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1 Soft modes contribution

In order to estimate the importance of the soft modes in cubic CsPbI3 for the calculation of

mobility, we repeated the calculations by setting the energy of the soft modes to h̄ω = 1 meV.

The resulting electron and hole mobilities at 300 K are 80 cm2/Vs and 66 cm2/Vs, respec-

tively. These values are almost identical to those obtained in the main text by neglecting

the soft modes altogether. We conclude that the electron-phonon coupling to the soft modes

in CsPbI3 can be neglected when calculating carrier mobilities.

2 Scaling law

We here consider an idealized system with a parabolic band of mass m∗ coupled to a single

LO phonon of energy h̄ωLO. The coupling strength is given by the dimensionless polaron
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constant α:1

α =
e2

h̄ε0

(
m∗

2h̄ωLO

)1/2(
1

ε∞
− 1

ε0

)
, (S1)

where ε0 and ε∞ are the static and high-frequency relative dielectric constants, respectively,

and ε0 is the vacuum permittivity. Under these assumption the isotropic average of the

mobility in Eq. (1) can be written as:

µ =
e〈τ〉
m∗

, (S2)

with the average scattering rate given by:

〈τ〉 =
4

3
√
π

∞∫
0

dx x3/2 exp(−x) τ(x). (S3)

The scattering rate τ(x) in this expression is to be obtained from Eq. (2) of the main text, and

x = ε/kBT represents the electron energy in units of the thermal energy. Figure S5 shows that

the weight x3/2 exp(−x) in the above expression reaches a maximum at x = 3/2. Therefore,

if we want to analyze trends in the carrier mobilities by focusing on a single electronic state,

the most relevant electron energy is ε = 3/2kBT . Based on this reasoning, in Fig. 3(a-c) of

the manuscript we consider electrons at an energy of 39 meV from the conduction band edge

(for T = 300 K). We choose the wavevectors as follows: k = 0.48(1, 1, 1)2π/a for CsPbI3,

k = 0.06(1, 0, 0)2π/a for MAPbI3, and k = 0.04(0, 0, 1)2π/c for GaN. The results are not

sensitive to the direction of k.

In this simpli�ed model Eq. (2) of the manuscript reduces to:

1

τ(ε;T )
=

2

h̄
αh̄ωLOϕ(x, x0), ϕ(x, x0) = Im

[n(x0) + 1] arcsin
√
x/x0 + n(x0) arcsin i

√
x/x0√

x/x0
,

(S4)

where the dimensionless variables x = ε/kBT and x0 = h̄ωLO/kBT have been introduced.

In order to carry out the integral in (S3) explicitly, we approximate the function ϕ(x, x0)
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by a step function with the discontinuity at x = x0. The values to the left of this step are

approximated using ϕ(x = 0, x0), while the values to the right are approximated using the

maximum of the function ϕ. A simple estimate of the maximum is found by using the large

x/x0 limit of (S4), yielding ϕ(x, x0) ' [2n(x0) + 1] log
(

2
√
x/x0

)
/
√
x/x0. The scattering

rate in (S4) is thus approximated as:

1

τ(ε;T )
= 2αωLO


n(x0), if x < x0

2

e
[2n(x0) + 1], if x > x0.

(S5)

By combining (S5) and (S3) we obtain:

µ =
eh̄

me kBT

F (x0)

αm∗/me

, (S6)

where the dimensionless function F (x0) is de�ned as:

F (x0) =
1

4x0

e

2n(x0) + 1
+

4

4x0

[
2

3
√
π
e−x0
√
x0(x0 + 3/2)− 1

2
erf(
√
x0)

][
e/2

2n(x0) + 1
− 1

n(x0)

]
.

(S7)

For the compounds considered in this work and temperatures between 100 K and 300 K,

x0 = h̄ωLO/kBT falls between 0.1 and 3.5. In this range the function F can be approximated

by the simple power law F (x0) = 0.052x3.30 + 0.34, with an error smaller than 2%. Within

this approximation the mobility in (S6) is found to obey the dimensionless scaling law:

µ

eh̄/me kBT
=

0.052 (h̄ωLO/kBT )3.3 + 0.34

αm∗/me

, (S8)

or equivalently:

µ [cm2/Vs] =
7444

T [K]

0.052 (h̄ωLO/kBT )3.3 + 0.34

αm∗/me

. (S9)

3



3 Sensitivity to the choice of semicore shells in the pseu-

dopotential

When performing GW quasiparticle calculations for heavy elements using the pseudopoten-

tial method, it is important to assess the sensitivity of the result to the choice of the semicore

shell of the pseudopotential, especially in relation to the exchange part of the self-energy.2

For CH3NH3PbI3, it has already been shown that including the Pb 5d or the I 4d semicore

states in the pseudopotential changes the gap by −0.1 eV and +0.4 eV, respectively.3 In Ref.

4 it has been shown that when the I 4s and 4p states are included in the pseudopotential,

the gap opening associated with the 4d states is almost exactly compensated. We perform

analogous tests for Pb in CsPbI3, by including also the 5s and 5p states as valence electrons,

and we observe a similar compensation e�ect. These tests are summarized in Table S1. In

this table we see that the results obtained by considering pseudopotentials without semicore

states for I and with 5s, 5p, and 5d semicore states for Pb are very similar to those obtained

by considering the complete semicore shells for both elements. In all calculations we employ

the former con�guration as it is computationally less expensive.

4 Materials and Methods

Electronic ground state and lattice dynamics

We perform density-functional theory (DFT) calculations using pseudopotentials and planewaves,

as implemented in the Quantum ESPRESSO package.5 For MAPbI3 we employ the local

density approximation (LDA), for CsPbI3 and GaN we use the PBE generalized gradient ap-

proximation. We used norm-conserving pseudopotentials from the PseudoDojo repository.6,7

We use fully relativistic pseudopotentials throughout for electronic structure calculations. In

the case of Pb the semicore 5s, 5p, and 5d electrons are included in the valence (see sec-

tion S3), in the case of Ga we include the 2s and 2p semicore states. We use planewaves
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kinetic energy cuto�s of 100 Ry for MAPbI3 and CsPbI3, and 120 Ry for GaN. The struc-

tural models are generated by optimizing the atomic coordinates, while retaining the crystal

symmetry and experimental lattice parameters. We use a = 8.836 Å, b = 12.581 Å, and

c = 8.555 Å for MAPbI3,8 a = 6.276 Å for CsPbI3,8 and a = 3.189 Å, c = 5.186 Å for

GaN.9 We calculate phonons using DFPT, 2×2×2 Brillouin zone grids for MAPbI3 and

4×4×4 grids for CsPbI3 and GaN. For the calculation of the dielectric permittivity tensors

and the Born e�ective charges in MAPbI3, CsPbI3 and GaN we employ denser grids with

4×4×4, 16×16×16 and 14×14×14 points, respectively. In all calculations we apply the

acoustic sum rule to the interatomic force constants.10 In the case of MAPbI3 and CsPbI3

we perform DFPT calculations using scalar-relativistic pseudopotentials, which yield more

accurate phonon dispersion relations as shown in Ref.11

Quasiparticle GW corrections

We correct DFT band structures via the quasiparticle GW method, using the Yambo code.12

For MAPbI3 we employ a higher planewaves kinetic energy cuto� of 150 Ry, we evaluate the

exchange self-energy and the polarizability using cuto�s of 80 Ry and 6 Ry, respectively, and

perform the summations over empty states using 1000 bands.13 The frequency-dependence of

the screened Coulomb interaction is described via the Godby-Needs plasmon-pole model,14

using a plasmon-pole energy of 18.8 eV. Since the DFT gap of lead halide perovskites is

very small due to spin-orbit coupling,13 we go beyond the G0W0 approximation by including

self-consistency on the eigenvalues. We apply self-consistency by using a strategy similar to

Refs.,13 but with a wavevector-dependent scissor so as to obtain accurate e�ective masses.

In the case of CsPbI3 we employ planewaves cuto�s of 60 Ry and 15 Ry for the exchange self-

energy and the polarizability, respectively, 500 bands for the calculation of the polarization,

and 600 bands for the Green's function. For GaN we employ a higher planewaves kinetic

energy cuto� of 260 Ry, the exchange cuto� is set to 120 Ry, the polarizability cuto� is

29 Ry, and we include 1500 bands in the summations. In this case the plasmon-pole energy
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is set to 16.5 eV. In all cases the Brillouin zone is sampled via a 4×4×4 unshifted grid, and

the termination scheme of Ref.15 is employed to accelerate the convergence with respect to

the number of empty states.

Electron-phonon interactions

We calculate electron-phonon matrix elements required and scattering rates in Eq. (2) using

the EPW code16 of the Quantum ESPRESSO distribution, in conjunction with the wannier90

library.17 We include spin-orbit coupling in all calculations. In the case of MAPbI3 we start

from a 2×2×2 Brillouin zone grid for the phonon wavevectors, and interpolate on a �ne grid

of 100,000 points following a Cauchy distribution centered at Γ and weighted according to

their Voronoi volume. In the cases of CsPbI3 and GaN we used Γ-centered Cauchy grids for

phonons with 480,000 and 205,000 points, respectively. Detailed convergence tests are shown

in Figure S1. The evaluation of the Dirac deltas in Eq. (2) is performed by using Lorentzian

functions with a broadening parameter γ. Since the scattering rates depend linearly on this

arti�cial parameter for γ → 0, we extrapolate the results to γ = 0.18,19 This procedure is

illustrated in Figure S2.

Analytical integration of scattering rates

In order to perform highly accurate integrals in Eqs. (1) and (2) we map the ab initio

calculations into an exactly solvable multi-phonon model of the scattering rates 1/τnk, which

we recently developed and validated.19 In this model the scattering rate is given by:

1

τnk
=

4π2|k|
h̄ΩBZ εnk

∑
±,ν

[nν + (1± σb)/2]G2
ν Im arcsin

(
∓h̄ων − iη

εnk

)−1/2
, (S10)

where σb = ±1 for valence and conduction bands, respectively, and the parameters Gν , ων

(ν = 1, 2, 3), and η are determined by �tting ab initio calculations over several temperatures

and wavevectors near the band edges. Using (S10) we determine the scattering rates for
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k along the reciprocal lattice vectors, τnk,α, and then we generate the scattering rates for

arbitrary k via elliptical interpolation, 1/τnk = |k|−1
[ ∑

α (kα/τnk,α)2
]1/2

. Figure S3 shows

that this interpolation procedure reliably reproduces direct ab initio calculations. As a

sanity check, we also compare the mobility obtained by calculating explicitly the ab initio

scattering rates and those obtained using (S10) for the case of CsPbI3. Figure S4 shows that

the agreement between the two approaches is excellent.

Estimates of photoconductive gain and switching frequency

The photoconductive gain reported in Fig. 4(b) is estimated using G = τµV/L2. In order to

make a consistent comparison we used reference parameters for MAPbI3, namely V = 0.9 V

the applied voltage, L = 449 nm the active layer thickness,20 and τ−1 = 3 · 107 s−1 the

reciprocal of the monomolecular recombination lifetime.21 Using these parameters and our

calculated mobility at 300 K, we �nd a photoconductive gain G = 1100 for the cubic phase

of MAPbI3 (here approximated as CsPbI3 at the lattice parameter of cubic MAPbI3). This

result is in good agreement with the gainG = 1500 measured at wavelengths between 450 and

800 nm.20 The switching frequency shown in Fig. 4(b) is estimated using fT = µVDS/2πL
2,

where VDS = 20 V is the drain-source voltage and L = 80 µm is the transistor channel length,

taken from Ref.22
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Table S1: Sensitivity of the calculated band gaps to semicore electrons. Impact of
the semicore states in Pb and I on the fundamental band gap of cubic CsPbI3. `G0W0 + ∆k'
stands for a self-consistent scissor calculation, where the scissor correction is k-dependent.
The con�guration employed in the present manuscript is highlighted in bold.

Band gap
Pb valence con�g. I valence con�g. DFT (eV) G0W0 (eV) G0W0 + ∆k (eV)

5d106s26p2 5s25p5 0.07 0.50 0.62
5d106s26p2 4d105s25p5 0.07 0.98 1.22
5d106s26p2 4s24p64d105s25p5 0.07 0.47 0.60

5s25p65d106s26p2 5s25p5 0.07 0.67 0.85

5s25p65d106s26p2 4d105s25p5 0.08 1.20 1.50
5s25p65d106s26p2 4s24p64d105s25p5 0.08 0.68 0.88
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Table S2: Quasiparticle e�ective masses. E�ective masses and band gaps of MAPbI3,
CsPbI3, and GaN calculated at various levels of approximation. `G0W0' indicates one-shot
GW calculations, `G0W0 + ∆' indicates the self-consistent scissor method of Ref.,3 and the
values reported for MAPbI3 are taken from Ref.13 `G0W0 + ∆k' stands for a self-consistent
scissor calculation, where the magnitude of the scissor correction varies across the Brillouin
zone. This method yields results closest to a GW calculation with complete self-consistency
on the eigenvalues (G0W0 + ∆nk), and is employed in all present mobility calculations for
perovskites.

Method Hole e�ective mass (me) Electron e�ective mass (me) Band gap (eV)
Orthorhombic MAPbI3

DFT 0.138 0.118 0.47
G0W0 0.175 0.163 1.15
G0W0 + ∆3 0.230 0.240 1.57
G0W0 + ∆k 0.182 0.211 1.38

Cubic CsPbI3
DFT 0.024 0.023 0.07
G0W0 0.146 0.150 0.67
G0W0 + ∆ 0.150 0.157 0.75
G0W0 + ∆k 0.156 0.167 0.85
G0W0 + ∆nk 0.157 0.170 0.87

Wurtzite GaN
DFT 2.47 0.193 1.93
G0W0 3.20 0.204 2.83
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Table S3: Fröhlich coupling parameters. Parameters used in the model of (S8) in order
to construct the mobility map shown in Fig. 4. We give the calculated high-frequency (ε∞)
and static (ε0) relative dielectric constants, the phonon energy of the principal LO mode
(h̄ωLO), the electron or hole e�ective mass, the calculated Fröhlich coupling constant (α),
the polar mass (αm∗/me), the reduced phonon frequency evaluated at room temperature
(h̄ωLO/kBT ), and the average electron and hole mobilities estimated using (S8) (µmodel) as
well as those calculated entirely from �rst principles (µfull).

Compound ε∞ ε0 h̄ωLO m∗/me α αm∗/me h̄ωLO/kBT µmodel µfull

meV cm2/Vs cm2/Vs
electrons

MAPbI3 5.9 22.6 12.6 0.211 1.91 0.47 0.49 39 33
CsPbBr3 4.9 33.3 20.4 0.280 2.36 0.66 0.79 25 41
CsPbI3 6.3 53.2 15.8 0.167 1.69 0.28 0.61 57 76
CsSnBr3 7.6 45.1 19.3 0.168 1.20 0.20 0.75 82 89
CsSnI3 10.1 66.1 15.4 0.090 0.75 0.07 0.59 238 177
GaN 5.7 10.0 84.6 0.204 0.43 0.09 3.27 1502 811

holes
MAPbI3 5.9 22.6 12.9 0.182 1.75 0.35 0.50 50 50
CsPbBr3 4.9 33.3 20.4 0.234 2.15 0.50 0.79 33 44
CsPbI3 6.3 53.2 15.8 0.156 1.63 0.25 0.61 63 61
CsSnBr3 7.6 45.1 19.3 0.111 0.97 0.11 0.75 153 241
CsSnI3 10.1 66.1 15.4 0.065 0.64 0.04 0.59 386 465

Table S4: Ab initio parameters for the analytical interpolation of the scattering

rates. Parameters used in Eq. (3) of the manuscript. The parameters have been determined
by �tting explicit calculations of the scattering rates at various temperatures along the
indicated direction. The comparison between the analytical model of the scattering rates
and direct calculations is performed in Figure S3.

Direction G2
1 h̄ω1 G2

2 h̄ω2 G2
3 h̄ω3

meV2/Å2 meV meV2/Å2 meV meV2/Å2 meV

MAPbI3 conduction
ΓX 8.7 5.7 79.8 13.4 85.1 19.2
ΓY 7.9 5.1 45.7 9.7 78.5 15.3
ΓZ 14.2 6.4 60.6 12.6 65.6 20.8

MAPbI3 valence
ΓX 3.5 3.6 76.1 12.6 87.0 17.9
ΓY 5.0 3.9 75.0 12.2 79.0 18.6
ΓZ 2.2 3.1 83.0 12.6 75.7 20.9

CsPbI3 conduction RX 3.3 1.8 28.3 4.1 160 8.3
CsPbI3 valence RX 4.9 1.9 22.0 4.6 171 8.2
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Figure S1: Numerical convergence of the scattering rates with Brillouin zone

sampling. (a-c) Computed electron-phonon scattering rates in MAPbI3 for electrons at the
Γ point. (a) Comparison between the convergence rates of the conduction band minimum
(CBM) and valence band maximum (VBM). (b) Sensitivity of the convergence rate to the
Lorentzian broadening γ described in the methods. (c) Rate of convergence as a function
of temperature. In all panels the number of grid points on the horizontal axis corresponds
to a quasi-random Cauchy distribution. (d) Comparison between the convergence rates for
MAPbI3, CsPbI3 and GaN at 300 K.
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Figure S2: Extrapolation of computed scattering rates to zero broadening. The
Dirac deltas in Eq. (2) of the manuscript are customarily replaced by Lorentzians for com-
putational convenience. In order to avoid calculation artifacts arising from the arti�cial
broadening of the Lorentzian peaks, we perform a careful extrapolation to vanishing broad-
ening. (a) Extrapolation of representative scattering rates for MAPbI3 (either at the valence
band maximum at an energy 3/2kBT away from it), at 1 K and 300 K. (b) Extrapolation
of scattering rates for CsPbI3, using the same color code as in (a). The circles represent
explicit ab initio calculations, the lines are linear extrapolations. All mobility calculations
are performed with the scattering rates extrapolated to zero broadening.
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Figure S3: Validation of the analytical interpolation: scattering rates. (a-b) Cal-
culated scattering rates of MAPbI3 for electrons (a) and holes (b), at various temperatures.
The circles indicate direct ab initio calculations using Eq. (2) of the manuscript, the lines are
obtained from the analytical interpolation of Eq. (3). The two approaches agree closely for
a range of temperatures. (c-d) Same as in (a-b), but for CsPbI3. The deviation between the
analytical interpolation and the direct calculations far from the R point is inconsequential
for mobility calculations, as shown in Figure S4. (e) Computed scattering rates of electrons
in GaN. In this case we calculate mobilities without resorting to the analytical interpolation
of Eq. (3). The scattering rates are computed using 0 meV smearing for MAPbI3 and CsPbI3
(via extrapolation), and 1 meV smearing for GaN.
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Figure S4: Validation of the analytical interpolation: mobilities (a) Electron mo-
bility calculated for CsPbI3 entirely from �rst principles (circles), and using the analytical
interpolation of the scattering rates discussed in the Methods (lines). The close agreement
between these results validates the interpolation methodology. (b) Hole mobility of CsPbI3,
calculated from �rst principles (solid line), or using the same interpolation technique as in
(a).
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Figure S5: Most representative electron energy. In the simpli�ed model developed in

section 2 we need to evaluate the average scattering rate 〈τ〉 = 4
3
√
π

∞∫
0

dx x3/2 exp(−x) τ(x).

Here we show that the weight factor x3/2 exp(−x) appearing in the integral peaks at x = 3/2,
therefore the most representative electrons are those found at an energy (3/2)kBT from the
band edge. This observation motivates our choice of focusing on electrons at this energy in
Fig. 3 of the manuscript.
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