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Abstract

Lead-free halide double perovskites have attracted considerable attention as com-

plements to lead-based halide perovskites in a range of optoelectronic applications.

Experiments on Cs2AgBiBr6 indicate carrier mobilities in the range of 0.3-11 cm2/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 carri-

ers in lead-free halide double perovskites Cs2AgBiX6 (X = Br, Cl). For Cs2AgBiBr6,

we obtain room-temperature electron and hole mobilities of 17 and 14 cm2/Vs, re-

spectively, in line with experiments. We demonstrate that the cause for the lower

mobility of this compound, compared to CH3NH3PbI3, 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
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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.
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Lead-based halide perovskites have fundamentally changed the research landscape of

emerging photovoltaics over the past decade.1–7 Devices based on the archetypal hybrid

halide perovskite, CH3NH3PbI3 (methylammonium lead tri-iodide, abbreviated as MAPI)

achieved light-to-electricity power conversion efficiencies above 21%,8,9 related materials

based on formamidimium lead-triiodide (FAPI) enabled solar cells with efficiencies in excess

of 25%,9–12 and tandem perovskite-silicon solar cells reached efficiencies as high as 29%.9

While much progress has been made on the front of materials and device stability, in view

of deploying perovskite solar cells for large-scale power generation it would be desirable to

replace, or at least complement, MAPI and FAPI with more stable materials, possibly with

a reduced Pb content or no Pb at all. This need has motivated the search for lead-free

alternatives to MAPI and FAPI and has lead to the discovery and development of lead-free

halide double perovskites.13

Cation-ordered double-perovskite crystals, technically known as elpasolites, have been

available since the early seventies,14–16 but their large band gaps make these compounds un-

suitable as semiconductors. However, in recent years, a new family of lead-free halide double

perovskites with band gaps in the visible have been designed in silico 17–20 and synthesized

in the lab.17–25 Among these newly synthesized compounds, Cs2AgBiBr6 has received con-

siderable attention owing to its relatively low band gap near 2 eV. Cs2AgBiBr6 was initially

reported in 201617,21,22,26 as a reddish/orange crystal belonging to the Fm3m crystal space

group at room temperature. Since then, Cs2AgBiBr6 has been investigated extensively as a

potential new semiconductor for solar cells,27–33 photocatalysis,34,35 X-ray sensors,36–38 and

photo-detectors.39,40 Recent work on this compound has focused on investigating cation or-

dering,41 the origin of its photoluminescence,42 and altering the A- B- or X-sites through

either metal alloying,43 halide mixing,44 or by insertion of alkali metals.38 The chlorine coun-

terpart of this compound, Cs2AgBiCl6, was also discovered in 201617,21,22 but has received

less attention since its wider band gap makes it unsuitable for solar cell applications. Nev-

ertheless, Cs2AgBiCl6 exhibits intriguing light emission properties,45 and is of fundamental
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interest for the understanding of tunable band gap Cs2AgBiBr6−xClx solid solutions.

Recent experimental work on Cs2AgBiBr6 showed that the carrier mobility of this com-

pound 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 cm2/Vs in poly-crystalline samples and 11 cm2/Vs in single crystals.31,46,47

These mobilities are an order of magnitude lower than in single-crystal MAPI.7,48–53 The ori-

gin of such a drastic reduction in mobility as compared to MAPI is an open question. Ref.

46 measured the mobility of powder samples of Cs2AgBiBr6 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 photolu-

minescence 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.54 Refs. 31 and 55 performed external quantum efficiency (EQE) and time-resolved

photo-luminescence (TRPL) measurements, respectively, of the carrier diffusion length in

Cs2AgBiBr6, 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 Cs2AgBiBr6 and Cs2AgBiCl6, as well as to assess the importance of individual phonons.

In this work we perform predictive calculations of carrier transport in Cs2AgBiBr6 and

Cs2AgBiCl6 using the state-of-the-art ab initio Boltzmann transport equation.56 We find that

the theoretical upper limits of the isotropic average electron and hole mobility of Cs2AgBiBr6

at room temperature are 17 cm2/Vs and 14 cm2/Vs, respectively, while these limits are

7 cm2/Vs and 9 cm2/Vs for Cs2AgBiCl6, respectively. We show that the lower mobilities as
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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

suite57 and the EPW code.58 Technical details of the calculations are given in the Sup-

plementary Information. The mobility tensor is determined from first principles using the

linearized Boltzmann Transport Equation (BTE),59 which describes transport at low electric

fields. In this formalism, the mobility is expressed as:56,59,60

µαβ =
1

nΩ

∑
n

∫
dk

ΩBZ

vnk,β∂Eαfnk, (1)

where n is the carrier density, Ω and ΩBZ are the volumes of the crystal unit cell and of

the Brillouin zone, respectively, vnk,β is the velocity of an electron with wavevector k in the

band n along the Cartesian direction β, and ∂Eαfnk is the variation of the equilibrium carrier

distribution with respect to the external electric field E along the direction α. The variation

∂Eαfnk is obtained as the solution of the following linear system:

∂Eβ
fnk = e

∂fnk
εnk

vnk,βτnk +
2π

h̄
τnk
∑
mν

∫
dq

ΩBZ

|gnmν(k,q)|2

×
[
(nqν + 1− f 0

nk)δ(εnk − εmk+q + h̄ωνq) + (nqν + f 0
nk)δ(εnk − εmk+q − h̄ωqν)

]
∂Eβ

fmk+q,

(2)

where gnmν(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, nqν denote Fermi and

Bose-Einstein occupations, respectively. The scattering rate τ−1
nk in the above expression is
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calculated using the standard Fermi golden rule:

τ−1
nk =

2π

h̄

∑
mν

∫
dq

ΩBZ

|gnmν(k,q)|2
[
(nνq + 1− f 0

mk+q)δ(εnk − εmk+q − ωνq)

+ (nνq + f 0
mk+q)δ(εnk − εmk+q + ωνq)

]
, (3)

where the two terms in the square brackets represent phonon emission and absorption, re-

spectively. 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.56

At room temperature, Cs2AgBiBr6 crystallizes in a cubic double perovskites structure

with space group Fm3̄m.22 Below 125 K the structure becomes tetragonal, with space group

I4/m,61 as shown in Fig. 1(a) and (b). Cs2AgBiCl6 is also cubic at room temperature,17

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

Cs2AgBiCl6. Indeed, our calculations of the phonon dispersion relations of Cs2AgBiBr6 and

Cs2AgBiCl6 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 Cs2AgBiBr6.
62 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.62,63

In the tetragonal phase, Cs2AgBiBr6 and Cs2AgBiCl6 exhibit octahedral tilts designated

by the a+a−c0 Glazer notation, as seen in Fig. 1(a). The calculated lattice parameters of

Cs2AgBiBr6 are a = 8.05 Å and c = 11.63 Å, in good agreement with X-ray diffraction
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measurements at 30 K61 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 Cs2AgBiBr6 and Cs2AgBiCl6,

respectively. The Bi-X-Ag bonds along the c-axis remain at a straight angle.

Both Cs2AgBiBr6 and Cs2AgBiCl6 are indirect-gap semiconductors. Optical absorption

and photoluminescence measurements indicate that the band gaps of the tetragonal and cubic

phases of Cs2AgBiBr6 are 1.95 eV and 2.3 eV, respectively.22,24,31,46,61,64–66 The measured

band gap of Cs2AgBiCl6 in the cubic phase is 2.6-2.8 eV.22,24,64 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 Cs2AgBiBr6,
17,67,68 and 2.7 eV for cubic Cs2AgBiCl6.

17 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.26 Figure 2(c) and

(d) show that the valence band maximum and the conduction band minimum are located at

the X and N points of the Brillouin zone, respectively. As in previous work, we find that the

conduction band minimum is dominated by Bi-6p1/2 and Ag-5s states, while the valence band

maximum derives from Ag-4d3/2 states and Bi-6s states. The spin-orbit interaction plays an

important role in the conduction band, by splitting the lower Bi-6p1/2 band from the higher

Bi-6p3/2 band by 1.6 eV.17,69 The projected density of states are shown in Supplementary

Fig. S2(a) and (b) for completeness.

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.17,67–70 We find that the principal axes of the effective

mass tensors are aligned with the crystallographic axes of the tetragonal lattice, as expected.

The effective values of the masses along these axes are m∗
c/me = 0.49, 0.44, and 0.38 for

Cs2AgBiBr6 along the [100], [010], and [001] directions, respectively. For Cs2AgBiCl6 we

find slightly heavier electron masses: m∗
c/me = 0.66, 0.57, and 0.50. For the hole effective

masses we find m∗
h/me = 1.10, 0.61, and 0.22 for Cs2AgBiBr6, and m∗

h/me = 0.94, 0.80, and

0.23 for Cs2AgBiCl6. The lowest mass is found along the ΓX line, which corresponds to the
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[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,22,70 and

are a factor of 2-5 heavier than in MAPI.71

Our calculations of vibrational mode frequencies in tetragonal and cubic Cs2AgBiBr6

are in good agreement with previous non-resonant Raman scattering experiments and DFT

calculations54,72 (see Table 2 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 Au symmetry, with an energy of 19.3 meV. Slightly lower in energy

is the the highest Raman-active Ag 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 Ag

mode, although here we find that the dominant coupling is to the IR-active Au asymmetric

bond stretching. At lower energy we find a Raman-active Eg 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 T2g, this mode splits in tetragonal Cs2AgBiBr6 into a doubly-degenerate Eg mode

at 7.9 meV and a non-degenerate Bg mode, at 8.3 meV. We will reference these modes as

T2g → Eg+Bg, with the arrow indicating the symmetry-induced splitting in the tetragonal

phase. Close in frequency to the T2g → Eg+Bg modes is the IR-active Au asymmetric

Bi-Br-Ag bending mode at 7.8 meV. Lastly, another T2g → Eg+Bg 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 Cs2AgBiCl6, 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)

and (b) and Table 2, where the calculated results for the cubic phase are also presented.

Fig. 3(a) and (b) show the calculated mobility as a function of temperature for both
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compounds. Our calculations indicate modest mobilities, in the range 5-19 cm2/Vs at 300 K.

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 Cs2AgBiBr6, we obtain a theoretical upper

limit of 82±5 cm2/Vs at 100 K, decreasing to 17 cm2/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 cm2/Vs).

By fitting the electron mobility of Cs2AgBiBr6 with a temperature power law in the

range 100-400 K, we obtain T−1.45, 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 Cs2AgBiCl6, as summarized in Table 3. A more in-depth analysis of the temperature

dependence of the mobility is shown in Fig. 4(a) and (b). To eliminate the sensitivity of the

temperature exponent in µ = aT−b to the fitting range, we evalate b at each temperature

using b(T ) = −d log µ/d log T . From Fig. 4 we see that the exponent exhibits a significant

variation with temperature (between 1.1 and 1.9), indicating that more than one group of

phonons contributes significantly to carrier scattering. The temperature exponent in Fig. 4

is relatively close to b = 3/2, which usually is indicative of deformation potential scattering

by acoustic or optical phonons. However, in the case of MAPI, where the temperature

exponent is also close to b = 3/2,7,53 the dominant scattering mechanism was established to

be polar phonon scattering.

In order to quantify the relative importance of various groups of phonons in the mobility

of Cs2AgBiBr6 and Cs2AgBiCl6, we show in Fig. 5(a) and (b) a spectral decomposition of

the electron scattering rate as a function of phonon energy. The electron scattering rates

are evaluated for the characteristic carrier energy of 3kBT/2.53 The corresponding data for

the hole mobility are shown in Supplementary Fig. S3a and S3b. For both compounds we

recognize two prominent broad peaks [labeled (a1), (a2) for Cs2AgBiBr6 and (b1), (b2) for

Cs2AgBiCl6]. In order to assign these peaks, we perform a decomposition in terms of the
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normal modes of a regular octahedron,73 as described in the Supplementary Information.

Group (a1) of Cs2AgBiBr6 consists of the Au asymmetric Bi-Br stretching mode at 19.3

meV, as shown in Fig. 5(d), and the Ag 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 Au asymmetric stretching mode with

only a minor contribution from the Ag symmetric stretching mode. Group (a2) consists of

the Au asymmetric Ag-Br bending mode at 7.8 meV, as shown in Fig. 5(c), and the T2g →

Bg+Eg Raman modes, where the arrow indicates the splitting of the T2g 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 Cs2AgBiCl6. 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 elimi-

nating the long-range Fröhlich electron-phonon interaction,74 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 op-

tical 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 Cs2AgBiBr6 and 146 THz

for Cs2AgBiCl6 are slightly lower than in MAPI, 180 THz.53 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 Table 5 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 Cs2AgBiBr6, Cs2AgBiCl6, and MAPI using

a simple Drude model. In this model the mobility is given by µD = eτ/m∗, where τ is
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an effective scattering rate and m∗ 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 µD = 23, 21, and 47 cm2/Vs for electrons

in Cs2AgBiBr6, Cs2AgBiCl6, 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, µBTE = 16.7, 7.1 and 76 cm2/Vs, respectively (the MAPI result is based on the

SERTA approximation, Ref. 53). Similar observations hold for holes, as shown in Table 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 per-

ovskites, as compared to MAPI, originates from the heavier carrier effective masses. The

harder phonons of Cs2AgBiBr6 and Cs2AgBiCl6 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 Cs2AgBiBr6 and Cs2AgBiCl6. Considering the effec-

tive masses along the [100] direction, the electron and hole effective masses of Cs2AgBiBr6

and Cs2AgBiCl6 are approximately 30% lighter in the cubic phase as compared to the tetrag-

onal phase.17,22,70 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 Cs2AgBiBr6 and Cs2AgBiCl6.

In conclusion, we investigated the carrier mobility of the lead-free halide double per-

ovskites Cs2AgBiBr6 and Cs2AgBiCl6 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 Cs2AgBiBr6 is 17 cm2/Vs at room temperature, and

a simple estimate indicates that this value could increase to 25 cm2/Vs in the cubic phase.
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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 im-

proving the mobility of Cs2AgBiBr6 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 double-

perovskite crystals, with iodine-based compounds exhibiting the lightest effective masses.17

Band structure engineering by halogen substitution has already been realized in Cs2AgBiBr6

by alloying to Cs2AgBiBr6−xClx.
64 Future efforts to partially substitute Br with I could re-

duce the hole effective masses and increase hole mobility. Additionally, cation engineering by

alloying with In substituting for Bi in Cs2AgBi1−xInxBr6 has been recently demonstrated.75

Combinations of these efforts could realize a path towards higher mobility lead-free double

perovskite solar cells.
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Table 1: Calculated eigenvalues of the effective mass tensors, ellipsoidal effective mass
averages, and anisotropy ratios (see Supplemental Information) in tetragonal Cs2BiAgX6, X
= Br, Cl. Literature valures are calculated on the Fm3̄m cubic cell with the LDA exchange-
correlation functional.17,70

Holes
mh,1 mh,2 mh,3 Average Anisotropy

Cs2AgBiBr6 0.22 0.61 1.10 0.42 49%
Literature 0.14,700.1517 0.5717 - - 50%17

Cs2AgBiCl6 0.23 0.80 0.90 0.45 45%
Literature 0.15,700.1617 0.6317 - - 49%17

Electrons
me,1 me,2 me,2 Average Anisotropy

Cs2AgBiBr6 0.38 0.44 0.49 0.43 10%
Literature 0.28,170.3870 0.4817 - - 27%17

Cs2AgBiCl6 0.50 0.57 0.66 0.57 11%
Literature 0.34,170.4370 - - - 0%17
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Table 2: Comparison between the calculated energies of Raman-active Ag, Eg, T2g →
Bg+Eg modes and experiments, and calculated IR-active stretching and bending Au modes
(in meV) in Cs2AgBiX6 with X=Br,Cl. The arrow indicates the splitting of the triply
degenerate T2g modes of the cibic phase into a doubly degenerate E2g modes and a Bg mode
in the tetragonal phase. Previous calculations were performed in the cubic Fm3̄m unit cell
with the LDA exchange-correlation functional.72

Raman-Active Ag Eg T2g → Bg+Eg T2g → Bg+Eg

Tetragonal
Cs2AgBiBr6 18.6 13.8 7.9, 8.3 4.2, 4.7
Cs2AgBiCl6 30.1 21.7 12.8, 12.9 4.5, 4.7

Cubic
Cs2AgBiBr6 19.9 14.6 7.7 4.6
Cs2AgBiBr6 (exp.) 22.0,76 21.9,72 21.754 16.754 9.354 5.054

Cs2AgBiBr6 (theory)72 20.9 16.0 7.4 2.7
Cs2AgBiCl6 31.6 22.3 12.5 4.6
IR-Active Au stretch Au bend

Tetragonal
Cs2AgBiBr6 19.3 7.8
Cs2AgBiCl6 28.1 10.5

Cubic
Cs2AgBiBr6 20.1 7.5
Cs2AgBiCl6 30.0 10.5
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Table 3: Calculated carrier mobilities and temperature exponent b in µ = aT−b for tetragonal
Cs2AgBiBr6 and Cs2AgBiBr6 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.

Cs2AgBiBr6 Cs2AgBiCl6
Electrons Holes Electrons Holes

µx,y 16.2 18.7 7.1 10.9
µz 17.3 5.2 7.1 6.4
µiso 16.7 14.2 7.1 9.4
bx,y 1.41 1.38 1.81 1.64
bz 1.42 1.53 1.81 1.38
biso 1.41 1.43 1.81 1.55
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Table 4: Relative contribution to the electron scattering rates from the various phonon modes
in tetragonal Cs2AgBiBr6 and Cs2AgBiCl6 Values are determined as integrals over the in-
tervals of the frequency axis partitioned into regions containing the various contributions
(shown under % contributions, in meV). The % contribution from polar modes are deter-
mined 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 T2g modes into a doubly
degenerate E2g modes and a Bg mode in the tetragonal system.

Phonon group Cs2AgBiBr6 Cs2AgBiCl6
Au polar and Ag non-polar stretching 49% 44%
Integration range (meV) 17.5 - 25.0 25.0 - 33.0
Au polar and T2g → Bg+Eg 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%
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Table 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 MAPbI3,

53 and GaN.77 The average τ−1, in THz, are calcu-
lated by integrating ∂τ−1/∂ω at an energy of 3/2kBT away from the band edge. Direction-
averaged effective masses m∗ are in units of the electron rest mass, and mobilities µ are in
units of cm2/Vs.

Electrons Holes
τ−1
e m∗

ave,e µDrude,e µIBTE,e τ−1
h m∗

ave,h µDrude,h µIBTE,h
Cs2AgBiBr6 175.4 0.43 23.3 16.7 275.9 0.42 15.2 14.2
Cs2AgBrCl6 146.2 0.57 21.1 7.1 195.8 0.45 19.9 9.4
MAPbI3

53 180 0.21 46.5 76 - - - -
GaN77 16 0.20 550 905 - - - -

17



[100] [010]

(a) (b) 

x y

⊕
[001]
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Figure 1: Atomic structure of tetragonal lead-free halide double perovskite Cs2AgBiX6, 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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Figure 2: The phonon and electronic band structures of (a,c) tetragonal Cs2AgBiBr6 and
(b,d) tetragonal Cs2AgBiCl6.
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Cs2AgBiBr6 Cs2AgBiCl6

(a) (b)

Figure 3: Calculated temperature-dependent phonon-limited mobilities in tetragonal
Cs2AgBiBr6 (a) and tetragonal Cs2AgBiCl6 (b), along the three Cartesian directions shown
in Fig. 1. Green dots indicate electron mobilities calculated in the x,y (solid) and z (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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Cs2AgBiBr6 Cs2AgBiCl6

(a) (b)

Figure 4: Temperature exponent of the mobility, b = ∆ lnµ/∆ lnT , for electrons (blue) and
holes (red) in the x, y (solid) and z (dashed) directions of tetragonal Cs2AgBiBr6 (a) and
tetragonal Cs2AgBiCl6 (b). The lines are guides to the eye. The variations are taken with
respect to the values at 100 K, using increments of 50 K.
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(2) Polar Bending
7.8 (10.5) meV

(1) Polar Stretching
19.3 (28.1) meV
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(b1) 

(a2) 

(b2) 
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(c) (d) 

Cs2AgBiBr6

Cs2AgBiCl6

Figure 5: (a and b) (solid line, shaded) Energy-resolved electron-phonon scattering rate
∂τ−1/∂ω at a carrier energy of 3/2kBT above the conduction band minimum in (a, blue)
Cs2AgBiBr6 and (b, pink) Cs2AgBiCl6 . 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 Cs2AgBiBr6 and 146.2 THz in
Cs2AgBiCl6. 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 Au Bi-X stretching mode and the
Raman-active Ag non-polar Bi-X-Ag stretching mode. The bracketed regions (a2) and (b2)
indicate the energy ranges dominated by the IR-active Au Bi-X-Ag bond bending modes and
the Raman-active T2g (split into Eg and Ag in the tetragonal system) non-polar Bi-X-Ag
bond bending modes. (c) and (d) show schematics of the IR-active Au Bi-X-Ag bending
mode and IR-active Au 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 Cs2AgBiBr6 (Cs2AgBiCl6). These two groups of modes are the dominant
contributors to the carrier scattering rate.

Supporting Information Available

Supporting information detailing computational methods and additional results may be

found at:
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