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Thermal conductivity and diffusivity of triple-cation perovskite halide materials for solar cells

We report on the measurement of the thermal conductivity and the thermal diffusivity by the technique of modulated thermoreflectance microscopy on a mixed-cation perovskite material [Cs 0.05 (formamidinium 0.83 methylammonium 0.17 ) 0.95 Pb(I 0.83 Br 0.17 ) 3 ] widely applied for solutionprocessed perovskite solar cells. Such materials are supposed to present an improved thermal stability compared to methylammonium-based single cation perovskites. Our measurements are performed on perovskite/TiO 2 /SnO 2 :F/SiO 2 structures, with perovskite thicknesses ranging between 250 nm and 1000 nm. This configuration is the one of a real solar cell, with the same substrate and intermediate layers than an operating device. We measured a thermal conductivity k per of 0.26  0.03 W m -1 K -1 and a thermal diffusivity D per of 3.5×10 -7  0.5 m 2 s -1 . The value for the thermal conductivity is comparable to the one measured on single cation perovskites which is generally in the 0.2-0.6 range. The value for the thermal diffusivity was not reported previously.

I. INTRODUCTION

Hybrid metal-halide perovskites form a family of highly promising materials for the development of future-generation solar cells. 1 Their interesting physical properties, such as a direct bandgap, a high absorption coefficient, and a high charge carrier mobility, make them able to reach a photo-voltaic efficiency larger than 25%. [2][3][4][5][6][START_REF] Extance | P v k[END_REF][8] These cells are inexpensive to produce, the compounds that compose them are abundant, the temperature fabrication is low, and the chemical techniques to manufacture them are adaptable on a large scale. Their main drawback comes from their stability over time, which limits their current development. These materials are very sensitive to humidity, ultraviolet light and temperature rises. 9,10 In particular, during their operation in front of the sunlight, the temperature of the cells can increase, causing an accelerated degradation. This is very problematic for methylammonium (MA)-based perovskites which appears to be thermally unstable 11 and that can degrade above ~358 K 8 . Recently, it has been observed that formamidinium (FA)-based cells exhibit a much larger stability than MAbased ones, making this compound very promising for future developments. 10 Yet FA-based perovskite halides suffer from the formation of amorphous phases at some I/Br ratio, the tuning of which is an efficient tool to modify the bandgap of the material. The addition of Cs + cation into the formulation and the formation of the triple mixed cation (MA-FA-Cs) perovskite halides can largely overcome the formation of amorphous phases facilitating a continuous tuning of bandgap by tuning the I/Br ratio while keeping the interesting thermal stability. 8 In this article, we have studied the thermal properties of triple mixed cation FA-MA-Cs-based perovskite solar cells. 4,5,9 More specifically, we have measured both their thermal conductivity and thermal diffusivity which are crucial parameters to predict how fast and how efficiently heat will dissipate in the active layer and toward the substrate. While several thermal conductivity measurements have already been performed on MA-based compounds, very little data is available on triple-cation-based ones. Our measurements indicate that the thermal conductivity of such compounds is only slightly smaller than the one of MA-based perovskites found in literature, showing that the substitution of MA + by FA + and Cs + has a very limited influence on the thermal properties of these compounds. The experiments were carried out by modulated thermoreflectance microscopy (MTRM) on Cs 0.05( (FA 0.83 MA 0.17 ) 0.95 Pb(I 0.83 Br 0.17 ) 3 layers of different thicknesses and directly grown on a TiO 2 /SnO 2 :F/SiO 2 substrate, in a real solar cell configuration. The relative concentration of FA, MA and Cs was chosen to optimize the power conversion efficiency, the morphology of the grains and their stability.

II. Experimental details

The structure of the cells is illustrated in Fig. 1 equal to 250, 310, 400, 540 and 1000 nm respectively (see the supplementary materials for more information about the synthesis). We show in Fig. 1(b) and 1(c) a cross-sectional and in-plane scanning electron microscope (SEM) images of the 540 nm-thick perovskite surface. The size of the grains lies in the 100-300 nm range, in agreement with previous measurements performed on FA-and MA-based structures. 8,12,13 A similar morphology and grain size was observed on the samples that have a smaller or larger perovskite thickness (see supporting information). Details about the composition of the perovskite layers, obtained from X-rays diffraction (XRD) and energy dispersive X-ray spectroscopy (EDX) are also given in the supporting information.

Finally, a 150 nm-thick gold film was then deposited on the perovskite layers for the thermal measurements.

MTRM measurements were carried out in a homemade optical microscope 14,15 whose principle is described in Fig. 1 

III. Results and discussion

To extract the thermal conductivity k and diffusivity D of the different layers in the structure, we used a thermal model similar to the one described in ref. 15 For TiO 2 , we found a thermal conductivity value close to the one of the bulk. In fact, due to its small thickness, the influence of the TiO 2 layer is very weak and smaller values could have been used for fitting the data. Once all the sublayers were characterized, we then studied the entire cells which contain the mixed FA-MA perovskite. We followed the approach described in ref 15

in the case of lithium phosphorous oxynitrile films grown on a Si substrate. This methodology consists to first study the structures at high frequency (800 kHz) and then at low frequency (100 kHz). By varying the modulation frequency we change the thermal penetration depth. In that case, at 800 kHz, we can fit the experiment without taking into account the thickness of the perovskite layer which can be considered as infinite from a thermal point of view. When lowering the frequency and/or the thickness of the layer, the lower interface is reached by heat and the simulations have to take into account the interface perovskite/TiO 2 .

Figure 2: Phase of the MTRM signal for t per = 1000 nm and 540 nm (a) and for t per = 400 nm, 310 nm, and 250 nm (b). On both graphs, the black curve represents a simulation with an infinite model.

We show in Fig. 2 the phase of the MTRM signal measured at high frequency (800 kHz) for all five thicknesses. Same curves were measured at different positions on the surface and in different directions, which shows a good uniformity and a weak sensitivity to an eventual anisotropy of the films. Note that the crystallites may be oriented differently from each other, but the measurement is averaged over the size of the laser spot. As seen in Fig. 2(a), the experimental curves for t per = 1 µm and t per = 540 nm are superimposed. For this thickness range, this means that, at this frequency, the thickness of perovskite is not a parameter that influences heat diffusion. Perovskite is not a very good thermal conductor and heat does not reach the lower interface, and the structure behaves like an infinite material. Using an infinite model, we fitted the experimental data and found approximate values for the thermal conductivity and diffusivity of the perovskite layer: k per = 0.22 W m -1 K -1 and D per = 3×10 -7 m 2 s -1 . Interestingly, for smaller thicknesses [see Fig. 2(b)], the infinite model does not fit anymore the experimental data. For these structures, heat reaches the interface between the perovskite and TiO 2 , and the substrate cannot be neglected anymore. This enables us to have an idea of the thermal diffusion length  which is given by √ ⁄ where D and f are the thermal diffusivity and the frequency respectively. For D = 3×10 -7 m 2 s -1 and f = 800 kHz, we find  = 345 nm, a value which is consistent with the thickness of the perovskite layer below which the substrate cannot be ignored anymore. Another parameter we can extract from the fit of Fig. 2(a) is the thermal effusivity e of the perovskite layer which characterizes its ability to exchange thermal energy with its surroundings. Knowing that √ ⁄ , we find e = 400 W m -2 K -1 s 1/2 which is a value similar to the one of a thermal insulator like wood and much smaller than the ones of metals. However, knowing the thermal effusivity does not allow to find D and k. The coupled parameters D and k are unfortunately not unique and good fits can also be obtained for slightly different values. An example showing the influence of k on the phase of the simulated curves for t per = 1 µm and t per = 540 nm is presented in Fig. 3. Setting D = 4×10 -7 m 2 s -1 and varying k from 0.12 to 0.31 W m -1 K -1 , which corresponds to a variation of the effusivity between 200 and 500 W m -2 K - 1 s 1/2 , does not modify the simulated phase. The corresponding simulated amplitude R slightly differs but the changes are not important enough to diminish the uncertainty of this measurement. To accurately determine the best values of D and k, we need to fit the data at smaller frequencies and on all the structures simultaneously. The thermal diffusion length µ increases with decreasing frequency (it varies like the square root of 1/f). For instance, µ is supposed to be a factor 8 larger at 100 kHz than at 800 kHz. In that case, the lower interfaces influence the MTRM signals and we cannot use anymore the semi-infinite model, we need to take into account the interfaces of all the materials present in the cell. We first focused on the sample of intermediate thickness (t per = 540 nm). The experimentally measured amplitude and phase of the MTRM signal are represented in Fig. 4 for two frequencies: 800 kHz (full red circles) and 100 kHz (thin red circles). Due to the larger diffusion length, the amplitude and phase measured at 100 kHz decrease more slowly than the 800 kHz ones. The infinite model (full lines), which describes well the experimental data at 800 kHz is no more accurate at 100 kHz, in particular on the phase which decreases too fast. A much better agreement is obtained with a model which takes into account the thickness of the layer, the interfaces and the different materials of the structure. 15 Good fits can be obtained for the couples of values k per = 0.29 W m -1 K -1 / D per = 4×10 -7 m 2 s -1 which gives an effusivity e = 400 W m -2 K -1 s 1/2 and k per = 0.22 W m -1 K -1 / D per = 3×10 -7 m 2 s -1 which gives e = 458.5 W m -2 K -1 s 1/2 . For both couples of values, the phase variations are the same, but the amplitude is slightly different.

From these fits, we now have a reasonable approximation of the value of the thermal conductivity and diffusivity of the perovskite material. In addition to the experiment on the 540 nm-thick sample, we checked and improved the accuracy of these values on thinner samples and at several frequencies between 50 kHz and 800 kHz. We show in Fig. 5 the MTRM experiments carried out on 250 nm and 310 nm thick samples at five frequencies from 50 kHz to 800 kHz. The best agreement was found for k per = 0.26 W m -1 K - 1 and D per = 3.5×10 -7 m 2 s -1 which gives an effusivity e = 439 W m -2 K -1 s 1/2 . The uncertainty was estimated to 0.03 W.m -1 .K -1 for k and 0.5×10 -7 m 2 s -1 for D. Let us now compare the measured thermal conductivity to the values found in literature on similar thin film or bulk samples. As summarized in Table II, most of the available data concern MA-based perovskites, not the mixed cation ones. Apart from the results given in ref. 23, all thermal conductivities are found to be between 0.2 and 0.7. In our case, we find a value in the same range, showing that the incorporation of Cs and FA does not change the thermal properties compared to MA-based compounds.

Our measurements were performed on a series of samples of variable thickness without considering that k was thickness-dependent. We think this assumption is valid because the thinnest perovskite layer (250 nm) is not small enough to influence the scattering of phonons, whose mean free path is much smaller than the thickness of the polycrystalline perovskite layer. 27 In addition, Heiderhoff et al 22 , observed that the thermal conductivity of several perovskite materials was nearly identical between the bulk and a 200 nm thin film. Finally, we observed by SEM that the perovskite layers were very similar for all samples, the size of the grains being nearly identical, which presumably discard the influence of the morphology on the materials thermal properties (see supplementary materials). Regarding the thermal diffusivity, we could not find a value for similar compounds in the literature to make a comparison. However, k and D are linked through the simple relation ⁄ where  is the density and C is the specific heat. The density of our material is not well known but since its molar mass (611.23 g/mol) is approximately the same than the one of CH 3 NH 3 PbI 3 (619.9 g/mol) we can speculate reasonably both materials have similar densities   4000 kg/m 3 . 28 From the previous relation, we can deduce the specific heat C = 113.5 J.K -1 .mol -1 , which is of the same order of magnitude than the one found in literature for many similar compounds (C = 170 -190 J K -1 mol -1 for (MA)PbBr 3 and (MA)PbI 3 in ref. 29) thus confirming the accuracy of our values for k and D. 

IV. Conclusions

In summary, we have measured by modulated thermoreflectance microscopy the thermal conductivity and thermal diffusivity of a recently developed mixed cation perovskite material, whose thermal stability is supposed to be improved compared to MA-based single cation perovskites. Our measurements were performed on a series of structures of variable thicknesses, of same morphologies, which strengthen the validity of our study. The value found for the thermal conductivity (k per = 0.26 W m -1 K -1 ) is of the same order than the one measured on MAbased perovskite materials. This shows that the thermal properties of such materials are almost
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diffusion equation is solved in cylindrical geometry using a Hankel transformation method. Here, we have to deal with several intermediate materials and layers (SiO 2 , FTO, TiO 2 , Au) whose thermal properties are usually known in the absolute in their bulk form but are in fact strongly dependent on the deposition conditions. We therefore performed a progressive analysis and first characterized the properties of the Au layer on the raw SiO 2 substrate by removing the FTO.

Then, we successively studied the SiO 2 /FTO/Au and the SiO 2 /FTO/TiO 2 /Au structures to extract the FTO and the TiO 2 thermal properties respectively. This layer by layer procedure minimizes the uncertainty on each material. The measured thermal conductivity k and thermal diffusivity D of Au, FTO and TiO 2 are summarized in Table

I

. No dependence on the excitation power was observed for these parameters during the experiments. The values are in reasonable agreement with the ones found in literature.
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TABLE I .

 I Thermal parameters of the different underlying materials involved.

	Material	SiO 2	Au	FTO	TiO 2
	k (W m -1 K -1 )	1.12	220	39	10
	D (10 -7 m 2 s -1 )	6.13	880	150	36

TABLE II .

 II Room temperature thermal conductivities of some MA-and FA-based perovskite materials.

	Material		k (W m -1 K -1 )	Reference
	Cs(FA,MA)Pb(IBr) 3	Thin film	0.26  0.03	This work
	CH 3 NH 3 PbI 3	Polycrystalline	0.3	Pisoni et al. [20]
	CH 3 NH 3 PbI 3	Thin film	0.2-0.5	Guo et al. [21]
	CH 3 NH 3 PbI 3	Thin film	0.33  0.12	Heiderhoff et al. [22]
	CH 3 NH 3 PbBr 3	Thin film	0.39  0.05	Heiderhoff et al. [22]
	CH 3 NH 3 PbCl 3	Thin film	0.50  0.12	Heiderhoff et al. [22]
	CH 3 NH 3 PbI 3	Thin film	11.2  0.8	Chen et al. [23]
	CH 3 NH 3 PbI 3	Polycrystalline	0.6	Kovalsky et al. [24]
	CH 3 NH 3 PbI 3	Polycrystalline	0.6-0.7	Kovalsky et al. [25]
	CH 3 NH 3 PbI 3	Nanowire	0.23	Wang et al. [26]
	CH 3 NH 3 PbBr 3	Nanowire	0.3-0.35	Wang et al. [26]

Acknowledgments

-de-France in the framework of DIM Nano-K. Z.H. acknowledges the China scholarship council (CSC) for Ph.D. thesis scholarship. We acknowledge the project "PROC " (ANR-17-CEO5-0028-01).

the same whatever the nature of the cation. Therefore, the recently observed enhanced thermal stability of these triple-cation perovskites cannot be explained by a different value of their thermal conductivity or thermal diffusivity. The enhanced thermal stability of these perovskites may rather come from a chemical origin.

Supplementary material

See supplementary material for details regarding the synthesis of the mixed-cation perovskite material [Cs 0.05( (FA 0.83 MA 0.17 ) 0.95 Pb(I 0.83 Br 0.17 ) 3 ], for the SEM, EDX and XRD characterization of the layers.