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Supplementary Note 1 | Radiative electron-hole free energy 1, .q

The Fermi level of the unexcited film and the trap level intersect in the middle of the
intrinsic layer, where recombination centres are thereby half-filled (¢, = a;, = 1,m = 2).In
this region, the annihilation rate Rsgyy o = Rsry p, is higher than in proximity of the transport
layers, where it is almost suppressed. Hence, the different occupation of the intragap states is
at the origin of the different ideality factors in HTL-i-ETL structures (m = 2) and in single i-

layers (m = 3/2).
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Supplementary Figure 2 | Energetics of an ETL-i-HTL double heterojunction in the dark.
Equilibrium conditions of the solar cell in the dark impose that the concentration of trapped
electrons varies across the intrinsic layer: trap levels at the centre of the i-semiconductor

traps are half-filled.

Supplementary Note 2 | Radiative electron-hole free energy p,. .4

The radiative free energy per electron-hole pair is defined as

Hocrad = kTIn <]i> (1)
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To find an analytical expression of .4, the radiative emission Jj .4 of the
semiconductor layer in thermal equilibrium with the environment at temperature T is

reformulated as follows:
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where E is equal to the photon energy Aiw. The equivalent absorptivity ar is defined as:
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and E| is a suitable low energy cut-off parameter to evaluate the integral. Similarly, the solar

excitation current reads:
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where:

E
_ f:o a(E)E%e KTsundk
Asyn = E (6).

[ E2e KTsundE
EL

A natural choice for E| is the optical gap Eg,, = 1.602 eV, namely the lowest excitonic

transition energy. As discussed in recent reports,12 after resonant excitation bound excitons
quickly ionize to form free electron-hole carriers in 3D halide perovskites. According to these
definitions, fi g reads:
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T,un was chosen in such a way that the photon current density emitted into the solid
angle Q,, = 6.8 x 107> sr from a blackbody at Ty, was equal to the tabulated solar photon
current density at AM1.5G for Aiw > Eg,,. According to Lambert’s law3, the effective solid
angle in equation (2) is Q = . We finally stress that p,. .4 given in equation (7) is nothing
but a different way to formulate the radiative free energy at open circuit, as no approximation
has been made to derive it from equation (1). In fact, the spectra integration involved in the

definition of /.44 and J, is simply contained in the definition of a; and ag,, The utility of

Asun

equation (7) stems from two considerations: i) in the SQ limit ar 1, and thus pyc g has an
useful analytical expression that allows an easy estimate of the radiative free energy,

Uocrad = 1.33 €V ; i) as a matter of fact, the effects of the finite film thickness and of the not
sharp edge absorption are small, leading to a shift of the free energy Au,.2q =® 10 meV, which
means that the analytical SQ value is an excellent approximation in perovskite films.

For the calculation of . .q from equation (1), we operated as follows. For simplicity,
the absorptivity of all structures was approximated as the absorptivity of a single slab of
thickness d, with a back reflector (reflectivity r, = 1) simulating the back metal contact of a
solar cell:

a(E) = [1 - r(E)][1 — e72¢®)][1 — r(E)e2¢E)] (9)
where a(F) is the perovskite absorption coefficient and r(E) the reflectivity of the front
surface. Supplementary Figure 1 shows the experimental absorptivity, the experimental

photoluminescence spectrum (PLcy,) and the spectrum of the radiative emission spectrum

(Jo,raa), as predicted by the Kirchhoff’s law of radiation:

Joraa(E)  a(E)E2e™# (10)
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Supplementary Figure 1 | Experimental (PL.,,) and theoretical (J,qq)

photoluminescence spectra. The latter was estimated via equation (S1), and the

experimental absorptivity a.

Due to light scattering, the measurement of the absorption coefficient a(E) was
overestimated below the gap. This slowly decaying tail did not compensate for the raising
Boltzmann function, resulting in a distorted spectral shape. To overcome this experimental
uncertainty, we assumed that J,(E) has the same spectral shape of PLgy, (E), thatis Joaq(E) =

PLey,(E) Jorad®) | hore F = Egap + 50 meV. J, was simply calculated as fooo a(E)]sun (E)dE,

PLexp(E)’
where J,,(E) is the solar photon current density at AM1.5G. With this approximations, we

calculated pi,oq according to equation (1). We found that the estimated free energy was

equal to the value found in the SQ limit, within an uncertainty of approximately 10 meV.
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