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SUPPLEMENTARY NOTE 1. EQUILIBRIUM VOLUMES

In the quasichemical approximation (QCA) the equilibrium volumes per formula unit of the five compounds are
obtained as V (x, T ) =

∑
j x̄jVj , where x̄j is the thermal equilibrium fraction of microclusters with configuration j

(see “Methods” in the main text) and Vj is the volume per formula unit of configuration j. The results at room
temperature are shown in Supplementary Fig. 1. An increasing Br concentration leads to a decreasing volume due to
the smaller ionic size of Br than I: rI = 2.20 and rBr = 1.96 Å[1, 2]. For the single-cation compounds we have VFA

> VMA > VCs, in accordance with the ionic sizes rFA = 2.53, rFA = 2.17, and rCs = 1.67 Å[1, 2]. As expected, the
partial Cs substitution in MA7/8Cs1/8Pb(I1−xBrx)3 and FA7/8Cs1/8Pb(I1−xBrx)3 decreases the volume.
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Supplementary Fig. 1. The equilibrium volume at room temperature per formula unit for the five compounds as a
function of relative Br concentration x.
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SUPPLEMENTARY NOTE 2. BAND GAPS

The formulas for the halide composition-dependent band gaps, displayed in Supplementary Table 1, are given by

Eg(x) = (1− x)Eg(APbI3) + xEg(APbBr3)− bx(1− x), (1)

where “A” is MA, FA, Cs, MA7/8Cs1/8, or FA7/8Cs1/8 and b is the bowing parameter. The formulas for the band
gaps of the single-cation compounds are obtained from experiment[3–5]. The band gaps of the pure I and pure Br
double-cation compounds are obtained by a cation composition-weighted average of the single-cation compounds, using
Eg(MAPbI3) = 1.57 eV , Eg(MAPbBr3) = 2.29 eV, Eg(FAPbI3) = 1.48 eV, Eg(FAPbBr3) = 2.23 eV, Eg(CsPbI3) =
1.77 eV, and Eg(CsPbBr3) = 2.38 eV. We set for simplicity b(MA7/8Cs1/8) = b(MA) and b(FA7/8Cs1/8) = b(FA).

Supplementary Table 1. Formulas for the band gap in eV as a function of relative Br concentration x for the five
compounds. The band gap plots are given in Fig. 2(b) of the main text.

Compounds Band gap

MAPb(I1−xBrx)3 1.57(1− x) + 2.29x− 0.33x(1− x)

FAPb(I1−xBrx)3 1.48(1− x) + 2.23x− 0.15x(1− x)

CsPb(I1−xBrx)3 1.77(1− x) + 2.38x− 0.35x(1− x)

MA7/8Cs1/8Pb(I1−xBrx)3 1.60(1− x) + 2.30x− 0.33x(1− x)

FA7/8Cs1/8Pb(I1−xBrx)3 1.52(1− x) + 2.25x− 0.15x(1− x)
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SUPPLEMENTARY NOTE 3. FINITE ELECTRON AND HOLE DIFFUSION LENGTHS

We show here that, despite the fact that Eqs. (1)-(3) in the main text are formally applicable only to the case of
infinite electron and hole diffusion lengths, they can be applied to the initial stage of halide segregation also in the
case of finite diffusion lengths.

Just before nucleation of a phase with Br concentration x2 from a phase with Br concentration x, the photocarrier
distribution is homogeneous with a density n that is a solution of the equation G = n/τ + kn2/V (see Eq. (3) in the
main text). In the initial stage of nucleation, the nuclei will be much smaller than the diffusion lengths of electrons
and holes, so that the photocarrier distribution within the nuclei will be homogeneous, with a constant density n2.
The volume fraction of the nucleated phase is δϕ ≡ ϕ2. The photocarrier density in the parent phase n1(r⃗) after
nucleation will not be homogeneous in the case of finite diffusion lengths. Instead of Eq. (3), which is only generally
valid when the diffusion lengths are infinite, we now have:

G =
1

Vtot

∫
V1

(
n1(r⃗)/τ + kn2

1(r⃗)/V
)
dr⃗ + δϕ(n2/τ + kn2

2/V ), (2)

where Vtot is the total volume, and the integral is performed over the volume V1 of the parent phase. We write
n1(r⃗) = n+ δn(r⃗), where δn(r⃗) is a function that scales linearly with δϕ in the limit δϕ → 0 (where all nuclei in the
volume Vtot are shrunk by an equal amount). Up to linear order in δϕ we then have

G = (1− δϕ)(n/τ + kn2/V ) + (1/τ + 2nk/V )
1

Vtot

∫
V1

δn(r⃗)dr⃗ + δϕ(n2/τ + kn2
2/V ). (3)

To linear order in δϕ we can write, using Eq. (1) in the main text, n2 = exp [− (Eg(x2)− Eg(x)) /kBT ]n. Since
Eq. (3) holds for all values of the diffusion lengths, we conclude that the integral

∫
V1

δn(r⃗)dr⃗ is independent of the
diffusion lengths. In particular, the integral is equal to its value for infinite diffusion lengths, hence

1

Vtot

∫
V1

δn(r⃗)dr⃗ =
1

Vtot

∫
V1

(n1(r⃗)− n)dr⃗ = (1− δϕ)(n1 − n) = ϕ1(n1 − n), (4)

where n1 is the constant photocarrier density in the parent phase for infinite diffusion lengths. Inserting this in
Eq. (3), we conclude that Eq. (3) in the main text is also valid in the case of finite diffusion lengths when applied to
the initial stage of nucleation, where ϕ2 is infinitesimally small.

Equivalently, in the case of an inhomogeneous photocarrier density n1(r⃗) in the parent phase due to finite diffusion
lenghts, we have, instead of Eq. (2) in the main text,

∆F ⋆(x1, x2, ϕ1, ϕ2, T ) = ϕ1∆F (x1, T ) + ϕ2∆F (x2, T ) +

[
1

Vtot

∫
V1

dr⃗n1(r⃗)

]
Eg(x1) + n2ϕ2Eg(x2), (5)

which, by virtue of Eq. (4), is equal to Eq. (2) in the initial stage of nucleation. The conclusion is that, despite the
fact that Eqs. (1)-(3) in the main text are formally only applicable to the case of infinite diffusion lengths of electrons
and holes, they can be applied to the initial stage of halide segregation also in the case of finite diffusion lengths.
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SUPPLEMENTARY NOTE 4. RESULTS FOR MA3/4Cs1/4Pb(I1−xBrx)3

In addition to MA7/8Cs1/8Pb(I1−xBrx)3 (see main text) we performed calculations for MA3/4Cs1/4Pb(I1−xBrx)3;
see Supplementary Fig. 2. The lowest-enthalpy structure of MA3/4Cs1/4Pb(I0.5Br0.5)3 is shown in Supplementary
Fig. 2a, where the two Cs cations in the 2× 2× 2 supercell are taken at diagonal positions to profit as much from the
remaining symmetry. Supplementary Figs. 2b and c show the enthalpy and free energy, which should be compared to
Figs. 1i and n in the main text for MA7/8Cs1/8Pb(I1−xBrx)3. Supplementary Figs. 2d-f show the phase diagrams in
the dark and for two different photocarrier densities, which should be compared to Figs. 3d, i, and n. The results for the
photocarrier density in Supplementary Figs. 2g-i (dashed lines) are compared to those for MA7/8Cs1/8Pb(I1−xBrx)3
(solid lines) taken from Fig. 4.
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Supplementary Fig. 2. Results for MA3/4Cs1/4Pb(I1−xBrx)3. (a) Atomic structure of the most stable configuration
at relative Br concentration x = 0.5. The Cs cations are taken at diagonal positions in the 2 × 2 × 2 supercell.
(b) Mixing enthalpy as a function of Br concentration x. Circles: values calculated for each mixed configuration.
Filled circle: value for the most stable configuration at x = 0.5, displayed in (a). Curves: results for the quasi-
chemical approximation (QCA) at different temperatures. (c) Free energy. (d)-(f) Phase diagrams in the dark and
at two different photocarrier densities. (g) Threshold photocarrier density nt at T = 300 K for light-induced halide
segregation, as a function of Br concentration. (h) Threshold photocarrier density as a function of temperature for
x = 0.5. The horizontal dashed line in (g) and (h) indicates the photocarrier density n = 5× 10−7/f.u. in the mixed
phase for about 1 sun illumination. (i) Bromine concentration as a function of temperature at threshold photocarrier
densities nt = 10−9 and 10−5/f.u. The dashed lines in (g)-(i) show the results for MA3/4Cs1/4Pb(I1−xBrx)3 and the

solid lines those for MA7/8Cs1/8Pb(I1−xBrx)3, taken from Fig. 4 in the main text.
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