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ABSTRACT

We report on the temperature dependence of thecoraductivity of single crystalline and

polycrystalline organometallic perovskite ¢NH3Pbk. The comparable absolute values and
temperature dependence of the two sample’s morglesandicate the minor role of the grain
boundaries on the heat transport. Theoretical ningetlemonstrates the importance of the
resonant scattering in both specimens. The inieradietween phonon waves and rotational
degrees of freedom of GHNHs" sub-lattice emerges as the dominant mechanismttenuation

of heat transport and for ultralow thermal conduttiof 0.5 W/(Km) at room temperature.
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Recently the organic-inorganic hybrid compoundsRHsPbk (hereafter MAPRY) has emerged

as the central component of highly efficient sotalls™*. MAPbI; is deposited in a dye
sensitized solar cell configuration by spin coatongTiO, nanoparticles and using a solid state
redox mediator its light conversion efficiengy) (feaches 16%, an unprecedented value for such
a device. There is very vivid world-wide activity tinderstand the success of this material in
solar cells and to find the materials parameterihvtvould be tuned to further improvg®™®.

The known advantages of this material are the brglss section for photo-electron generation,
the long diffusion length of the charge carriersl dhe simplicity of MAPb{ synthesis and
device architectur& The unknown parameters are the health hazardeedeto the handling of

MAPDI; and the expected lifetime of these solar cells.

The thermal management of such multi-component &lis can be an important factor in the
device’s lifetime since a large part of the sokdiation is converted into heatThe lack of its

evacuation can result in mechanical stresses inghdwich-structured device and over

time it can cause structural decoupling of the tarents and severely decreagelhus the heat

distribution in the cell and particularly around ¥MBl; must be controlled.

The scope of this paper is therefore to study amtkrstand the thermal transport occurring in
MAPDI; as a necessary pre-requisite to well-designed dewces. To our knowledge no
investigation of thermal conductivitk) of MAPbI; has been performed so far. Moreover, since
thermal conductivity is strongly dependent on tlaengle’s morphology”® we analyze the
change ink in single crystal and in polycrystalline MARdamples. The measurements were
performed on few miarge single crystals (SC) and on polycrystalaenple (PC) obtained by

pressing together an assembly of micro-crystallf&s mimics the material’s texture in solar cell



devices. Typical samples and the zoom on the nircrcsire are shown in figures 1 and 2 for
single and polycrystalline samples, respectivelsiBtivity measurements confirm the insulating
nature of the material. Regarding thermal propertree find ultralow values of thermal
conductivity even on single crystals which is dsed to the complex unit cell and the disordered
CHsNHs" sublattice’. Its temperature dependence is described byCiléaway formalism
arguing that phonons are the main heat carrierbath single crystal and polycrystalline

samples.

MAPDI; crystals were prepared by precipitation from aceorated aqueous solution of
hydroiodic acid containing lead (Il) acetate andkspective amount of GNH5" solution. The
two ends of the sample holder were held at 55 @ntCArespectively to induce the saturation of
the solute at the low temperature part of the smuiAfter 24 hours sub-millimetre sized crystals
appeared in the solution. Large MARDbtystals with 3x5 mm silver-grey mirror-like fasevere
grown after 7 days. Smaller crystals were ground imortar and pressed together to obtain a

mechanically stable polycrystalline sample.



Figure 1. SEM image of a CkNHsPbk single Figure 2. SEM image of a CgNH3Pbk
crystal. The inset shows a typical crystal usedlycrystalline sample. The inset shows a
in electrical and thermal transportypical polycrystal used in electrical and

measurements. thermal transport measurements.

Figure 3 shows the resistivity as a function of penature for the single crystal and
polycrystalline samples measured in the dark. Reemmperature resistivity of 13*2@cm in
MAPbl;zsingle SC is in agreement with previously repodath®’. Upon cooling and heating in
the 4-300 K range the sample shows hysteretic hetnaas it has been already observed by
Stoumpos et af'. They explain it as a result of the structuralggh&ransition occurring at 162
K. Optical microscopy observations reveal that thange of the lattice parameters at low
temperature causes formation of micro-cracks whletelop with thermal cycling. Modelling
resistivity in the 250-320 K temperature range wermally activated behavioyr,exp(E;/
kgT) yields an activation energy of-8.85 meV which is ascribed to simple thermal atiora
from impurity levels (the optical gap is 1.58)/ A similar fit below 250 K gives E 70 meV

which is likely to come from hopping conduction kit the impurity level. Such change in the



conductivity mechanism is well known and was reparin different insulating materials like

TiO, 12 ZnO etc.

For PC samples(300K)= 38 M2cm (Figure 4) that is less than a factor of twadhkigthan that
of single crystals. The resulting activation enesgn the same temperature ranges are 427 meV
and 81 meV. These higher values, compared to Onterpreted as a consequence of barriers

for charge transport at the grain boundaries.
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Figure 3. Resistivity as function of temperature for sir (black curve and polycrystallin (red
curve) samples. In both cases the activated behasimes from an impurity level at Ei= 0.18 and

0.48 eV from the band edge, respectively.

Figure 4 shows our main result, the temperatureeniggnce of the thermal conductivity of
SC and PC MAPRI The experiments were repeated on three diffespatimens with high
reproducibility proving that the observed behavitaran intrinsic material property. The

overall temperature dependence of the SC and P@lasams similar. Yet, certain differences



are manifested and will be discussed in more deé&hdw.

The room temperature values are 0.5 and 0.3 W/(re&pectively. These are considered as
ultra-low and markedly different from the known iganic materials such as: Ti¢¥, Bi;Te;
etcwhich are in the range of 10-100 W/ In fact, the thermal conductivity of MAPL$

closer to that of polymeric materials than thosergstalline structure¥.

In the temperature dependence a sharp dipemerges around 160 K. This coincides with
the tetragonal - orthorhombic structural phasesiteom, being previously observed by heat
capacity measurements As shown in the inset of Figure 4, for the SC gk the width of

this dip is only 2 K, while for the PC samples #teuctural transition is smeared over a wider

temperature range, corresponding to approximatély 8

Apart this phase transition that does not influemeeh the thermal conductivity, we observe
that the temperature dependence resembles thasuwifaiting inorganic material€, where
three temperature regimes may be distinguishethdrhigh-temperature regimeincreases
with decreasing temperature, and there is a ramg t the low-temperature limif—0.
Between these two limiting behaviouksfeaches a maximum, specifically aroungy = 30

K andThax= 43 K for the SC and the PC samples respeytivel
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Figure 4. Temperature dependence of thermal conductivitingle crystal (black) and
polycrystal (red) CENH3Pbl samples. Blue lines are obtained from the theaetiodel.

The inset shows the detail around the structuaalsition at 160 K.

In an attempt to shed more light on microscopic lmacsms that limit heat conduction, and
in particular to resolve differences between thea®@ the PC samples, we start our analysis
by decoupling the electronia) and the lattice (o) contributions to the total thermal
conductivity x, since dynamics of these two subsystem shouldHagacterized by very
different time scales. For a rough estimate offtiimer, one may consider the Wiedemann—

Franz lawk. = LyoT, wherel, is the Lorenz number andis the electrical conductivity. In



materials for which itinerant electrons contribatnsiderably to the heat transfer, the order
of magnitude ot is expected to be around@~8(V/K)2. On the other hand, we find for our
MAPDI; samples that, should be four orders of magnitude higher in ortierexplain
thermal conductivity by itinerant electrons onlyhieh clearly implies that these have a
negligible role in the total thermal conductivit@onsequently, the lattice contributia

dominates in the entire temperature range.

The temperature dependence wqf is frequently analysed within Callaway’s approach,
which has its origin in the Boltzman equatitin The basic approximation is that different

phonon scattering mechanism can be treated indepéng~! = ¥, ;7 1,

6p/T

x*e*
k=CT?3 j T(X) [m] dx (1)
0

3
with C = (k—B) (k—B) , x = hw/kgT , 8, Debye temperaturek, Boltzmann constanty

2m2vg h

Planck constant, ang the average speed of sound.

Our first approach for the analysis of the datssenéed in Figure 4 was the traditional one,
considering three scattering mechanisms, = 7, * + 7,* + 7,;%, 13. The first one, due to
sample boundaries, is proportional to the squact ob the inverse cross section of the
specimen,t; 1(x)eca; e 1/SY2 The second is associated with scattering eveptpdint
defects like vacancies, substitutions, and othentgike impurities. Within the Rayleigh
scattering model, the associated relaxation rattaken to be temperature independent,

7, (x) c w* ca,T*x*. Finally, as temperature increases, one shouldiden interactions



between the phonons, since with leaving the harmeoegime, three-phonon Umklapp

processes start to dominate the behaviowt. &for the corresponding relaxation rate we use
the form r;l(x)oca3T3x2exp(—Z—?). In the high temperature limi, < aT, this form

reduces to the appropriate one for describing Uptkland normal processe§!ocT3x2,
with k obeying thel/T-law '°.Combining all three relaxation times we obtainiting

procedure involving five adjustment parametessa,, a;, « andéy,.

Due to the very large unit cell 990.0(4)f A, it is natural to expect rather low Debye
temperatures for various acoustic phonon modes APbA. Indeed, the results of the
calorimetric study predict that the range of Debgmperatures is between 80 and 220 K for
MAPbX3 (X=CI, Br, 1) compounds®. Although for our SC samples some improvements of
fits are obtained by usingigher Debye temperaturég in Eqg. 1, hereafter we choose to fix
6, at 120 K, in agreement with the value for the hégloustical mode reported previodSly
For the remaining four parameters our fit for Snples provides the values displayed in
the first row of Table 1, with a good quantitatimgreement with experiments. Indeed,
according to theoretical expectations, for theadéghe SC parameters presented in Tabl

7, dominates the high-temperature behaviour, becomeawiigible in the low-temperature
limit T—0. The importance of the exponential factor jn involving a, exhibits itself in the

crossover region arouniGhax

10



Table 1. Fitting parameters by using Callaway’s aproach

a,/C a/C al/C a
Single crystal | 2 x 10° 0.004 0.87 16
Polycrystal 15x% 10° 0.004 0.87 16

In order to extend our present approach to PC exrpetal data, we consider a particular fit
keeping the relaxation rateg* and ;' fixed to the values obtained for the SC sample,
because these mechanisms should depend on theropkrties. Despite of the fact that we
are now dealing with just one free parameter, the fitting procedure yields a very
satisfactory agreement with the experiment, conipart the already discussed case of SC

samples.

However, some aspects of the results in Table érdesadditional attention. Firsg™®” near
room temperature is reduced only by a factor obgared tac"® which is one order of
magnitude smaller than in other energy materi&is €dSe?®. Second, the effective cross
sectionS oc 7 for all samples appears to be several orders gihale smaller than the

specimen dimension. All this is a strong indicatadra very effective, internal mechanism of

acoustic phonon attenuation. Therefore, the vathas follow from Table 1 for the cross

11



sectionS should be understood as effective quantities,erathan being derived from the
specimen dimension (the SC case), or from the draumdaries (the PC case). In order to
address this issue, we use a different mechanesonant scattering instead of scattering by
impurities and grain boundaries. We keep the Unmkisgattering in the analysis because of
its dominant contribution at high temperaturgs' oc T3x%. Resonant scattering is known to
be of the great importance in materials with dyreahilisorder, being frequently model&d

wiw?

(03-w2)”

bytzleca, wo characterizes vibrations coupled to acoustic phendVith 6, =

120 K, our fitting procedure involves three parameteug, az, w,. The computed curves
nicely reproduce the experimental data, Figure iy the parameters of the model are

summarized in Table 2.

Table 2. Fitting parameters by assuming resonantral Umklapp scattering

a/C o a/C
Single crystal 4.8 x 10° 42 K 0.84
Polycrystal 5.8 x 10° 42 K 0.69

The obtained resonance frequengy= 42 K in Table 2 may be conjectured to the slow,
nondispersive phonon modes associated to the aotalkegrees of freedom of GNH;'.
Indeed, rotational vibrations of this cation haeeently been discusséd while for similar
compounds, Pbl based organic-inorganic hybrid, lewergy optical modes were

experimentally observed. Furthermore, strong effects of the dynamical iepon thermal

12



conductivity were observed in other solids liketlstate hydrates and anion doped crystalline
KCl #' 242> This leads us to a conclusion that the ultraldwermal conductivity in
CHsNH3Pbk is due to its particular crystal structure, involy slowly rotating CHNHz"

cations within the unit cell.

In summary, we have presented thermal conductivgasurements for large single crystals
and polycrystalline samples of MARDbIThe room temperature value wfis equal to 0.5
W/(Km) for single crystals and 0.3 W/(Km) for polystals. These values are very low. The
origin of the strongly reduced might be the disorder of the GNH3" sublattice and its easy
excitation even below 160 K. Such a lowwill prevent the rapid spread of the light
deposited heat, which can cause mechanical stragddsnit the lifetime of the photovoltaic
device. These conclusions concerningtay valid even when the samples are exposed to
light, since the number of photo-excited electragrmains low and their contribution to the
thermal conductivity is negligible. Finally, thesetrical and thermal conductivities in the 4—
300 K temperature range clearly revealed the etiegrain boundaries but their importance

is lower than expected.

Experimental Methods

Resistivity measurements on SC and PC samples pegfermed in a standard four-point
configuration. Gold wires were glued on pre-evajpeatagold pads on the sample. The
experiments were carried out in the dark to avaeidranted photo induced effects inside a

closed-cycle He cryostat maintained at a base pressf le-3mbar. Temperature was

13



sweeped from 310 K down to 25 K. Thermal condutti{k) was measured by a steady-state
method by using calibrated stainless-steel aserber sample (see fig 5). Special care was
taken in maintaining temperature gradient acro®s sample around 1 K as described

elsewheré®,
' ( f Differential thermocouples

/|

Reference

é

Heater Sample

Heat Sink

Figure 5. Schematic view of the experimental setup used tf@rmal conductivity

measurement. The black rectangle represents thplesathe gray one is the calibrated
stainless-steel reference and the orange solitkisdpper heat sink. The gray curled wires
are type E differential thermocouples connectethto sample and to the reference with
Stycast 2850 Ft thermal conducting epoxy. A heasteonnected to the sample using the

same epoxy.
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