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Phonon-Limited Mobility and Electron-Phonon Coupling in Lead-Free Halide Double Perovskites

Lead-free halide double perovskites have attracted considerable attention as complements to lead-based halide perovskites in a range of optoelectronic applications.

Experiments on Cs 2 AgBiBr 6 indicate carrier mobilities in the range of 0.3-11 cm 2 /Vs at room temperature, considerably lower than in lead-based perovskites. The origin of low mobilities is currently unclear, calling for an atomic-scale investigation. We report state-of-the-art ab initio calculations of the phonon-limited mobility of charge carriers in lead-free halide double perovskites Cs 2 AgBiX 6 (X = Br, Cl). For Cs 2 AgBiBr 6 , we obtain room-temperature electron and hole mobilities of 17 and 14 cm 2 /Vs, respectively, in line with experiments. We demonstrate that the cause for the lower mobility of this compound, compared to CH 3 NH 3 PbI 3 , resides in the heavier carrier effective masses. A mode-resolved analysis of scattering rates reveals the predominance of Fröhlich electron-phonon scattering, similar to lead-based perovskites. Our results indicate that, in order to increase the mobility of lead-free perovskites, it is necessary to reduce the effective masses, for example by cation engineering.

interest for the understanding of tunable band gap Cs 2 AgBiBr 6-x Cl x solid solutions.

Recent experimental work on Cs 2 AgBiBr 6 showed that the carrier mobility of this compound is significantly lower than what is found for the prototypical lead-based perovskite MAPI. Measured values for the effective carrier mobility (averaging over electrons and holes) range between 0.3 cm 2 /Vs in poly-crystalline samples and 11 cm 2 /Vs in single crystals. [START_REF] Longo | Understanding the Performance-Limiting Factors of Cs 2 AgBiBr 6 Double-Perovskite Solar Cells[END_REF][START_REF] Hutter | Band-Like Charge Transport in Cs 2 AgBiBr 6 and Mixed Antimony-Bismuth Cs 2 AgBi 1-x SbxBr 6 Halide Double Perovskites[END_REF][START_REF] Bartesaghi | Charge Carrier Dynamics in Cs 2 AgBiBr 6 Double Perovskite[END_REF] These mobilities are an order of magnitude lower than in single-crystal MAPI. [START_REF] Milot | Temperature-Dependent Charge-Carrier Dynamics in CH 3 NH 3 PbI 3 Perovskite Thin Films[END_REF][START_REF] Karakus | Phonon-Electron Scattering Limits Free Charge Mobility in Methylammonium Lead Iodide Perovskites[END_REF][START_REF] Shi | Low Trap-State Density and Long Carrier Diffusion in Organolead Trihalide Perovskite Single Crystals[END_REF][START_REF] Dong | Electron-Hole Diffusion Lengths Greater than 175 µm in Solution-Grown CH 3 NH 3 PbI 3 Single Crystals[END_REF][START_REF] Saidaminov | High-Quality Bulk Hybrid Perovskite Single Crystals within Minutes by Inverse Temperature Crystallization[END_REF][START_REF] Shrestha | Assessing Temperature Dependence of Drift Mobility in Methylammonium Lead Iodide Perovskite Single Crystals[END_REF][START_REF] Ponce | Origin of Low Carrier Mobilities in Halide Perovskites[END_REF] The origin of such a drastic reduction in mobility as compared to MAPI is an open question. Ref.

46 measured the mobility of powder samples of Cs 2 AgBiBr 6 using time-resolved microwave conductivity, and observed that the mobility decreases with temperature as T -3/2 between 150 K and 400 K. These data indicate that phonons play significant role in scattering carriers in this temperature range. Furthermore, measurements of temperature-dependent photoluminescence broadening showed that polar-phonon scattering is the dominant limiting factor for the lifetimes of photexcited carriers, while acoustic-phonon scattering plays a smaller role. [START_REF] Steele | Giant Electron-Phonon Coupling and Deep Conduction Band Resonance in Metal Halide Double Perovskite[END_REF] Refs. 31 and 55 performed external quantum efficiency (EQE) and time-resolved photo-luminescence (TRPL) measurements, respectively, of the carrier diffusion length in Cs 2 AgBiBr 6 , and obtained values ranging from 30 nm to 700 nm. The authors attributed this observation to defect scattering.

In order to interpret these data within a unified conceptual framework, it would be desirable to have ab initio parameter-free calculations of the charge transport properties of lead-free double perovskites. In particular, calculations of the phonon-limited mobility of perfect crystals will be useful to establish a theoretical upper limit for the mobility achievable in Cs 2 AgBiBr 6 and Cs 2 AgBiCl 6 , as well as to assess the importance of individual phonons.

In this work we perform predictive calculations of carrier transport in Cs 2 AgBiBr 6 and Cs 2 AgBiCl 6 using the state-of-the-art ab initio Boltzmann transport equation. [START_REF] Poncé | First-Principles Calculations of Charge Carrier Mobility and Conductivity in Bulk Semiconductors and Two-Dimensional Materials[END_REF] We find that the theoretical upper limits of the isotropic average electron and hole mobility of Cs 2 AgBiBr 6 at room temperature are 17 cm 2 /Vs and 14 cm 2 /Vs, respectively, while these limits are 7 cm 2 /Vs and 9 cm 2 /Vs for Cs 2 AgBiCl 6 , respectively. We show that the lower mobilities as compared to MAPI stem from the heavier carrier effective masses, and that polar phonons constitute the dominant carrier scattering mechanism in these compounds.

All calculations were performed using density functional theory and density functional perturbation theory, as implemented in the Quantum ESPRESSO materials simulation suite [START_REF] Giannozzi | QUANTUM ESPRESSO: a Modular and Open-Source Software Project for Quantum Simulations of Materials[END_REF] and the EPW code. [START_REF] Poncé | Electron-Phonon Coupling, Transport and Superconducting Properties using Maximally Localized Wannier Functions[END_REF] Technical details of the calculations are given in the Supplementary Information. The mobility tensor is determined from first principles using the linearized Boltzmann Transport Equation (BTE), [START_REF] Li | Electrical Transport Limited by Electron-Phonon Coupling from Boltzmann Transport Equation: An Ab Initio Study of Si, Al, and MoS 2[END_REF] which describes transport at low electric fields. In this formalism, the mobility is expressed as: [START_REF] Poncé | First-Principles Calculations of Charge Carrier Mobility and Conductivity in Bulk Semiconductors and Two-Dimensional Materials[END_REF][START_REF] Li | Electrical Transport Limited by Electron-Phonon Coupling from Boltzmann Transport Equation: An Ab Initio Study of Si, Al, and MoS 2[END_REF][START_REF] Poncé | Towards Predictive Many-body Calculations of Phonon-Limited Carrier Mobilities in Semiconductors[END_REF] 

µ αβ = 1 nΩ n dk Ω BZ v nk,β ∂ Eα f nk , (1) 
where n is the carrier density, Ω and Ω BZ are the volumes of the crystal unit cell and of the Brillouin zone, respectively, v nk,β is the velocity of an electron with wavevector k in the band n along the Cartesian direction β, and ∂ Eα f nk is the variation of the equilibrium carrier distribution with respect to the external electric field E along the direction α. The variation ∂ Eα f nk is obtained as the solution of the following linear system:

∂ E β f nk = e ∂f nk nk v nk,β τ nk + 2π h τ nk mν dq Ω BZ |g nmν (k, q)| 2 × (n qν + 1 -f 0 nk )δ( nk -mk+q + hω νq ) + (n qν + f 0 nk )δ( nk -mk+q -hω qν ) ∂ E β f mk+q , (2) 
where g nmν (k, q) is the probability amplitude for the scattering between the state nk to the state mk + q via a phonon of wavevector q in the branch ν, and f 0 nk , n qν denote Fermi and Bose-Einstein occupations, respectively. The scattering rate τ -1 nk in the above expression is calculated using the standard Fermi golden rule:

τ -1 nk = 2π h mν dq Ω BZ |g nmν (k, q)| 2 (n νq + 1 -f 0 mk+q )δ( nk -mk+q -ω νq ) + (n νq + f 0 mk+q )δ( nk -mk+q + ω νq ) , (3) 
where the two terms in the square brackets represent phonon emission and absorption, respectively. In this approach, all phonons and all electron-phonon scattering processes are included on the same footing, and no a priori assumption is made on the relative importance of the various scattering mechanisms. [START_REF] Poncé | First-Principles Calculations of Charge Carrier Mobility and Conductivity in Bulk Semiconductors and Two-Dimensional Materials[END_REF] At room temperature, Cs 2 AgBiBr 6 crystallizes in a cubic double perovskites structure with space group Fm 3m. [START_REF] Mcclure | Cs 2 AgBiX 6 (X = Br, Cl): New Visible Light Absorbing, Lead-Free Halide Perovskite Semiconductors[END_REF] Below 125 K the structure becomes tetragonal, with space group I4/m, 61 as shown in Fig. 1(a) and (b). Cs 2 AgBiCl 6 is also cubic at room temperature, [START_REF] Volonakis | Lead-Free Halide Double Perovskites via Heterovalent Substitution of Noble Metals[END_REF] but we are unaware of any attempt to study the low-temperature phases of this compound.

It is reasonable to assume that a phase transition to a tetragonal structure also occurs for Cs 2 AgBiCl 6 . Indeed, our calculations of the phonon dispersion relations of Cs 2 AgBiBr 6 and Cs 2 AgBiCl 6 in the cubic phase show soft modes near the high-symmetry points Γ, X and W (see Supplementary Fig. S1 (a-d)). These soft modes signal structural instabilities associated with the spinning and tilting motion of the octahedra. Our calculations are consistent with a recent investigation of phonon anharmonicity in Cs 2 AgBiBr 6 . [START_REF] Klarbring | Anharmonicity and Ultralow Thermal Conductivity in Lead-Free Halide Double Perovskites[END_REF] Conversely, our calculations of the phonon dispersion relations for the tetragonal phase exhibit no soft modes, as shown in Fig. 2(a) and (b), signaling that this phase is indeed the ground state structure. In order to perform mobility calculations with a well-defined phonon spectrum, we choose to work with the tetragonal phase. This choice is justified because the energy of the most important phonons is relatively unaffected by the phase transition. [START_REF] Klarbring | Anharmonicity and Ultralow Thermal Conductivity in Lead-Free Halide Double Perovskites[END_REF][START_REF] Zelewski | Revealing the Nature of Photoluminescence Emission in the Metal-Halide Double Perovskite Cs 2 AgBiBr 6[END_REF] In the tetragonal phase, Cs 2 AgBiBr 6 and Cs 2 AgBiCl 6 exhibit octahedral tilts designated by the a + a -c 0 Glazer notation, as seen in Fig. 1 [START_REF] Mcclure | Cs 2 AgBiX 6 (X = Br, Cl): New Visible Light Absorbing, Lead-Free Halide Perovskite Semiconductors[END_REF][START_REF] Slavney | Small-Band-Gap Halide Double Perovskites[END_REF][START_REF] Longo | Understanding the Performance-Limiting Factors of Cs 2 AgBiBr 6 Double-Perovskite Solar Cells[END_REF][START_REF] Hutter | Band-Like Charge Transport in Cs 2 AgBiBr 6 and Mixed Antimony-Bismuth Cs 2 AgBi 1-x SbxBr 6 Halide Double Perovskites[END_REF][START_REF] Schade | Structural and Optical Properties of Cs 2 AgBiBr 6 Double Perovskite[END_REF][START_REF] Gray | Cs 2 AgBiBr 6-x Cl x Solid Solutions -Band Gap Engineering with Halide Double Perovskites[END_REF][START_REF] Lindquist | Tuning the Bandgap of Cs 2 AgBiBr 6 through Dilute Tin Alloying[END_REF][START_REF] Ji | Lead-Free Halide Double Perovskite Cs 2 AgBiBr 6 with Decreased Band Gap[END_REF] The measured band gap of Cs 2 AgBiCl 6 in the cubic phase is 2.6-2.8 eV. [START_REF] Mcclure | Cs 2 AgBiX 6 (X = Br, Cl): New Visible Light Absorbing, Lead-Free Halide Perovskite Semiconductors[END_REF][START_REF] Slavney | Small-Band-Gap Halide Double Perovskites[END_REF][START_REF] Gray | Cs 2 AgBiBr 6-x Cl x Solid Solutions -Band Gap Engineering with Halide Double Perovskites[END_REF] These data are consisted with calculations using hybrid functionals or the GW method, yielding band gaps between 1.8 eV to 2.3 eV for cubic Cs 2 AgBiBr 6 , 17,67,68 and 2.7 eV for cubic Cs 2 AgBiCl 6 . [START_REF] Volonakis | Lead-Free Halide Double Perovskites via Heterovalent Substitution of Noble Metals[END_REF] In this work we describe the electronic structure at the DFT-PBE level, obtaining band gaps of 1.16 eV and 1.50 eV, respectively, in agreement with previous theoretical studies. [START_REF] Filip | Band Gaps of the Lead-Free Halide Double Perovskites Cs 2 BiAgCl 6 and Cs 2 BiAgBr 6 from Theory and Experiment[END_REF] Both compounds exhibit nearly isotropic electron effective mass, and a highly anisotropic hole effective mass, as shown in Table 1. The valence band anisotropy was already noted in previous work on the cubic phases. 17 [100] direction. We note that, since the band extrema are found at the N and X points for the conduction bands and for the valence bands, respectively, the mass tensors have the symmetry of the small group of the wavevector at the extremum, not the symmetry of the crystal. Our calculated masses are similar to previous results for the cubic phases, [START_REF] Mcclure | Cs 2 AgBiX 6 (X = Br, Cl): New Visible Light Absorbing, Lead-Free Halide Perovskite Semiconductors[END_REF][START_REF] Feng | Double Perovskite Cs 2 BBiX 6 (B = Ag, Cu; X = Br, Cl)/TiO 2 Heterojunction: An Efficient Pb-Free Perovskite Interface for Charge Extraction[END_REF] and are a factor of 2-5 heavier than in MAPI. [START_REF] Filip | Band Structures and Carrier Effective Masses of CH 3 NH 3 PbI 3 and Hypothetical Perovskites of the Type APbI 3 : A = NH 4 , PH 4 , AsH 4 , and SbH 4[END_REF] Our calculations of vibrational mode frequencies in tetragonal and cubic Cs 2 AgBiBr 6 are in good agreement with previous non-resonant Raman scattering experiments and DFT calculations [START_REF] Steele | Giant Electron-Phonon Coupling and Deep Conduction Band Resonance in Metal Halide Double Perovskite[END_REF][START_REF] Kentsch | Exciton Dynamics and Electron-Phonon Coupling Affect the Photovoltaic Performance of the Cs 2 AgBiBr 6 Double Perovskite[END_REF] (see and (b) and Table 2, where the calculated results for the cubic phase are also presented. The electron mobility is found to be highly isotropic, while the hole mobility is strongly anisotropic, reflecting the directionality of the hole effective mass tensor. Focusing first on the isotropic average of the mobility tensor of Cs 2 AgBiBr 6 , we obtain a theoretical upper limit of 82±5 cm 2 /Vs at 100 K, decreasing to 17 cm 2 /Vs at 300 K. The uncertainty at low temperature indicates the estimated convergence error in the calculations (the uncertainty at room temperature is below 1 cm 2 /Vs).

By fitting the electron mobility of Cs 2 AgBiBr 6 with a temperature power law in the range 100-400 K, we obtain T -1. [START_REF] Zhang | Tuning Emission and Electron-Phonon Coupling in Lead-Free Halide Double Perovskite Cs 2 AgBiCl 6 under Pressure[END_REF] , in good agreement with the experimental data of Ref. 46.

Similar values are obtained for the hole mobility, as well as for the electron and hole mobility of Cs 2 AgBiCl 6 , as summarized in Table 3. A more in-depth analysis of the temperature dependence of the mobility is shown in Fig. 4 In order to assign these peaks, we perform a decomposition in terms of the normal modes of a regular octahedron, [START_REF] Chapados | Infrared Absorption of SF6 from 32 to 3000 cm -1 in the Gaseous and Liquid States[END_REF] as described in the Supplementary Information.

Group (a1) of Cs 2 AgBiBr 6 consists of the A u asymmetric Bi-Br stretching mode at 19.3 meV, as shown in Fig. 5(d), and the A g symmetric Bi-Br stretching mode at 18.7 meV.

While the broad peaks contain contributions from both symmetric and asymmetric bond stretching, the peaks is centered predominantly on the A u asymmetric stretching mode with only a minor contribution from the A g symmetric stretching mode. Group (a2) consists of the A u asymmetric Ag-Br bending mode at 7.8 meV, as shown in Fig. 5(c), and the T 2g → B g +E g Raman modes, where the arrow indicates the splitting of the T 2g mode under the cubic to tetragonal phase transition. The contribution to the total scattering rate from these modes amounts to ∼70% of the total, while acoustic phonons account for ∼10% of the total rate. Similar considerations hold for Cs 2 AgBiCl 6 . A breakdown of mode contribution to the electron scattering rates is given in Table 4.

In Fig. 5 we also show as dot-dashed lines the scattering rate calculated after eliminating the long-range Fröhlich electron-phonon interaction, [START_REF] Verdi | Electron-Phonon Vertex from First Principles[END_REF] while retaining the scattering by transverse-optical phonons and acoustic phonons. From this comparison it is clear that long-range Fröhlich coupling completely dominates the scattering rate, accounting for more than 80% of the total rate in both compounds. This finding firmly establishes polar optical phonon scattering as the main source of carrier relaxation in lead-free halide double perovskites.

For comparison, our calculated scattering rates of 175 THz for Cs 2 AgBiBr 6 and 146 THz for Cs 2 AgBiCl 6 are slightly lower than in MAPI, 180 THz. [START_REF] Ponce | Origin of Low Carrier Mobilities in Halide Perovskites[END_REF] These rates closely reflects the thermal populations of the LO phonons in these compounds, with MAPI having the largest Bose-Einstein factor as a result of its lowest LO phonon energy (12 meV). For completeness we report in 5.

Overall, this comparison shows that, albeit not predictive, the Drude model is appropriate for interpreting order-of-magnitude trends in the transport properties of these perovskites.

Our present analysis establishes that the lower mobility of lead-free halide double perovskites, as compared to MAPI, originates from the heavier carrier effective masses. The harder phonons of Cs 2 AgBiBr 6 and Cs 2 AgBiCl 6 as compared to MAPI contribute to slightly lowering the carrier scattering rates, but this effect only partially compensates for the heavier masses. These considerations also allow us to estimate how the tetragonal-to-cubic phase transition would affect the mobility of Cs 2 AgBiBr 6 and Cs 2 AgBiCl 6 . Considering the effective masses along the [100] direction, the electron and hole effective masses of Cs 2 AgBiBr 6

and Cs 2 AgBiCl 6 are approximately 30% lighter in the cubic phase as compared to the tetragonal phase. [START_REF] Volonakis | Lead-Free Halide Double Perovskites via Heterovalent Substitution of Noble Metals[END_REF][START_REF] Mcclure | Cs 2 AgBiX 6 (X = Br, Cl): New Visible Light Absorbing, Lead-Free Halide Perovskite Semiconductors[END_REF][START_REF] Feng | Double Perovskite Cs 2 BBiX 6 (B = Ag, Cu; X = Br, Cl)/TiO 2 Heterojunction: An Efficient Pb-Free Perovskite Interface for Charge Extraction[END_REF] Similarly, the highest LO phonons are ∼5% harder in the cubic phase.

Using these values in the simplified Drude model, and assuming that the scattering rate is proportional to 2n + 1, with n being the Bose-Einstein occupation of the highest-energy LO modes, we find that the room-temperature mobility could increase by 50% from the tetragonal to the cubic phase in both Cs 2 AgBiBr 6 and Cs 2 AgBiCl 6 .

In conclusion, we investigated the carrier mobility of the lead-free halide double perovskites Cs 2 AgBiBr 6 and Cs 2 AgBiCl 6 using the ab initio Boltzmann transport equation.

Our calculations using the low-temperature tetragonal phase indicate that the theoretical upper limit of the intrinsic mobility of Cs 2 AgBiBr 6 is 17 cm 2 /Vs at room temperature, and a simple estimate indicates that this value could increase to 25 cm 2 /Vs in the cubic phase.

We attribute the origin of the lower mobility as compared to lead-based perovskites such as MAPI to the heavier carrier effective masses, and we show that the predominant scattering mechanism is the Fröhlich interaction. Based on our results, the most direct route to improving the mobility of Cs 2 AgBiBr 6 would be to reduce the carrier effective masses. Metallic cation and halogen anion substitution and alloy engineering are promising routes to tune the electronic band dispersions. It has been demonstrated in theoretical investigations that the choice of halogen anion and metallic cations strongly changes the effective masses of doubleperovskite crystals, with iodine-based compounds exhibiting the lightest effective masses. 17

Band structure engineering by halogen substitution has already been realized in Cs 2 AgBiBr 6 by alloying to Cs 2 AgBiBr 6-x Cl x . [START_REF] Gray | Cs 2 AgBiBr 6-x Cl x Solid Solutions -Band Gap Engineering with Halide Double Perovskites[END_REF] Future efforts to partially substitute Br with I could reduce the hole effective masses and increase hole mobility. Additionally, cation engineering by alloying with In substituting for Bi in Cs 2 AgBi 1-x In x Br 6 has been recently demonstrated. [START_REF] Schade | Crystallographic, Optical, and Electronic Properties of the Cs 2 AgBi 1-x In x Br 6 Double Perovskite: Understanding the Fundamental Photovoltaic Efficiency Challenges[END_REF] Combinations of these efforts could realize a path towards higher mobility lead-free double perovskite solar cells. 
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 12262 Figure 1: Atomic structure of tetragonal lead-free halide double perovskite Cs 2 AgBiX 6 , with X=Br or Cl. The metal cations Ag (silver) and Bi (purple) are positioned at the centers of the octahedra. The vertices of the octahedra are the location of the halogen anions (navy blue). The A-site cations Cs (in light green) are positioned in the inter-octahedron vacancies. Sub-figure (a) shows the projection along the [001] (z) direction (out-of-page) with the tetragonal crystalline axes [100] (x) and [010] (y) indicated by the inset arrows while (b) shows a general 3D view of the same crystal structure.
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 32624 Figure 3: Calculated temperature-dependent phonon-limited mobilities in tetragonal Cs 2 AgBiBr 6 (a) and tetragonal Cs 2 AgBiCl 6 (b), along the three Cartesian directions shown in Fig. 1. Green dots indicate electron mobilities calculated in the x,y (solid) (dashed) directions, and violet dots indicate hole mobilities calculated in the x,y (solid) and z (dashed) directions. The lines are guides to the eye.
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Figure 5 :

 5 Figure 5: (a and b) (solid line, shaded) Energy-resolved electron-phonon scattering rate ∂τ -1 /∂ω at a carrier energy of 3/2k B T above the conduction band minimum in (a, blue) Cs 2 AgBiBr 6 and (b, pink) Cs 2 AgBiCl 6 . The phonon density of states is shown in grey in the background for both materials. The black dashed line shows the integrated electron scattering rate τ -1 , which equates to a total 175.4 THz in Cs 2 AgBiBr 6 and 146.2 THz in Cs 2 AgBiCl 6 . The dot-dashed red line indicates the short-range non-polar contributions to the frequency resolved scattering rate. The bracketed regions (a1) and (b1) indicate the energy ranges dominated by scattering from the IR-active A u Bi-X stretching mode and the Raman-active A g non-polar Bi-X-Ag stretching mode. The bracketed regions (a2) and (b2) indicate the energy ranges dominated by the IR-active A u Bi-X-Ag bond bending modes and the Raman-active T 2g (split into E g and A g in the tetragonal system) non-polar Bi-X-Ag bond bending modes. (c) and (d) show schematics of the IR-active A u Bi-X-Ag bending mode and IR-active A u polar Bi-X-Ag stretching mode, respectively. The halogen atoms are shown in dark blue, Bi in pink, and Ag in gray. The phonon energies of these modes are displayed for Cs 2 AgBiBr 6 (Cs 2 AgBiCl 6 ). These two groups of modes are the dominant contributors to the carrier scattering rate.

  (a). The calculated lattice parameters of Cs 2 AgBiBr 6 are a = 8.05 Å and c = 11.63 Å, in good agreement with X-ray diffraction measurements at 30 K 61 yielding 7.89 Å and 11.34 Å, respectively. In this structure, the Bi-X-Ag bond angles in the (001) plane are 164.7 • and 170.7 • in Cs 2 AgBiBr 6 and Cs 2 AgBiCl 6 , respectively. The Bi-X-Ag bonds along the c-axis remain at a straight angle. Both Cs 2 AgBiBr 6 and Cs 2 AgBiCl 6 are indirect-gap semiconductors. Optical absorption and photoluminescence measurements indicate that the band gaps of the tetragonal and cubic phases of Cs 2 AgBiBr 6 are 1.95 eV and 2.3 eV, respectively.

Table 2

 2 2g → E g +B g , with the arrow indicating the symmetry-induced splitting in the tetragonal phase. Close in frequency to the T 2g → E g +B g modes is the IR-active A u asymmetric Bi-Br-Ag bending mode at 7.8 meV. Lastly, another T 2g → E g +B g mode is present and is associated with the relative motion of the Cs cation and the halogen anions at 4.2 and 4.7 meV, respectively. Similar considerations hold for Cs 2 AgBiCl 6 , the only difference being that phonon are harder as a result of the lower mass of Cl as compared to Br, see Fig.2(a)

for relevant phonon frequencies). Here, we discuss relevant phonons from high to low energy. The highest frequency mode is the IR-active asymmetric bond stretching with A u symmetry, with an energy of 19.3 meV. Slightly lower in energy is the the highest Raman-active A g mode, associated with metal-halogen symmetric bond stretching, with an energy of 18.7 meV. In the cubic phase, this mode blue-shifts slightly to 19.9 meV. Ref. 72 attributed exciton-phonon coupling to the interaction with this A g mode, although here we find that the dominant coupling is to the IR-active A u asymmetric bond stretching. At lower energy we find a Raman-active E g symmetric stretching mode at 13.8 meV. Lower yet in energy are the Raman active octahedron tilting modes. While in the cubic phase the triple degeneracy of the tilting mode is preserved, yielding a mode with symmstry T 2g , this mode splits in tetragonal Cs 2 AgBiBr 6 into a doubly-degenerate E g mode at 7.9 meV and a non-degenerate B g mode, at 8.3 meV. We will reference these modes as T

Table 5

 5 an isotropic carrier effective mass (see Supplementary Information for the definition of average mass). Using our ab initio calculations of the effective masses and scattering rates, we obtain µ D = 23, 21, and 47 cm 2 /Vs for electrons in Cs2AgBiBr 6 , Cs 2 AgBiCl 6 , and MAPI, respectively (data for MAPI are from Ref.53).These values are in qualitative agreement with the mobilities calculated using the ab initio BTE, µ BTE = 16.7, 7.1 and 76 cm 2 /Vs, respectively (the MAPI result is based on the SERTA approximation, Ref. 53). Similar observations hold for holes, as shown in Table

	the calculates scattering rates for electrons and holes in both compounds
	as well as previously reported data for MAPI.

It is instructive to compare the mobility of Cs 2 AgBiBr 6 , Cs 2 AgBiCl 6 , and MAPI using a simple Drude model. In this model the mobility is given by µ D = eτ /m * , where τ is an effective scattering rate and m *

Table 1 :

 1 Calculated eigenvalues of the effective mass tensors, ellipsoidal effective mass averages, and anisotropy ratios (see Supplemental Information) in tetragonal Cs 2 BiAgX 6 , X = Br, Cl. Literature valures are calculated on the F m 3m cubic cell with the LDA exchangecorrelation functional.[START_REF] Volonakis | Lead-Free Halide Double Perovskites via Heterovalent Substitution of Noble Metals[END_REF][START_REF] Feng | Double Perovskite Cs 2 BBiX 6 (B = Ag, Cu; X = Br, Cl)/TiO 2 Heterojunction: An Efficient Pb-Free Perovskite Interface for Charge Extraction[END_REF] 

				Holes		
		m h,1	m h,2	m h,3 Average Anisotropy
	Cs 2 AgBiBr 6	0.22	0.61	1.10	0.42	49%
	Literature	0.14, 70 0.15 17 0.57 17	-	-	50% 17
	Cs 2 AgBiCl 6	0.23	0.80	0.90	0.45	45%
	Literature	0.15, 70 0.16 17 0.63 17	-	-	49% 17
				Electrons		
		m e,1	m e,2	m e,2 Average Anisotropy
	Cs 2 AgBiBr 6	0.38	0.44	0.49	0.43	10%
	Literature	0.28, 17 0.38 70 0.48 17	-	-	27% 17
	Cs 2 AgBiCl 6	0.50	0.57	0.66	0.57	11%
	Literature	0.34, 17 0.43 70 -	-	-	0% 17

Table 2 :

 2 Comparison between the calculated energies of Raman-active A g , E g , T 2g → B g +E g modes and experiments, and calculated IR-active stretching and bending A u modes (in meV) in Cs 2 AgBiX 6 with X=Br,Cl. The arrow indicates the splitting of the triply degenerate T 2g modes of the cibic phase into a doubly degenerate E 2g modes and a B g mode in the tetragonal phase. Previous calculations were performed in the cubic F m 3m unit cell with the LDA exchange-correlation functional.[START_REF] Kentsch | Exciton Dynamics and Electron-Phonon Coupling Affect the Photovoltaic Performance of the Cs 2 AgBiBr 6 Double Perovskite[END_REF] 

	Raman-Active	A g	E g	T 2g → B g +E g T 2g → B g +E g
			Tetragonal	
	Cs 2 AgBiBr 6	18.6	13.8	7.9, 8.3	4.2, 4.7
	Cs 2 AgBiCl 6	30.1	21.7	12.8, 12.9	4.5, 4.7
			Cubic	
	Cs 2 AgBiBr 6	19.9	14.6	7.7	4.6
	Cs 2 AgBiBr 6 (exp.)	22.0, 76 21.9, 72 21.7 54 16.7 54	9.3 54	5.0 54
	Cs 2 AgBiBr 6 (theory) 72 20.9	16.0	7.4	2.7
	Cs 2 AgBiCl 6	31.6	22.3	12.5	4.6
	IR-Active	A u stretch	A u bend		
			Tetragonal	
	Cs 2 AgBiBr 6	19.3	7.8		
	Cs 2 AgBiCl 6	28.1	10.5		
			Cubic	
	Cs 2 AgBiBr 6	20.1	7.5		
	Cs 2 AgBiCl 6	30.0	10.5		

Table 3 :

 3 Calculated carrier mobilities and temperature exponent b in µ = aT -b for tetragonal Cs 2 AgBiBr 6 and Cs 2 AgBiBr 6 at T = 300 K. Cartesian directions x, y, and z align with crystalline directions [100], [010], and [001] as shown in Fig. 1(a). The subscript "iso" indicates the isotropic average.

		Cs 2 AgBiBr 6	Cs 2 AgBiCl 6
		Electrons Holes Electrons Holes
	µ x,y	16.2	18.7	7.1	10.9
	µ z	17.3	5.2	7.1	6.4
	µ iso	16.7	14.2	7.1	9.4
	b x,y	1.41	1.38	1.81	1.64
	b z	1.42	1.53	1.81	1.38
	b iso	1.41	1.43	1.81	1.55

Table 4 :

 4 Relative contribution to the electron scattering rates from the various phonon modes in tetragonal Cs 2 AgBiBr 6 and Cs 2 AgBiCl 6 Values are determined as integrals over the intervals of the frequency axis partitioned into regions containing the various contributions (shown under % contributions, in meV). The % contribution from polar modes are determined by integrating over the the scattering rate calculated from the long-range Fröhlich electron-phonon matrix element over the entire frequency range. The difference between the full scattering rate and the polar scattering rate determines the non-polar contribution. The arrow indicates the splitting of the cubic triply degenerate T 2g modes into a doubly degenerate E 2g modes and a B g mode in the tetragonal system.

	Phonon group	Cs 2 AgBiBr 6 Cs 2 AgBiCl 6
	A u polar and A g non-polar stretching	49%	44%
	Integration range (meV)	17.5 -25.0	25.0 -33.0
	A u polar and T 2g → B g +E g non-polar bending	21%	28%
	Integration range (meV)	6.0 -9.1	7.5 -15.1
	Acoustic	11%	9%
	Integration range (meV)	0.0 -2.5	0.0 -2.5
	Remainder	19%	19%
	Total polar	83%	85%
	Total non-polar	17%	15%

Table 5 :

 5 Comparison between theoretical Drude Model and BTE relaxation times, ellipsoidal-averaged effective masses, and mobilities in Bi-metal halide double perovskites, hybrid metal halide perovkite MAPbI 3 , 53 and GaN.[START_REF] Poncé | Hole Mobility of Strained GaN from First Principles[END_REF] The average τ -1 , in THz, are calculated by integrating ∂τ -1 /∂ω at an energy of 3/2k B T away from the band edge. Directionaveraged effective masses m * are in units of the electron rest mass, and mobilities µ are in units of cm 2 /Vs.

				Electrons				Holes	
			τ -1 e	m * ave,e	µ Drude,e µ IBT E,e τ -1 h	m * ave,h	µ Drude,h µ IBT E,h
	Cs 2 AgBiBr 6 175.4 0.43	23.3	16.7	275.9 0.42	15.2	14.2
	Cs 2 AgBrCl 6 146.2 0.57	21.1	7.1	195.8 0.45	19.9	9.4
	MAPbI 3	53	180	0.21	46.5	76	-	-	-	-
	GaN 77		16	0.20	550	905	-	-	-	-
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