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Setup Illustration

Figure S1| | lllustration of the measurements setup. a, Annealing chamber. b, lllustration of ITO interdigitated substrate electrodeposited
with PEDOT (electrodes 1-5) and TiO; (electrodes 6-10). Electrode 11 is bare ITO. ¢, lllustration of the experimental setup for current-

voltage sweeps performed /n-situ without X-rays. d, lllustration of the setup for diffraction pattern measurement (light off) with a 10 keV

X-ray at grazing incidence.



Summary of measured IBC solar cells

Table S1| Summary of IBC measurements details. Ta is the annealing temperature, tmax is the total measurement period for the data
shown in the graphs, D is the light dose in seconds per minute, Dxrp is the X-ray dose in seconds/minutes, AT is the duration of a

measurement loop step in seconds, ATLis the time the sample is exposed to light during a loop step, ATxrpis the time the sample is exposed

to X-rays during a loop step, MS is the measurement step. FD: forward /V/under dark, RL: reverse /V/under light.

Sample

Ta

tmax

DL

Dxrp

AT

ATy

ATxrp

name | A998V | oot | ining | (s/min] | (s/min] | (8] | 0] | s MS$ Notes
S130 HI 88.2 189 19.9 1.1 54.4 18.0 1 XRD, FD, RL
S28 HI 88.2 186 19.9 11 54.4 18.0 10 XRD, FD, RL
S29 HI 88.2 184 19.9 11 54.4 | 18.0 10 XRD, FD, RL No selective electrodes
S142 HI 83.8 123 19.9 1.1 54.4 18.0 1 XRD, FD, RL
S129 HI 92.5 190 19.9 1.1 54.4 18.0 1 XRD, FD, RL
S128 HI 96.8 190 19.9 1.1 54.4 18.0 1 XRD, FD, RL
S132 HI 88.2 193 2.0 0.1 600 18.0 1 XRD, FD, RL
S116 HI 88.2 213 0.6 1.1 600 6 10 XRD, Jse, Ve
S117 HI 88.2 217 6.6 11 54.4 6 10 XRD, Jse, Ve
S115 HI 88.2 190 19.9 11 54.4 18 10 XRD, FD, RL
S113 HI 88.2 190 39.8 11 54.4 36 10 XRD, FL, RL
S131 HI 88.2 92 0 5.5 11 0 1 XRD No light
S105 HI 96.8 196 6.6 0 54.4 6 0 Jse» Ve Offline
S$139 PbL, 83.8 123 19.9 1.1 54.4 18.0 1 XRD, FD, RL
S137 PbL, 92.5 95 19.9 1.1 54.4 18.0 1 XRD, FD, RL
S158 PbL, 114.7 83 19.9 1.1 54.4 18.0 1 XRD, FD, RL
S135 PbL, 101.6 92 0 5.5 11 0 1 XRD No light




IBC solar cells with and without selective electrodes

In Figure S2 we show a comparison between the current-voltage sweeps under light (Figure S2a) and dark
(Figure S2b) conditions of a device coated with PEDOT and TiO,(S28) and an uncoated device (529). Sweeps
are shown at three different instants of the in-situ anneal at 88.2°C. The uncoated devices do not show any
photovoltaic behaviour (Figure S2a). The coated device shows a typical photovoltaic diode-like behaviour. Dark
currents are three orders of magnitude smaller than light currents. The dynamics of the perovskite peak integral
evolution is identical between the coated and the uncoated IBC solar cells. A comparison point by point of the

diffraction patterns, the peak integrals, and the JV sweeps is available in Movie S1, S28 and S29.
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Figure S2 | Comparison of current-voltage sweeps between IBC solar cells with (S28) and without selective electrodes (529) during
the /in-situanneal at 88.2°C (MAI:PbCl> + HI). a, Forward JV sweeps under light conditions. b, Forward JV sweeps under dark

conditions. The measurement procedure for the two IBC solar cells was: measure one GI-WAXS pattern (10s integration time), Forward

JV sweep (18s, light off), Reverse JV sweep (18s, light off), repeat every 54.4s.



Comparison with Pazos et al.

Dark and light currents of the coated device IBC S28 show a trend similar to the one reported by Pazos et al. (cf.
Fig. S14 and S15).' Pazos et al. reported on the same perovskite employed in our work, but spin-coated from a
different precursor solution (MAI: PbAc,) and annealed at 100°C.! Their interdigitated IBC solar cells had a
channel gap of 4 pm, while here were report on IBC solar cells having a gap of 100pum. The active area employed
by Pazos et al. (0.096 cm?) was calculated as in our work, without employing a shadow mask (Figure S32). In the
JV measurements reported in Fig. S14!, Pazos et al. show a comparison between JV sweeps with and without a
2V pre-biasing lasting 30s. In our work, we did not apply any pre-biasing before the JV sweeps. The figures-of-
merit extracted from Fig. S14 (no pre-bias) are: Voc = 0.5V, Jic = 0.03 mA/cm?, PCE = 0.004%, FF = 0.2. The
figures-of-merit for S28, for example, after 100min are: Vo = 0.62 V, Jic = 0.45 mA/cm?, PCE = 0.07%, FF =~ 0.25.
The counterintuitively superior performance of the 100 pm gap devices shown here compared to the 4 pm gap
devices could be attributed to the employment of PbCl in the precursor solution, which results in a favourable

morphology of the final CH;NH;PbI; perovskite film and longer electron diffusion lengths.?
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Figure S3 | Comparison between IBC reported by Pazos et a/. and IBC reported in this work (MAI:PbClz+ HI). /V/data from Pazos et al.
was extracted from Fig. S14 in ref. [1]. Pazos et a/. report on perovskite IBC solar cells spin-coated from MAI: PbAczand measured at room

temperature. The /V/data from S28 corresponds to the measurement performed at 88.2°C, 100min after the beginning of the anneal.



Different channel lengths and electrode combinations

Measurements performed on couples of electrodes having different channel lengths (Figure S4) did not show

any statistically relevant trend in the figures-of-merit vs channel length (Figure S5).

Figure S4 | Schematics of the electrodes numbering and gap between digits in IBC solar cells. Electrodes 1and 6: 200 um; electrodes 2

and 7: 150 um; electrodes 3 and 8: 100 um; electrodes 4 and 9: 75um; electrodes 5and 10: 50 um.
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Figure S5 | Figures-of-merit of two IBC solar cells vs channel length (MAI:PbCl; + HI). Both solar cells were measured offline without

X-rays. The FOM shown for each channel length of S100 and S101 were acquired at room temperature with a forward scan followed by a

reverse scan (waiting time 5min between measurements).



Figure S6 shows a series of measurements performed by connecting electrodes belonging to different couples of
interdigitated electrodes. IBC S103 was annealed at 88.2°C while performing only static V. and i
measurements. The latest probed V,cand J,.between electrodes 3 and 8 (100 um) were 0.28 V and 0.039 mA/cm®.
The JV sweeps measured across electrodes 3 and 7 (S103¢) show a measurable photocurrent two orders of
magnitude smaller than the one measured across the 100 pm gap. We were not able to measure any

photocurrent between electrode 2 and electrode 11 (bare ITO).
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Figure S6 | Reverse JV sweeps under light measured across electrodes not facing each other (MAI:PbCl>+ HI). The reverse /V/sweeps

shown were performed at 88.2°C. S103c, S103d, S104e, and S103f were measured across electrodes 3 and 7, 2 and 7, 2 and floating, 2
and 11.
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Non-Zero V. in the Precursor Phase

Table S2 | Open circuit voltage measurements on IBC solar cells before perovskite full conversion. Ta is the annealing temperature, t;
is the instant at which the measurement (V. at t1) was performed since the IBC solar cell was placed on the hotplate (with the exception

of 5102, which is not annealed).

Sample . Ta t Vocat ty
nanl:e Perovskite System c] (min] V]
S102 MAI:PbCl + HI Room temperature 3 0.52

S9 MATI: PbAc 96.8 3.8 0.65
S27 MATI: PbAc 88.2 2.7 0.28
S155 Csos(MAo.17FAo.s3)0.95Pb(To.83Bro.17)s 83.8 2.2 0.68
S156 Csos(MAo.17FAo.s3)0.95Pb(To.s3Bro.17)s 92.5 5.0 0.28
S157 Csos(MAo.17FAo.s3)0.95Pb(To.83Bro.17)s 101.6 33 0.39
S119 (FAI)I_U (MABI‘)U.Z(PbIz )1 1(PbBl’2)1)_2n 88.2 2.8 0.81
S120 (FAT)1.0 (MABr)o2(PbI: )1.1(PbBr2)o2o 96.8 2.8 0.54
S121 (FAT)1.0 (MABr)o2(PbI: )1.1(PbBr2)o2o 101.6 3.1 0.42
S122 (FAT)1.0 (MABr)o2(PbI: )1.1(PbBr2)o2o 101.6 2.9 0.38
S123 (FAT)1.0 (MABr)o2(PbI: )1.1(PbBr2)o2o 101.6 3.1 0.34
S125 (FAT)1.0 (MABr)o2(PbI: )1.1(PbBr2)o2o 101.6 2.9 0.48

11



IBC S142 annealed at 83.8°C

Y]
—
)

——— Precursor
—+—— Perovskite
0.8 Pbl,

3

G

T

8o

L 06 A

=

v

o

Q

o 04 4

o

L3

N

©

£ 0.2

o

z

0 : ¢ . — .
0 20 40 60 80 100 120 140
Time (min)

b

35

o

=

o

[

hel

LH)

N

™

E

(s}

z

0 T T T T T T |

0 20 40 60 80 100 120 140
Time (min)
Figure S7 | Structural and opto-electrical parameters extracted from simultaneous GI-WAXS diffraction patterns (dark) and
current-voltage (light) measurement of a (MAI:PbCl>+ HI) IBC solar cell (5142) during /n-situanneal at 83.8°C. a, Integrated
precursor, perovskite and Pbl, peak intensities vs annealing time b, Normalized figures-of-merit (FOM) vs annealing time. The following
measurement loop step was repeated every 54.4s: measure one GI-WAXS pattern (1s integration time), forward JV sweep (18s, light

off), reverse JV sweep (18s, light on).
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IBC S129 annealed at 92.5°C
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Figure S8 | Structural and opto-electrical parameters extracted from simultaneous GI-WAXS diffraction patterns (dark) and
current-voltage (light) measurement of a (MAI:PbCl>+ HI) IBC solar cell (5129) during /n-situanneal at 92.5°C. a, Integrated
precursor, perovskite and Pbl, peak intensities vs annealing time b, Normalized figures-of-merit (FOM) vs annealing time. The following
measurement loop step was repeated every 54.4s: measure one GI-WAXS pattern (1s integration time), forward JV sweep (18s, light

off), reverse JV sweep (18s, light on).
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IBC S128 annealed at 96.8°C
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Figure SO | Structural and opto-electrical parameters extracted from simultaneous GI-WAXS diffraction patterns (dark) and
current-voltage (light) measurement of a (MAI:PbCl>+ HI) IBC solar cell (5128) during /n-situanneal at 96.8°C. a, Integrated
precursor, perovskite and Pbl, peak intensities vs annealing time b, Normalized figures-of-merit (FOM) vs annealing time. The following
measurement loop step was repeated every 54.4s: measure one GI-WAXS pattern (1s integration time), forward JV sweep (18s, light

off), reverse JV sweep (18s, light on).
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Comparison between IBC $142 (83.8°C), S130 (88.2°C), S129 (92.5°C) and S128 (96.8°C)
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Figure S10 | Comparison between perovskite peak integral and normalized Jscfor (MAI:PbCl2+ HI) IBC solar cells annealed /in-situ at

different temperatures.
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Figure S11 | Comparison between perovskite peak integral and normalized Vo for (MAL:PbCl2+ HI) IBC solar cells annealed /n-situat

different temperatures .

16



-]

0.8 1

0.6 1

0.4 1

———5142,83.8°C
——— 5130, 88.2°C

Perovskite Peak Integral (a.u.)

0.2 5129, 92.5°C
——— 5128,96.8°C
0 T T T 1
0 50 100 150 200
Time (min)
b T
0.9 ——— 5142, 83.8°C
——— $130, 88.2°C
S 084 5129, 92.5°C
= ——— 5128, 96.8°C
L
[T
o
S
™
E
S
pd
0.3 ‘ ‘ : .
0 50 100 150 200

Time (min)

Figure S12 | Comparison between perovskite peak integral and normalized FF for (MAI:PbCl2+ HI) IBC solar cells annealed /n-situ at

different temperatures .
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Figure S13 | Comparison between perovskite peak integral and normalized PCE for (MAI:PbCl2+ HI) IBC solar cells annealed /n-situ

at different temperatures .
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JMA analysis (HI additive)

The kinetics of the precursor to perovskite transformation and peroskite to Pbl, degradation processes can be
estimated with the Johnson-Mehl-Avrami (JMA) model.** If normalized perovskite integrals are indicated as

x(1):

E
In(ty, —ty) = ﬁ —Inky +In(By; — Bx1)

x(t) =1—exp [— <k0t exp <— %))n]

(1

where . and t,; are the time at which the transformed fraction is x; and x,, E, is the effective activation energy, R
is the gas constant, T is the temperature, ko is the rate constant prefactor, # is the growth constant, and S, is a
state property.® Figure S14a shows data-points from the normalized perovskite peak integrals extracted from
IBC solar cells annealed at different temperatures. Figure S14b shows plots of In(tx- ta), where t,, corresponds to
the instants when x(¢) is 0.8 and t,; corresponds to the instants when x(¢) is 0. From the slope of the line in eq. (1)
we obtain an activation energy of 89+12 kJ/mol. The concept of activation energy used by Moore et al. and here
should not be taken in absolute terms, i.e. it provides a means of comparing the speed of crystallization between
different materials. The activation energy extracted in Figure S14b is then used to fit the data-points in Figure
S14a with the sigmoidal curve represented by eq. (1). The extracted ko and n parameters are reported in Table S3.
As highlighted by Moore et al. the JMA model only offers a good mathematical description of the system and ko

and n should be treated as empirical fit parameters.
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Figure S14 | Kinetic data for isothermally annealed (MAI:PbCl>+ HI) IBC perovskite solar cells. a, plots of the perovskite peak integral

extracted from azimuthally integrated line profiles for isothermally annealed perovskite solar cells at 83.8°C (blue diamonds), 88.2°C

(red diamonds), 92.5°C (yellow diamonds), 96.8°C (violet diamonds), with the JMA model fits (sigmoid in eq. 1, solid lines). b, plots

constructed as described in the text and fitted with the line in eq. 1, to extract the slope corresponding to the activation energy E..

Table S3 | Parameters extracted from the sigmoidal fit of x(#) datapoints in Figure S14a using an activation energy of 89 kJ/mol. R%is

the goodness of the fit.

Anneal Temperature n ko R?
(°C) (a.u.) (a.u.) (a.u.)
83.8 2.28+0.06 (4.07+0.03) x 10° 0.996
88.2 4.53+0.15 (3.58+0.02) x 10° 0.998
92.5 3.79+0.24 (3.68+0.05) x 10° 0.994
96.8 3.64+0.35 (3.81+0.08) x 10° 0.989
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IBC S132 annealed at 88.2°C
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Figure S15 | Structural and opto-electrical parameters extracted from simultaneous GI-WAXS diffraction patterns (dark) and
current-voltage (light) measurement of (MAI:PbCI2 + HI) IBC solar cell (S132) during /in-situanneal at 88.2°C. a, Integrated
precursor, perovskite and Pbl. peak intensities vs annealing time b, Normalized figures-of-merit (FOM) vs annealing time. The following
measurement loop step was repeated every 10min: measure one GI-WAXS pattern (1s integration time), forward JV sweep (18s, light

off), reverse JV sweep (18s, light on).
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IBC S116 annealed at 88.2°C
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Figure S16 | Structural and opto-electrical parameters extracted from simultaneous GI-WAXS diffraction patterns (dark) and
current-voltage (light) measurement of (MAI:PbCI2 + HI) IBC solar cell (S116) during /n-situanneal at 88.2°C. a, Integrated
precursor, perovskite and Pbl, peak intensities vs annealing time b, Normalized figures-of-merit (FOM) vs annealing time. The following
measurement loop step was repeated every 10min: measure one GI-WAXS pattern (10s integration time), static 4c (3s, light off), static

Voc (3s, light on).

22



IBC S117 annealed at 88.2°C
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Figure S17 | Structural and opto-electrical parameters extracted from simultaneous GI-WAXS diffraction patterns (dark) and
current-voltage (light) measurement of (MAI:PbCI2 + HI) IBC solar cell (S117) during /n-situanneal at 88.2°C. a, Integrated
precursor, perovskite and Pbl, peak intensities vs annealing time b, Normalized figures-of-merit (FOM) vs annealing time. The following
measurement loop step was repeated every 54.4s: measure one GI-WAXS pattern (10s integration time), static 4c (3s, light off), static

Voc (3s, light on).
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Beam damage

Perovskite films suffer from both X-ray and light damage. Beam damage is directly proportional to the X-ray
dose. The dose depends on how long is the sample exposed to the X-ray beam and on the X-ray flux. Beam
damage is also stronger in the presence of both oxygen and moisture.*’

In Figure S18, we show pictures of six IBC solar cells measured in-situ under different conditions illustrated
in Table S1. Beam damage is clearly visible as a yellow footprint in the IBC solar cells exposed to an overall beam

exposure exceeding 4min (Figure S18d-f).

a S$132,12L, 0.3X b SNe, 2.2L, 3.7X c $130, 60L, 3.3X

e S117, 20L, 33.3X

Figure S18 | Pictures of the (MAI:PbCI2 + HI) IBC solar cells after the GI-WAXS and JV measurements /n-situ during the anneal at
90°C. The figures title indicate the IBC sample name, the overall light exposure in minutes followed by ‘L', and the overall X-ray
exposure in minutes followed by ‘X'. The black marks indicate the position of the cathode and anode where the electrical probes were

connected for the /V/sweeps. The yellow portions of the film are made of perovskite degraded into Pbly, as the effect of beam damage.
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The impact of X-ray beam damage can be quantified by looking at how the intensity of the perovskite or Pbl,
diffraction rings decrease and increase, respectively, over time during the GI-WAXS and the JV measurements
in-situ during the anneal at 88.2°C. Figure S19a shows plots of the perovskite peak integral vs annealing time for
7 IBC solar cells measured under different conditions. The trend up to ~50min is similar for all samples,
suggesting that the perovskite film is unaffected by beam damage until a complete precursor to perovskite
conversion has taken place. However, after ~50min there is a clear difference between the IBC solar cells
exposed to a high X-ray dose (>1.1 s/min) and the ones exposed to a lower X-ray dose ( <1.1 s/min). Exposure to
large doses of white light contributes to perovskite film damage as well (¢f. S117 and S115 with S113). The
appropriate GI-WAXS sampling rate must be as high as possible to guarantee good temporal statistics within the
same sample and as low as possible to minimize beam damage. Moreover, the GI-WAXS integration time
should be as high as possible to guarantee a good signal to noise ratio of the GI-WAXS images and as low as
possible to minimize beam damage. For example, a ‘realistic’ trend of the perovskite peak vs annealing time
would be similar to the one of S132, however in this case GI-WAXS patterns are acquired every 10min and with
an integration time of 1s. The trends of the J,. (Figure S19¢) and V.. (Figure S19¢) and the perovskite peaks vs
annealing time are similar. However, here beam damage has a lower impact as the interdigitated electrodes
extend outside the region probed by the X-ray beam. Therefore, light damage has a stronger influence on the

FOM (cf. S115 with S113).
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Figure S19 | Effect of X-ray and light damage on (MAI:PbCI2 + HI) IBC solar cells. a, Normalized perovskite peak integrated intensity
vs annealing time (see Table S1). b, as a for the normalized short circuit current density. ¢, as a for the open circuit voltage. In the

legends, the light exposure in seconds per minute is followed by ‘L’, and the X-ray exposure in seconds per minute is followed by 'X'.
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Comparison between IBC and planar solar cells
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Figure S20 | Figures-of-merit of planar solar cells annealed ex-sitvat ~97°C. The red bars indicate the average+std for the data points

(black dots).
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Figure S21 | Normalized fill factor of (MAI:PbCI2 + HI) IBC solar cells annealed /n-situand planar solar cell (S128) annealed ex-situat
~97°C and structural data. a, Comparison between normalized FF of IBC S128 and a series of planar solar cells. The red bars indicate the
averagezstd for the data points (black dots). The following measurement procedure for S128 was repeated every 54.4s: measure one Gl-
WAXS pattern (1s integration time), forward JV sweep (18s, light off), reverse /V/sweep (18s, light on, indicated as RL). b, Normalized GlI-

WAXS integrated intensity of the Pbl,, perovskite peak, and precursor peak extracted from the azimuthally integrated line profiles. The

GI-WAXS data was acquired /n-operando during the annealing of the IBC solar cell S128.
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Figure S22 | Normalized power conversion efficiency of (MAI:PbCI2 + HI) IBC solar cell (5128) annealed /n-situand planar solar
cells annealed ex-situat ~97°C and structural data. a, Comparison between normalized PCE of IBC S128 and a series of planar solar

cells. The red bars indicate the average+std for the data points (black dots). The following measurement procedure for S128 was

repeated every 54.4s: measure one GI-WAXS pattern (1s integration time), forward JV sweep (18s, light off), reverse //sweep (18s,
light on, indicated as RL). b, Normalized GI-WAXS integrated intensity of the Pbl, perovskite peak, and precursor peak extracted from

the azimuthally integrated line profiles. The GI-WAXS data was acquired /in-operando during the annealing of the IBC solar cell S128.
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IBC solar cells fabricated from MAI:PbCl, with Pbl,additive

We further applied this methodology to a precursor solution based on MAL:PbCl, (3:0.98) with Pb, additive
(0.5%) dissolved in DMF.? Figure S23 illustrates a summary of the /V and GI-WAXS measurements performed
in-situ during the anneal of IBC solar cells at three annealing temperatures (83.8°C, 92.5°C, 114.7°C). The full
dataset including diffraction patterns, /V measurements, and absolute values of the FOM is available in (Movie

S$1, S139 - https://voutu.be/ZSUug00lsyU#t=10m54s -, S137 - https://voutu.be/ZSUug00lsyU#t=11m29s -, S158 -

https://youtu.be/ZSUug00lsyU#t=11m59s -). Peak integrals of the precursor, perovskite, and lead iodide along

with the corresponding normalized FOM for each device are available in Figure S24-Figure S26. Figure S23a
shows the integrated peaks of the main perovskite peak, and Figure S23b shows the normalized PCE. Similarly to
what was discussed for the HI IBC solar cells, the PCE profile shifts in time with different annealing
temperatures. The /i (Figure S27) starts from very low values, increases, reaches a maximum, and then decreases
probably because of the continuous exposure to light. The V. (Figure S28) initially increases only in the IBC
annealed at 114.7°C, whereas for the other two samples, at the beginning, it seems to be quite constant. Then,
similarly to the HI IBC devices, the V.. reaches a local minimum, roughly in correspondence of the moment in
which the perovskite and precursor peak intensities are comparable (Figure S24-Figure S26). The FF (Figure
$29), except for the sample annealed at 83.8°C, reduces in the first instants of the anneal and then stays at
relatively stable values. Importantly we notice that the perovskite resulting from this precursor solution, seems
to be more resilient to beam damage. For example, the Pbl, signal of IBC S137 (Pbl, additive) annealed at 92.5°C
is significantly lower than the PbI, recorded for IBC S129 (HI additive) annealed under the same conditions

(Figure S30).
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Figure S23 | Perovskite peak integral and normalized PCE extracted from simultaneous GI-WAXS diffraction patterns (dark) and
current-voltage (light) measurement of (MAI:PbCl> + Pbl2) IBC solar cells during /n-situ anneal at 83.8°C, 92.5°C, and 114.7°C. a,

Integrated perovskite peak intensities vs annealing time b, Normalized PCE vs annealing time.

The JMA analysis (Figure S31) performed on the perovskite peaks from IBC solar cells annealed at (83.8°C,
92.5°C, 101.6°C, and 114.7°C) reveals that employing Pbl, as an additive in MAIL: PbCl, slows down the
precursor to perovskite conversion dynamics, which is indicated by a larger activation energy (94 kj/mol vs

89 kJ/mol). The inclusion of additives might slow down the conversion speed, although because we annealed the
IBC solar cells under nitrogen, this cannot be ruled out. Finally, we also observe grain rotation and lattice

expansion or contraction in IBC solar cells fabricated using Pbl, as the additive (Movie S1).
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IBC S139 annealed at 83.8°C
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Figure S24 | Structural and opto-electrical p

arameters extracted from simultaneous GI-WAXS diffraction patterns (dark) and

current-voltage (light) measurement of a (MAI:PbCl,+ Pbl,) IBC solar cell (5139) during /n-situanneal at 83.8°C. a, Integrated

precursor, perovskite and Pbl, peak intensities vs annealing time b, Normalized figures-of-merit (FOM) vs annealing time. The following

measurement loop step was repeated every 54.4s: measure one GI-WAXS pattern (1s integration time), forward JV sweep (18s, light

off), reverse JV sweep (18s, light on).
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IBC S137 annealed at 92.5°C
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Figure S25| Structural and opto-electrical parameters extracted from simultaneous GI-WAXS diffraction patterns (dark) and current-

voltage (light) measurement of a (MAI:PbCl, + Pbl>) IBC solar cell (S137) during /n-situ anneal at 92.5°C. a, Integrated precursor,

perovskite and Pblz peak intensities vs annealing time b, Normalized figures-of-merit (FOM) vs annealing time. The following

measurement loop step was repeated every 54.4s: measure one GI-WAXS pattern (1s integration time), forward JV sweep (18s, light off),

reverse JV sweep (18s, light on).
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IBC 158 annealed at 114.7°C
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Figure S26 | Structural and opto-electrical parameters extracted from simultaneous GI-WAXS diffraction patterns (dark) and current-
voltage (light) measurement of a (MAI:PbCl, + Pbl>) IBC solar cell (S158) during /n-situ anneal at 114.7°C. a, Integrated precursor,
perovskite and Pbl> peak intensities vs annealing time b, Normalized figures-of-merit (FOM) vs annealing time. The following
measurement loop step was repeated every 54.4s: measure one GI-WAXS pattern (1s integration time), forward JV sweep (18s, light off),

reverse JV sweep (18s, light on).
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Comparison between IBC S139 (83.8°C), IBC S137 (92.5°C), and IBC S158 (114.7°C)
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Figure S27 | Perovskite peak integral and normalized Jc extracted from simultaneous GI-WAXS diffraction patterns (dark) and
current-voltage (light) measurement of (MAI:PbCl> + Pbl,) IBC solar cells during /n-situ anneal at 83.8°C, 92.5°C, and 114.7°C. a,

Integrated perovskite peak intensities vs annealing time b, Normalized c vs annealing time.
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Figure S28 | Perovskite peak integral and normalized Vb extracted from simultaneous GI-WAXS diffraction patterns (dark) and
current-voltage (light) measurement of (MAI:PbCl; + Pbly) IBC solar cell during /n-situ anneal at 83.8°C, 92.5°C, and 114.7°C. a,

Integrated perovskite peak intensities vs annealing time b, Normalized Vic vs annealing time.
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Figure S29 | Perovskite peak integral and normalized FF extracted from simultaneous GI-WAXS diffraction patterns (dark) and
current-voltage (light) measurement of (MAI:PbCl; + Pbly) IBC solar cell during /n-situ anneal at 83.8°C, 92.5°C, and 114.7°C. a,

Integrated perovskite peak intensities vs annealing time b, Normalized FF vs annealing time.
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Pbl, peak (HI and PbI, additive)
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Figure S30 | Comparison between the Pblz peak integrals of IBC solar cells from MAI:PbClzwith HI (5129) and Pbl2 (S137) additives.

The two IBC solar cells were annealed at the same temperature (92.5°C) and measured under the same conditions.
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JMA analysis (Pbl; additive)

Figure S31b shows plots of In(fx- £.1), where £ corresponds to the instants when x(#) is 0.8 and t,, corresponds to

the instants when x(¢) is 0. From the slope of the line in eq. (1) fittings these data points we obtain an activation

energy corresponding to 94423 kJ/mol.
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Figure S31| Kinetic data for isothermally annealed (MAI:PbCl,+ Pbl2) IBC perovskite solar cells. a, plots of the perovskite peak

integral extracted from azimuthally integrated line profiles for isothermally annealed perovskite solar cells at 83.8°C (blue diamonds),

92.5°C (red diamonds), 101.6°C (yellow diamonds), 114.7°C (violet diamonds), with the JMA model fits (sigmoid in eq. 1, solid lines). b,

plots constructed as described in the text and fitted with the line in eq. 1, to extract the slope corresponding to the activation energy E..

Table S4 | Parameters extracted from the sigmoidal fit of x(#) datapoints in Figure S31a using an activation energy of 94423 J/mol.

RZ?is the goodness of the fit.

Anneal Temperature n ko R?
(°C) (a.u.) (a.u.) (a.u.)
83.8 3.37+0.05 (1.43+0.01) x 10° 0.999
101.6 2.86+0.06 (1.25+0.01) x 10° 0.999
92.5 3.79+0.09 (1.40+0.01) x 10° 0.998
114.7 1.13+0.20 (1.65+0.15) x 10'° 0.973
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IBC solar cell active area

The active area employed for the calculation of the current density and the power conversion efficiency
corresponds to the area of the digits facing each other (Figure S32 in red colour) as in ref. [1]. This is the area
where the electric field between the PEDOT and TiO; coated digits is the highest. However, the actual active area
could be slightly higher than the 0.0396 cm? reported here due to extra charges generated outside this region. A
more precise calculation of the active area would have involved placing a shadow mask on top of the IBC solar

cell, but such a solution was not compatible with the GI-WAXS measurements.

Figure S32 | IBC solar cell active area calculation. The illustration shows the interdigitated area of an IBC solar cell. The digits face each
other for 6mm. Each digit is 0.1Tmm wide. The active area used for the calculations of the current density and the power conversion

efficiency is highlighted in red.
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Record Open Circuit Voltage

Table S5 | Record open crcuit voltages for the IBC solar cells measured in this work. Note that in case of forward and reverse sweeps

we report the maxium value. Note that S113 is measured during the anneal at 88.2°C and after the anneal at room temperature (24.9°C).

Sample | MaxVoc Measurement

name [V] Temperature [°C]
$130 0.67 88.2

S28 0.65 88.2

S29 0.10 88.2
S142 0.44 83.8
S129 0.46 92.5
S128 0.48 96.8
S132 0.58 88.2
S116 0.60 88.2
S117 0.66 88.2
S115 0.60 88.2
S113 0.59 88.2
§113d 0.91 24.9
$131 0.67 88.2
§105 0.75 96.8
$139 0.50 83.8
§137 0.46 92.5
§158 0.50 114.7
§135 0.59 101.6
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Cake slice

Figure S33 | Cake slice used for the extraction of the azimuthally integrated line profiles. y indicates the azimuthal angle.
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