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S1: Additional OD and PL spectra
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Figure S1: (a) Optical Density of the neat Pbl; layer. (b) 2D map of the temporal evolution of the
PL spectrum with absolute measured intensities as indicated with colors. (c) 2D map of the
temporal evolution of the measured Optical Density with intensities as indicated with colors. As

a reference spectrum lo, the transmission through a blank quartz substrate was used.
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S2: Fitting of hyperbolic secant to measured PL in range |
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Figure S2: Normalized PLat t = 1.4 s (black) and a fit using a hyperbolic secant, demonstrating the
asymmetry of the measured PL line shape, plotted on a (a) linear intensity scale and (b) log

intensity scale.

$3: Calculation of MAPbI; crystal size from the PL spectra in range | using confinement approach:
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Figure S3: (a) Correlation between PL Peak energy E and crystal size d as proposed by Parrot et
al,'E =E; + % with E;=1.63 eV and different b values of 1 eVnm? (dashed blue), 3 eVnm? (solid
black) and 5 eVnm? (dashed purple). The curves for b=1 eVnm? and b=5 eVnm? were used to
calculate the crystal size error. (b) Evolution of crystal size (red dots) within the first 4 seconds of
processing, where the crystal size is calculated on the basis of the black line in (a). The initial

growth rate was quantified using a linear fit in the time range up to 1.0 s (black line) where a slope

of 11+2 nm/s is obtained.
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S4: Extracted absorption edge of PL in range Il
PLfinal

The optical density of the absorption edge was extracted by OD = —log (PL ), where
initial

PLipitiqi isthe PLat t = 9.1 s and PLg;pq is the PLat t = 12.6 s scaled to the red falling edge of

PLinitiai- Note that this scaling procedure does not alter the spectral shape of the obtained

absorption, but only shifts it up in OD to avoid negative ODs.
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Figure S4: (a) PLat t = 12.6 s (red) scaled to the lower energy edge of the PL at t = 9.1 s (black)
together with the calculated optical density if the spectral change was due to self-absorption
(blue line) and the measured absorption edges determined by the measured optical density
(green) att=12.6s, (b) Normalized calculated (blue) and measured (green) optical density at t =

12.6 s, from which the deviations in both shape and energetic position become clear.
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S5: Effect of self-absorption in range lll
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Figure S5: Normalized measured PLatt=9.1 s (black) and t =12.6 s (grey), together with modeled
PL considering self-absorption and internal reflections, assuming the PLat t =9.1 s to correspond
to the intrinsic Pl spectrum. The significant mismatch between the modeled PL and the

experimental one at 12.6 s demonstrates that the observed spectral change are not due to self-

absorption effects.

S6: Difference PL spectra in range lll
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Figure S6: Normalized difference spectra between the PL spectrum at 9.1 s and the later spectra

(times as indicated) in range Ill.
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$7: Thickness Calculation from Absorption Interference at range lll

Interference fringes in the measured absorption spectra were observed at the end of range Il as
shown in Figure S7a t; = 11.6 s (red curve). Based on the appearance of this interference fringes,
we can estimate the thickness of the sample, from the following equation:% 3

A4,
2(A np—4,nq)

d = (S1)

d: thickness of the sample;
A1 and Az: the wavelength at two adjacent maximum or minimum intensity;

n1 and ny: the sample refractive index at A1 and A,.

To quantify the value of A1 and A,, we use the normalized absorption e.g. at t; =11.6 s and subtract
the absorption spectrum at t; = 9.1 s (without interference) and obtain the blue curve in
Figure S7a. The refractive index has been taken from Leguy et al., Sani et al. and Riccardo et al.
for CH3NHsPbls, isopropanol and Pbl, respectively.*® In the range between 550 — 750nm, the
refractive indexes of these three materials are, 2.4~2.5 (CH3NH3Pbls), 1.3~1.4 (isopropanol) and
3.1~3.2 (Pbl,). Depending on the chosen parameters the calculated thicknesses from Equation S1

differ (Figure S7b)
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Figure S7: (a) Normalized absorption spectra at 9.1 s (black) and 11.6 s (red). The blue curve
indicates the difference of absorption at t; and its original absorption at t; and was used to extract
A1 and Az (b) The calculated thickness from the interference fringes using the refractive index of

isopropanol (yellow dots), MAPbIs (grey squares) and Pbl, (green triangles).
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$8: Estimation of MAPbI; thickness from absorption data
From Lambert-Beer law,
[ = [je~*4 (S2)
Iy: Incident intensity;
I: Transmittance intensity;
a: Absorption coefficient;

d: Film thickness.

Then we can obtain the thickness from the following equation:
a=2303 (%D) (S3)

OD: Optical density.

The absorption coefficient is extracted from literature,” as illustrated in Figure S8a. Figure S8b
shows comparison of experimental absorption spectra and calculated absorption with thickness

and absorption coefficient plotted in Figure 4 in the main text.

a) — 1 r T 1 T T T b)

-T'ime (s): ' I I ' ' '
04 B : ‘713 °® ceed
10000 9.1
—~ —~0.3 11.5 -
S =] 12.6
E 8 roe 129 aasdd
~ Q02+ + 133 |
31000 @) I 13.6 )
o1y AT o
L at )
100 . . . . - 0.0 e S S LT it et I PR RN
1.60 1.64 1.68 160 162 164 166 168 1.70
Energy (eV) Energy (eV)

Figure S8: (a) Absorption coefficient of perovskite film used for thickness calculation,” (b)
Experimental absorption spectra at different time (Symbol) and the corresponding calculated

spectrum from absorption coefficient and thickness (lines).
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$9: Calculation of growth rate in range IV
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Figure S9: Linear fit to MAPDbIs layer thickness in range IV to estimate the MAPbIs growth rate

from resulting slope, where we find a value in the range of 445+15 nm/s.

$10: Estimation of MAPbIs thickness from the PL spectra in range IV
As outlined in our previous work,® for a given intrinsic PL, the detectable PL after internal

reflections and self-absorption can be expressed as
PLdetected(E) =C- PLdirect(E) + PLfiltered (E) (54)

PLgirect (E) and PLgjjtereq (E) can be calculated according to the Beer-Lambert law,

PLgirect(E) = fOL PLint(E) -n(x)?- (1 —17) - exp[—a(E) - x] dx (S5)

PLgjterea(E) = fOL Y1 PLinc(E) -n(x)? - (1 —15) - {4; + B;} dx (S6)

with 4; = rfj . rbj -exp[—a(E) - (2jL + x)] considering the part of the PL that propagates from
the site of generation, x; , towards the front surface, and propagation towards the back surface
is considered by B; = rfj_1 -rbj cexp[—a(E) - ((2j—1)-L+ (L —x))]. Here, a(E) denotes
the absorption coefficient of the material, 7 and 1, are the reflection probabilities at the front

and back interface, respectively, n(x) is the charge carrier density and L denotes the layer
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thickness. C is a suppression constant, which accounts for a mismatch of excitation and detection
spot, where C = 1 means no suppression and C = 0 full suppression of the direct PL.
As the PL at the beginning of range IV is already affected by self-absorption, the intrinsic PL must

be extracted by solving Equations S4-S6 for the intrinsic PL, PL;,;(E), which yields

PLint(E) = PLdetected(E)

. j‘L n(x)? - (1 — T'f) - exp[—a(E) - x] (S7)
0

-1

+ ) n@? - (1=17) - {4 + B} dx
j=1

with L being the thickness of the MAPbIs layer at the beginning of region IV, as determined by the
absorption data. The calculated intrinsic PL is shown in Figure S10. Using this intrinsic PL, the
thickness of the MAPDbI3 layer at any time is obtained by a least-squares-fit of Equation S4,

normalized, to the normalized experimental PL spectra, for a given parameter set with L being

optimized.
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Figure S10: PL at 12.7 s and calculated intrinsic PL for an assumed layer thickness of 50 nm by
inversely applying our model for calculating PL affected by self-absorption and internal reflections.

The calculated intrinsic PL is then used for the estimation of the layer thickness for the following

time steps.
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n(x) is approximated identical to the charge carrier density after laser excitation. By this, the
model neglects charge carrier diffusion. In the case of thin layers, where the optical path length
of the internally reflected light is on a similar length scale as the diffusion length of charge carriers,
this is likely to affect the quantitative results of our model.

The reflection probabilities at the interfaces were estimated by calculating the angle-dependent
reflection coefficients according to the Fresnel equations and then averaged over all possible
incident angles. With refractive indices in the relevant energy range of 2.5 for MAPbIz* °, about
1.45 for glass!?, 1.38 for isopropanol®, about 2.5 for Pbl,® and 1 for air, one obtains reflection
probabilities of 0.85 for the interface MAPbls-air, 0.7 for MAPbls-glass, 0.71 for MAPDbIs-
isopropanol and about 0 for MAPbIs-Pbl,. Except for the case of MAPbIz-Pbl,, reflections at other
interfaces are neglected for simplicity, but would lead to an increase of the overall “effective”
reflection probability. Since MAPbI; and Pbl, are nearly index-matched, we consider instead the
Pbl,-glass interface with the same reflection probability as the MAPbIs-glass interface.

Figure S11a shows the obtained thicknesses for different interfaces (glass-perovskite-air (g-a) and
glass-(Pbl,-) perovskite-isopropanol (g-i)) and suppression constants C, together with the one
obtained from the absorption measurements. All thicknesses obtained from the modelling agree
well with the ones obtained from absorption. Best agreement is obtained for Pbl; and isopropanol
as surrounding media and a suppression constant of 0.3 (g-i, 0.3; blue triangles), while all other
parameter sets yield slightly lower thicknesses. However, comparing the resulting modelled PL
spectra (Figure S11c-f) with the experimental ones (Figure S11b) reveals that the PL from (g-i, 0.3)
(Figure S11e) agrees worst with the experimental data, especially considering the temporal
evolution of the high energy falling edge. Second best agreement considering the thicknesses is
obtained with (g-i, 0.2), where also the modelled PL spectra (Figure S11f) match the experimental
ones nicely. A very similar result is obtained with (g-a, 0.3), and (g-a, 0.2) yields again slightly
smaller thicknesses.

To capture the temporal evolution of the thickness more accurately by our model, it would
probably be necessary to consider a transition of the interfaces, starting from Pbl, and
isopropanol and ending with glass and air as surrounding media. Since we have no indication on

when and how this transition happens, we can not examine this scenario closer.
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However, we want to stress that even with the simple model discussed above, good agreement
between the thickness from the PL modelling and the one from absorption measurements could
be obtained. Further, this clearly demonstrates that the observed red-shift of the PL in range IV

is due to self-absorption, and represents a good example of the magnitude of self-absorption,

despite excitation and detection being on the same side of the thin film.
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Figure S11: (a) MAPDIs layer thickness obtained from absorption measurements (black squares)
together with the ones from optical modelling considering internal reflections and self-absorption.

(b) Experimental PL spectra in range IV. (c-f) Modelled PL spectra considering internal reflections
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and self-absorption for different surrounding media (that is glass and air (g-a), or glass and

isopropanol (g-i)) and different suppression constants of 0.3 and 0.2.

S$11: XRD measurements of the sample
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Figure S12: XRD pattern of (a) Pbl, and (e) MAPbI; obtained from references.' 12 XRD spectra of
(b) Pbl, layer on glass substrate, (c) with MAI solvent spin coated on the Pbl; layer and (d) the

MAI + Pbl; film after 45min thermal annealing.

Figure S12c shows that the formation of perovskite after the spin coating of MAI solvent. The
peak 2theta = 11.4° suggests the existence of dihydrate (MA)4Pbls-2H,0.% 13 while any sign of
remaining educt phase e.g. Pbl; is absent. After thermal annealing, the signal from the dihydrate

completely vanishes (Figure S12d).
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$12: Estimation of average grain size of MAPbI; from SEM and theoretical model

Figure S13: SEM images of the prepared film after spin coating. It yields compacted perovskite

crystals. The size of the grains is between 50 nm-300 nm.

Theoretical model:

Ahn et al. derived the interaction formula to correlate grain size (Y) with MAI concentration (X)

used in two step processing given as:!*

1.22
InY = m + 3.73 (58)

Here, C = 0.02 M MAI solution has been taken as equilibrium concentration by assuming that

0.02 M MAI solution could not react with Pbl; films at room temperature. Using these conditions,

grain size expressed as:

Y = exp(1.22/((In(X) — In(0.02))?) + 3.73) (S9)

1000
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100 1

0.0 0.1 0.2 0.3 0.4 0.5
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Figure S14: Average grain size of MAPbIs as a function of MAI concentration based on the model
presented by Ahn et al.'* The calculated grain size for 0.25 M (40 mg/ml) concentration (used for

this study) is about 50 nm.
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$13: Estimation of local heating due to laser excitation
The temperature change of the excitation spot during laser light illumination is generally

determined by the heat delivered Q, divided by the heat capacity C of the material, thus AT =

. . A . .
Q/C. The delivered heat by the laser per time % is proportional to the laser fluence

E, multiplied by the area of the excitation spot A,,;. However, one has to consider that not all
the laser light is absorbed. For the excitation wavelength of 520 nm, we observed a maximal
optical density of 1 for the perovskite samples, thus 90 % of the laser light is absorbed, neglecting
reflection, which would reduce the amount of absorbed light further. Additionally, not all of the
absorbed energy is transformed into heat. One part of heat is provided by thermal relaxation of

the carriers from their initial energy to the energy of the band gap, which gives a fraction of

AE _ 238eV-1.63eV
Ephoton 2.38eV

= 0.315. The relaxed charge carriers can then either recombine

radiatively or non-radiatively, producing heat. Assuming a PLQY of 0.1, corresponds to a fraction

i . 1.63 eV -0.9 .
of non-radiative decay of 90%, so that we get another fraction of Z;T = 0.616. Thus in sum,

a fraction of f = 0.931 of the irradiated energy is transformed to heat.
Since the sample is illuminated continuously during one frame (approx. 0.045 s) and the heat is
not delivered instantly, one has to consider the cooling of the heated spot by thermal transport

through the substrate to the spin coater. This is given by the heat equation:

aq _ aar
20 _ a1, (S10)

where A is the thermal conductivity, AT is the temperature of the bath minus the temperature of
the excitation spot, A is the area normal to the heat flow, and l is the length over which the
dissipation takes place. Since the spot size is large compared to the thickness of the perovskite
layer, lateral heat transport can be neglected and A = Agp;-

In thermal equilibrium, the decrease of heat by thermal transport is equal to the increase of heat

by laser irradiation,

AQges AAT
A_g; = TAspot +E.-f- Aspot =0 (511)

Rearranging this equation for AT gives

—AT =212 (512)
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Considering the spin coater as a thermal bath with a constant temperature of 300 K, the heat

transport takes place over the thickness of the substrate, that is [ = 1 mm. The thermal
conductivity of fused silica, which transports the heat, isA = 1.5 %.15 The fluence of the laser

was determined to be E, = 75 mW /cm?. Inserting this into equation S12, gives a heating of the

sample of |AT| = 0.5 K upon laser exposure.
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