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Sample Preparation and Characterization

Sample preparation was based on an earlier reported preparation with minor adjustments.*
A brief summary with all necessary steps is provided here.

Quartz substrates (12 x 12 mm?, with 1mm thickness, as well as 16 x 14 mm?, with
I mm thickness) were cleaned with water and soap, followed by ultrasonication in deion-

ized water, acetone and isopropyl alcohol. Finally, an O,-plasma cleaner was used on the
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substrates for 15min. A spincoating procedure was then used to produce the MAPbBr,
thin film. The precursor solution consisted of 1.1 mol/L methylammonium bromide (98.0%,
Sigma-Aldrich) and 1.1mol/L lead(II) bromide (PbBr, > 98.0%, TCI), dissolved into a
4:1 dimethylformamide (anhydrous, 99.8%, Sigma-Aldrich)/dimethyl sulfoxide (anhydrous,
> 99.9%, Sigma-Aldrich) solvent mixture. A hot plate was used for overnight dissolution
at 60°C The MAPbBr; precursor solution (150 pL.) was spun onto the quartz substrates at
6000 rpm for 30s after cooling. Fifteen seconds after the start of the spincoating, 150 uL
of chlorobenzene antisolvent (anhydrous, Sigma-Aldrich) was added to the substrate. The
substrates were annealed at 100°C for 1h after the spincoating. The entire spincoating

procedure was carried out inside a glovebox maintained at an O, level below 1 ppm.
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Figure S1: A) Scanning electron microscope micrograph of a representative MAPbBr, sample
area. B) XRD spectrum showing characteristic peaks confirming the sample is crystalline
cubic MAPbBr,.

The sample was characterized using XRD to confirm crystallinity and scanning electron
microscopy was used to estimate the crystal domain size and judge sample quality. The
average crystal domain size based on several XRD micrographs is estimated to be between
land 8pm. X-ray diffraction (XRD) measurements were conducted using a D2 Phaser
(Bruker) with a copper K-as (8027.8¢V) source. Ultraviolet-visible (UV-Vis) absorption

spectroscopy measurements were conducted with a UV-Vis spectrophotometer (UV-2600,
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Shimadzu) with a 1-nm step size, specially adapted to measure solid samples.

Experimental Details

Solid high-harmonic generation

The setup used in the presented experiments is slightly adapted from a previously reported
transient absorption setup, using the same laser and stages.? Briefly, an 800-nm, 45-fs, 3.5-
mJ output is generated at a repetition rate of 2kHz using a Solstice ACE (Spectra Physics)
laser system. The output is split at the laser exit, where part of the beam is redirected
into an optical parametric amplifier (OPA) and the other part is used for generating 400-
nm pump pulses. The 400-nm pulses are generated through second harmonic generation of
800nm in a SB-barium borate (BBO, 0 = 29.8°) crystal. The 800-nm fundamental is filtered
from the pump using a zero-degree high reflector and 400 nm bandpass filter. The 400-
nm pump is then attenuated through a neutral density filter wheel. The pump is spatially
overlapped with the probe using a pinhole that can be moved into the sample plane. The
near infrared (NIR) probe is generated inside an OPA system (TOPAS, Light Conversion)
and subsequently delayed using a delay stage (M-531.DD1, PI), after which it is sent unto
the sample. The NIR and any generated harmonics are then sent into an optical fiber
connected to a spectrometer (Maya 2000 Pro, Ocean Optics). The noncollinear angle of 6°
allows for spatial filtering of the direct pump beam, although scattered light can still reach
the spectrometer and obscures harmonics in the range between 390 and 420 nm a number
of measurements. Temporal overlap is found using difference frequency generation (DFG)
of the NIR and 400-nm fields in a second BBO crystal (6 = 29.8°), mounted in the same
plane as the sample, yielding difference frequencies of between 480nm (400 —2300nm) to
580 nm (400 —1300nm) at temporal overlap. The infrared driver was attenuated through
the use of a second neutral density filter wheel. The cross-correlation of the NIR and 400-

nm fields gives the temporal resolution of each combination of wavelengths, which was found
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to be between 95and 110fs at full-width at half-maximum (FWHM). Parallel polarization
between the 400-nm pump laser and NIR probe was ensured by inserting a broadband NIR
A/2-waveplate in the probe beampath.

The carrier density excited by the pump and its excited-state fraction were estimated by
assuming a 1:1 photon to excitation conversion in addition to a > 99% absorption of the
pump-pulse. The fluence was determined to be 0.3 mJ/cm? by measuring the power at the
entrance of the setup, the transmission through the setup and determining the spotsize with
a knife-edge measurement. The total number of states is determined by the total number
of unitcells within one em?, which was found to be 4.5 x 10*! cm™ based on a 3.582 g/cm?
density.?

Table S1: Table of FWHM spotsizes for intensity measurements in Fig.1B,C.D.

Wavelength FWHM Spotsize FError
1260 nm 1.7 x 10~* cm? +0.5 x 107% cm?
1440 nm 2.1 x 107% cm? +0.5 x 107* cm?
1570 nm 1.8 x 10~*cm? +0.5 x 107% cm?
2 2
2
2

1630 nm 2.1 x 107*cm +0.5 x 10~*cm
1850 nm 1.7 x 10~* cm? +0.5 x 10~*cm
2100 nm 1.9 x 10~ cm? +0.5 x 10~*cm

Intensity scalings for the various infrared driver wavelengths were conducted in the same
setup by simply blocking the pump and attenuating the infrared driver using a ND filter.
The laser power was measured using a powermeter (5401C, Thorlabs), while spotsizes were
measured at the sample position using a beamprofiler (Beamage-4M, gentec). Measured
spotsizes are provided in table S1.

The obtained vacuum intensity [,,. was then converted to the intensity inside the material
through taking into account the strong Fresnel reflection and large refractive index.%® This

results in Equ. S1 relating the intensity inside the material to the vacuum intensity.*

L = (o) (ﬁf Lo (S1)

1+n
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As a dielectric, the quartz substrate also has the capability of generating harmonics,
but due to its unfavorable thickness affecting phase matching in addition to its much larger
bandgap, the counts from the substrate are lower by a factor of more than one-hundred for all
harmonics and the measured harmonic signal and changes thereof are therefore attributed
to the perovskite thin film. Furthermore, the excitation pump is not intense enough to
excite significant carrier population from the valence band to the conduction band of quartz

through multiphoton excitation.

Transient SHHG spectral and temporal fitting

As the various harmonics investigated range in wavelength from 770 to < 300 nm, a con-
version of the harmonic spectrum from wavelength to eV was done to make counts more
comparable.® Harmonics of )y are separated from each other due to their orders of mag-
nitude difference in individual counts and subsequently scaled to their respective average
intensities before 7 = 0 ps (taken as having an average amplitude of 1). Each individual har-
monic is then fit to a normalized Gaussian, given by Equ.S1, so that the amplitude, FWHM
and center frequency changes can be tracked and extracted as a function of pump-probe

delay for every delay step.

B A 1 w — o — Ap 2
G(w)_(UO—Ag)\/ﬁeXp( 2( R )) (S1)

Where 24/2In(2) * 0 is the FWHM, and pq is the center frequency without pump pulse,

while p tracks the center frequency change. The amplitude A is a scaling factor to measure
the change in amplitude as a function of pump-probe delay. As long as the integral of
the spectrum can be well approximated with an error function, the center frequency and
amplitude can be tracked with a high degree of accuracy using Equ. S1. At very high carrier
densities (>1 x 10?° cm~3), where photobleaching and dielectric breakdown can occur, this

model might fail to fit the spectrum as the Ay shift originating from the electron impact
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ionization (EII) can cause the harmonic spectrum to no longer resemble a Gaussian for every
Ao near infrared driver.

Exciting MAPbBr; above its bandgap causes significant photoluminescence (PL) to be
observable by eye. Photo-emission through visible PL is one of the recombination mecha-
nisms in which electrons in the conduction band recombine with holes in the valence band and
become available again for SHHG. The PL signal can be faintly observed on the spectrometer
during pump-probe delay measurements, but as PL follows a wide-angle distribution,” while
the harmonics are collinear with the NIR driving field, the measured intensity of the PL was
insignificant compared to the intensity of third harmonics in the same spectral region, such

as the third harmonic of 1560 nm. It’s amplitude is therefore not taken into account.

Transient Absorption

Time-resolved visible transient absorption spectroscopy was conducted on a separate setup,
adjusted from earlier reports.® A titanium:sapphire laser (Spectra-Physics Solstice Ace,
800nm, 2mJ/pulse, 100fs FWHM, at 3kHz repetition rate) was used as source. Fifty
percent of the output is sent towards a BBO crystal for frequency doubling to 400 nm. The
400-nm pump pulses are attenuated through detuning the BBO. Five percent of the 800-nm
beam (100pJ) is passed through an computer-controlled adjustable delay stage, attenuated
using a neutral density filter, and focused a small distance behind a 1-mm sapphire plate to
generate the white light probe beam via supercontinuum generation. A chopper is synchro-
nized to the beam to block every other pulse for the transient absorption experiment. The
spectrum of the white light is measured when the pump is transmitted (I,) and the pump
is blocked (Iy) using a single diode array (Hamamatsu NMOS S3901-512Q). Fast electronics
(TEC5) were used for reading out the signal. The difference absorption AA is calculated
using AA = —logio(L,/1o). A half-wave plate was used to match the relative polarization
between the pump and the probe. The instrument response is 200fs. A Fourier filter was

used to remove rapidly oscillating components originating from electronic noise in the spec-
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tral domain. The pump intensity is estimated using a pinhole measurement by measuring
the power through a pinhole as a function of position along the beam propagation direction.
The Burstein-Moss shift of the GSB in a transient absorption spectrum can be used to

estimate carrier densities at high excitation levels and is described by Equ. S1.%1°

h2
AEBM = 2—W(37T2n0)2/3 (S].)

T

The shift AEgjs is taken as the difference between the FWHM of the TA at the minimum
and at +30 ps. It follows from Equ. S1 that a measured FWHM difference A E'gy; of 150 meV
and a reduced mass of the electron hole-pair of m? = 0.185m,, 12 that the carrier density is
(2.14+1.1) x 10" ecm~3. The uncertainty mainly originates in the range of reported effective

hole-pair masses between 0.09 and 0.25 m,.'*1?
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Transient complex refractive index

One possible factor in changes in the transient SHHG is a change in the transient Fresnel
reflection as a consequence of changing n and k. Using a Kramers-Kronig (KK) transforma-
tion, through a method published by Ashoka et al.,'® and the previously reported n and k
as additional constraints,!” the transient dielectric constants Ae; and A€, can be obtained.
Through a conversion, An and Ak can then be obtained from Ae; and Aey. The results are

depicted in Fig. S2.
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Figure S2: A) An as a function of pump-probe delay, extracted from the transient absorption
and static absorption spectra through a KK transformation. B) Ak as function of pump-
probe delay.

These results show that the transient reflection changes originating from pump-induced
changes to n and k are not zero, but also do not change dramatically and are not the main
cause of amplitude changes. They do however affect the apparent blue- and red-shift around

the bandgap where gradients of n and k affect both absorption and reflection.
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Additional transient solid HHG data
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Figure S3: Relative (Rel.) changes of spectral components for harmonics of various NIR A.
A change of 0 equals no change between pump on and pump off, while positive and negative
changes are depicted A) Transient of the third (770 nm) and fifth (470 nm) harmonic of Ay =
2320 nm. B) Transient of the third (618 nm) and fifth (310 nm) harmonic of A\g = 1850 nm.
C) Transient of the third (683nm) harmonic of Ay = 2050nm. D) Transient of the third
(545nm) harmonic of A\g = 1635nm. E) Transient of the third (520 nm) harmonic of \g =
1560 nm. F) Transient of the third (480 nm) harmonic of A\g =1440nm. G) Transient of
the third (567 nm) and fifth harmonic (340 nm)of Ay = 1700nm. H) Transient of the third
(500 nm) harmonic of \g = 1500 nm.
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Figure S4: Accompanying figures to Fig. 3 in the main text. A) Transient SHHG of the
third (500 nm) harmonic of Ay = 1500 nm. B) Extracted Amplitude, Ay and AFWHM for
A). C) Transient SHHG of the third (520nm) harmonic of A\g = 1560nm. D) Extracted
Amplitude, Ay and AFWHM for A). E) Transient SHHG of the third (580nm) and fifth
(340 nm) harmonic of \g = 1700 nm. F) Extracted Amplitude, Ay and AFWHM for C). G)
Transient SHHG of the third (618 nm) and fifth (370nm) harmonic of Ay = 1850nm. H)
Extracted Amplitude, Ay and AFWHM for E). I) Transient SHHG of the third (683 nm)
harmonic of Ay = 2050 nm. J) Extracted Amplitude, Ay and AFWHM for G).
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Amplitude and center frequency changes

This section depicts figures to show intensity dependence for two third harmonics of two
infrared wavelengths. Fig. S5 shows the effect that pump intensity has on the amplitude
of the third harmonic of 1560nm at a fixed delay of +0.4ps. In general, a suppression or
even a slight recovery for a given delay is observed as a function of intensity. Fig. S6 shows
the amplitude and center frequency dependence of the third harmonic of 1850 nm at four
different intensities. This figure shows that the minimum shifts as a function of intensity.
We attribute this to HCC rates slowing down as a function of pump intensity. The figure
also shows that the center frequency shift reaches a maximum at a different point than the
amplitude, which is evidence for two different mechanisms working concurrently.

The transient saturation in Fig. S5 is fully reversible. Absence of photodegradation was

verified by moni-toring and verifying the stability of luminescence from the samples.
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Figure S5: A) Spectral amplitude as function of pump intensity for the third harmonic of
Ao = 1560nm at 7 = 0.4 ps fs. B) Suppression (1 — A/Ap) as a function of pump intensity
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harmonic of 1850 nm as a function of pump-probe delay.
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Additional Tables

This section depicts the complete tables of extracted amplitude (Table.S2), center frequency
(Table.S3) and FWHM (Table.S4) changes for eight NIR wavelengths and their various
visible harmonics.

Table S2: Amplitude Data at 0.3mJ/cm? 400-nm pulsed excitation. The first row shows the
TA fit of the ground state bleach (GSB). *5HG obscured by pump.

Ao & HO o and 71 (ps) 7 Bi. Rec. (ps) Amplitude
TA,GSB IRF, 0.53+£0.05 5.240.3 -
2320nm THG IRF 2.240.6 0.85
2320 nm 5HG IRF 2.240.2 0.6
2050 nm THG* IRF 3.510.3 0.75
1850 nm THG 0.2140.02 5.7+5.1 0.6
1850 nm 5HG 0.14 3.240.2 0.6
1700nm THG  0.2640.01 - 0.85
1700 nm 5HG 0.13£0.03 - 0.92
1635nm THG  0.41+£0.06* 1.44+0.5 0.7
1550nm THG  IRF 5.24+0.3 0.25
1500nm THG  IRF 5.5+0.3 0.55
1440nm THG  0.2+0.1 4.940.3 0.75

Table S3: Overview of extracted center frequency parameters at 0.3 mJ/cm? 400-nm pulsed
excitation. * The initial change is a redshift for 7y, caused by the cross-phase modulation,
afterwards a blueshift of +1 meV is observed until t=+1.5 ps. ** A redshift occurs after the
initial EII blueshift.

Ao & HO 7o and 71 (ps) 7y Bi. rec. (ps) Magnitude (meV)
2320nm THG IRF 3.910.7 +2
2320nm 5HG IRF 3.9£+1.9 +10
2050nm THG IRF 3.6+0.3 +1*
1850nm THG 0.68+0.05 2.61+0.2 +3

1850 nm 5HG IRF 1.2 +5
1700nm THG 0.43+0.02 3.9+14 +2

1700 nm 5HG  0.284+0.08 - -1

1635nm THG IRF,0.454+0.9 0.48+0.1 -1.5

1550 nm THG 0.8+23 6.8+0.7 41%*
1500nm THG 0.63+0.02 6.3+£7.9 +-2.5%*
1440nm THG 0.8+0.8, 1.1+1.1 4.7+0.7 +2, +1.4%*

Some additional information can be gleaned from the FWHM behavior in table S4 which

S13



Table S4: Complete Gaussian FWHM Data at 0.3mJ/cm? 400-nm pulsed excitation. * A
rapid oscillation is observed in the first 1.5 ps. ** Initial broadening follows IRF, broadening
peaks at 1ps *** Change resembles noise around 0

Ao & HO 7o and 71 (ps) 7o Bi. rec. (ps) Magnitude (meV)
2320nm THG IRF 1.7+0.2 -2
2320nm 5HG IRF 5.0£0.9 -8.5, -0.5
2050 nm THG** IRF 3.6£0.3 +4

1850 nm THG 0.47+£0.02 3.1+0.2 +12
1850 nm 5HG 0.40+£0.04 1.5 -8

1700 nm THG 0.31+0.01 - +6

1700 nm 5HG*** - +0
1635nm THG IRF, 0.44£0.23 5.0£1.7 -2.5,-1.5
1550 nm THG 0.244+0.9 2.5%£1.0 +4.5
1500 nm THG 0.27£0.03 4.0£28 +0.5
1440 nm THG IRF, 0.29£0.07 3.2+0.7 +1

cannot be gleaned from the Ap or amplitude changes. In certain data-sets, such as the

third and fifth harmonics of 2320 nm in Fig.3A and B, the FWHM shows a rapid oscillation

around pump-probe overlap. This is due to cross-phase modulation of the probe pulse as a

result of the interaction of the pump pulse on the refractive index, causing rapid changes as

a function of pump-probe delay during the temporal overlap.'®
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Theoretical Modeling

In this section, the parameters and assumptions of the EIl and semiconductor Bloch equa-

tions are presented and discussed.

Semiconductor Bloch Equations

The behavior of the amplitude drop is theoretically explained through the semiconductor
Bloch equations (SBE’s) in a three-level system for MAPbBr;.'9 The Ay = 1500-nm field
intensity was fixed to 2 x 10" W/ecm? with a pulse duration of 20fs, or 4mJ/cm?. The
assumptions in this SBE simulation apply to the minimum of the amplitude, that is, once
non-equilibrium distributions have cooled through HCC. The dephasing time (T5) was set to
half an optical cycle (T = 51s) for the initial calculation, thus T, = 2.5fs, but was reduced
to 1.25fs and 0.5fs to calculate the effect of a significantly reduced Ty. The VB and two
lowest CBs along the R-I' direction are used, as the steepest band gradients of the VBs
and CBs are situated along this crystal direction in the Brillouin zone.?® The SBEs then
calculate, in k-space, a system of coupled differential equations that use periodic boundaries
matching the Brillouin zones of the crystal. This yields the interband polarization P(w) and
intraband current J(w). The absolute square |w*P(w) + iw.J(w)|* then yields the spectral

density Iyug, which is depicted in Fig. 4E.

Electron Impact Ionization

The center frequency shift is explained through an EII mechanism which occurs at high
carrier densities. The justification is as follows: the 400-nm pump pulse excites carriers
through single-photon excitation (SPE) into the conduction bands, creating an electron-hole
plasma. This pump-induced electron-hole plasma acts as a seed population for EII driven
by the IR probe laser pulse. Electron impact ionization is relatively efficient in the NIR

spectral region due to the EII cross section being proportional to the wavelength (i.e. the
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IR wavelength in this case) squared.?! This is also why no center frequency shift is observed
before pump-probe pulses, despite both pulses interacting with the material - the IR does
not excite a significant carrier population to the conduction bands. The population transfer
due to IR-driven EII induces a negative index of refraction change, resulting in an ionization
induced blueshift of the IR. The EII becomes less efficient when fewer carriers are in the
conduction bands, so the decrease in electron-hole plasma density through recombination
mechanisms results in a decreasing blueshift.

The parameters for the simulation were chosen as follows: Both pulses are described by
a Gaussian envelope. The 1440-nm IR probe duration at FWHM is taken to be 70fs (based
on the duration obtained through frequency-resolved optical gating (FROG) measurements).
The 400-nm pulse duration at FWHM is taken to be 50fs, which is an estimate based on
the cross-correlation of the difference frequency generation of the known IR pulse duration
and the unknown 400-nm pulse duration. The error on this estimate is around 10fs, but
does not affect the simulation significantly. The rate at which the pump creates a plasma
through SPE is Wgpg = 0 * I,ump, With o the excitation cross-section and I, the intensity
of the pump. As the pump pulse has a Gaussian shape, the resulting total plasma density p
resembles an error function as a function of time. The effective electron mass meg is taken
to be 0.2m,, as experimental ranges are reported between 0.13 and 0.25m,.'%322 A lower
effective electron mass would result in higher EII rates that are not observed. As the EII
acts on the fundamental, the blueshift is simply multiplied by three for the third harmonic
to match it.

The EII cross section ogy is described by:2!

e? Te

(S6)

OEn = 3
Nibe (Wo ) Meicey 1 + w2

In which 7. represents the characteristic collision time, wy the angular frequency of the

light, npe(wo) the wavelength-dependent refractive index due to the bound electrons, ¢, the
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permittivity of free space, e the electron charge and ¢ the speed of light. The relaxation
parameter Tyeax Was set to 1 ps. Excited electrons decay to lower conduction bands accord-
ing to Wgre = exp(—t/Trelax), wWhich in this approximation also accounts for any electron
trapping. The real decay is better approximated by a bi-exponential decay. The impact rate
is described by Wgn = a * p(t) * Ipobe(t). Where a = onyp/Eeit was found to be 6 2e—2 by
fitting to the A(p) shift of the third harmonic of 1440 nm, as parameters are challenging to
measure directly due to difficulty in accessing them. « is therefore numerically approximated
and evaluated to see if it is indeed reasonable.

The total plasma density evolution 8@—9 is dependent on the single-photon excitation rate
Wspg, the rate due to EII Wy and the relaxation processes captured by Wge is described
by:

Ip(t)

o Wepg + Wi — Wrel (S6)

The ionization-induced blueshift rate along material depth L = 300 nm is then described

by

2
Ap— L 0p(t)
2ceomegw Ot

(S6)
The blueshift resulting from the EII is then calculated for every timestep. The temporal
profile of the THG blueshift is then gated by the normalized temporal profile of the IR

probe. The result is a theoretical curve that agrees very well to the experimental data when

simulated for the third harmonic of 1440 nm.
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