. Therefore, with the increasing mass ratio between metal
and halide atom (from I to Br) in diatomic PbXy framework,
the thermal conductivity is smaller in CH;NH;Pbl; than
CH;NH;PbBr; in the tetragonal and cubic phase. As such,
while the difference in phonon group velocity could make
major contribution to the different thermal conductivity of
hybrid perovskites at room temperature, our results suggest that
different Umklapp scattering rates could also play a role.

The theoretical model, which explicitly takes into account the
contribution of the cation dynamic disorders induced by the
organic MA cations in CH;NH;PbBr; and CH;NH;Pbl,
(Supporting Information Note 1), matches the experimental
data very well. The difference of the temperature-dependent
thermal conductivity at low temperature between the two
hybrid perovskites can be explained by the modeling results.
Because of the dominant resonant scattering at low temper-
ature as well as larger speed of sound and lower Umklapp
scattering rate at high temperature in CH3;NH;PbBr;
mentioned above, a crossover could be expected to occur in
the midtemperature region, about 70 K in our results.
Meanwhile, the cation dynamics helps suppressing thermal
conductivity in hybrid perovskites than all-inorganic perovskites
(Figure 3b). In addition, the difference of the temperature-
dependent thermal conductivity in CH;NH;PbBr; and
CH;NH;Pbl; might allow tuning of thermal transport through
the anion exchange conversion technique in hybrid
CH;NH,PbX; (X = I, Br) perovskite nanostructures.®

In summary, we systematically studied the temperature-
dependent thermal conductivity of hybrid organic—inorganic
CH;NH;Pbl;, CH;NH;PbBr;, and all-inorganic CsPbBr;
nanowires, revealing the combined effects of organic cations
and halide anions on the thermal properties of perovskites.
Importantly, we take it a steg further by correlating the MA
cation dynamics mechanism””>” to thermal transport in these
materials through demonstrating that accelerated cation
dynamics is associated with decreasing halide atom size.
These discoveries reveal the intriguing thermal properties in
lead halide perovskites, which can serve as guidelines for
developing MHP based optoelectronic devices. In addition, it
provides opportunities for applications in thermal management
and thermal energy storage and conversion, like thermo-
electricity, given the discovered ultralow thermal conductiv-
ity," tunable electrical properties,’””" and potential high
Seebeck coefficient’””* of these MHPs.
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Methods. Sample Preparation. CH;NH;Pbl; and
CH;NH;PbBr; were synthesized following previous litera-
tures.'” To obtain high quality samples, we made several
improvements. The solution of 100 mg/mL Pb(Ac), in
deionized water was dropped on the FTO glass kept at 75
°C. After partial evaporation of the solvent due to the heating,
the Pb(Ac), solution became concentrated and sticky and then
we spun the substrate. The as-formed Pb(Ac), film was dried at
75 °C on a hot plate for another 1 h. Then we immersed the
Pb(Ac), FTO glass side on 40 mg/mL CH;NH,I or 4 mg/mL
CH;NH,Br/isopropanol solution for 16 h at room temperature
to form the desired CH;NH;Pbl; or CH;NH;PbBr; nanowires.

To synthesize CsPbBr; nanowires, 0.05 M CsBr and 0.05 M
PbBr, were first dissolved in DMSO. Then chlorobenzene was
dropped into the as-prepared solution in 4:1 volume ratio. After
a few minutes, some precipitates were formed. We used a
dropper to transfer some of the precipitates accompanied by
the solution onto a substrate and the CsPbBr; nanowires would
form after evaporation of the solvent.

All samples were stored in a nitrogen-filled glovebox after
sample growth and transfer prior to thermal measurements.

Sample Characterization. The optical images were obtained
with Eclipse LV100D, Nikon. The SEM images of perovskite
nanowires were obtained using Dual-beam FIB 23S, FEI Strata.
The XRD patterns was characterized on a Rigaku Ultima X-ray
IV diffractometer using a Cu K,, 5 deg-min™".

Thermal Measurements. Thermal conductivity measure-
ments were conducted in a cryostat (Janis CCS-450) under
high vacuum (<1 X 10~ mbar). Perovskite nanowires were
bridged between two suspended membranes, both of which can
serve as thermometer and heater in the thermal measurement,
by tungsten probe, and electron beam-induced deposition
(EBID) of Pt (Dual-beam FIB 23S, FEI Strata 2 kV, 86 pA) was
used to minimize the contact thermal resistance. A yA-DC
current was used to generate Joule heat (Q,,) on the heating
membrane and to induce temperature rise in heating (AT,)
and sensing (AT,) membranes, respectively, due to the heat
transfer through the nanowire. By carefully analyzing the
thermal circuit and determining the heat transfer through the
nanowire (Q,), the thermal conductance of the nanowire can

Qt(!l A’I;
AT, + AT, X AT, - AT,
nation of the nanowire geometry using SEM, the thermal

be expressed as G, = Then, with determi-

conductivity can be obtained by k = Gsﬁ, where [, w, and h

are the length, width, and thickness of the nanowire,
respectively. To reduce the effect of radiative heat transfer,>
two copper radiation shields were installed into the measure-
ment system with the inner one mounted directly onto the

sample holder.
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