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Thethin MAPDbIzand MAg 15FA ¢ 75Csy 1Pbl 3 perovskitefilms
havestrongnonlinear absor ption with coefficientsof 443 + 20
and 830+ 50 cm GW-L, respectively, due to two-photon
absorption at 1064 nm. The photochemical degradation of
perovskite films was observed upon irradiation with
femtosecond pulses at 532nm, and the depth of
photodegradation decreased in perovskite films protected
with aPMMA polymer layer.
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Metal halide perovskites are of interest because of their excellent
optical and electronic properties. The perovskite materials can be
considered as potential media for nonlinear optical modulators.1?2
In this work, we employed a Z-scan technique to investigate the
nonlinear optical response of thin perovskite films (PFs) under
pulsed femtosecond laser irradiation at 1064 and 532 nm.
Perovskite films of MAPbI; + 1%PVC (thickness, 65 nm)3 and
MA 15FA, 75Cso.1Pbl; (thickness, 45 nm),* where MA and FA are
methylammonium and formamidinium cations, respectively, and
PVC is poly(9-vinylcarbazole), on glass substrates were obtained by
a spin-coating method in an inert atmosphere in a nitrogen glove box
(O, and H,0 levels, < 0.1 ppm) as described previously.? To prevent
contacts of PFs with ambient moisture and oxygen, the samples
were covered (encapsulated) with a thin PMMA polymer layer.

A pulsed Yb-doped fiber laser at 1064 nm with an output
pulse duration of 400 fs was used as an excitation source for
Z-scan experiments. The pulse repetition rate was 10 kHz with a
pulse energy of 1.5 uJ. The open aperture Z-scan experiments
were carried out for recording nonlinear absorption only. The
band gaps of the samples were in the range E, = 1.49-1.62 eV,?
which exceeds an excitation photon energy of 1.16 eV. However,
it becomes possible to transfer photoexcited electrons to a
conduction band by two-photon absorption (TPA). Depending
on the incident intensity |, and sample thickness L along the Z
axis, the transmittance is described by the equation:®
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where S is the nonlinear absorption coefficient (TPA
coefficient), and I, is the intensity of radiation transmitted
through the sample.
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Figure1 shows the dependence of the normalized
transmittance on the incident pulse peak intensity for the thin
PFs taken from the experimental Z-scan curves at z = 0.

The best approximations of experimental curves using equation
(1) gave the nonlinear absorption coefficients of 443 + 20 cm GW-1
for  MAPDbI;+1%PVC and 830+50cm GW  for
MA 15FAG 75Csq 1Pbl5. The found TPA coefficients are consistent
with the coefficients determined earlier.5-° As noted by Ferrando
et al.,1% the nonlinear NIR absorption coefficients of the PFs are
higher by two orders of magnitude than those of ordinary
semiconductors (Si, ZnSe, and CdSe). We did not find the
dependence of the nonlinear properties on the protective
PMMA layer in the perovskite samples under femtosecond
irradiation at 1064 nm. The experimental Z-scan signals at
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Figure 1 Normalized transmittance vs. incident pulse peak intensity for
(circles) MAPDI; + 1%PVC and (squares) MA, 15FA, 75Csq 1Pbls; solid
lines show the best approximations by equation (1).
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1064 nm were repeatable, and they did not change from one
experiment to another.

We carried out similar Z-scan experiments at 532 nm with the
photon energy E = 2.33 eV > E;. The duration and energy of
excitation pulses at wavelength of 532 nm were 300 fs and 150 nJ,
respectively, with a pulse repetition rate of 10 kHz. The
experimental Z-scan curves showed the bleaching of the samples
with increasing intensity in the waist of a laser beam. The signal of
bleaching was unrepeatable, and it increased every time when the
sample passed through the waist region to confirm photochemical
decomposition in the area of irradiation. We studied the kinetics of
photobleaching of PFs under exposure to high-intensity light at
532 nm. The samples were installed in the waist of a laser beam,
and optical transmittance was measured at an incident power
density of 53 W cm and a peak intensity 18 GW cm=2 on the
perovskite sample surface. The effect of a protective PMMA layer
on the rate of degradation was examined. Figure 2 shows the
kinetics of photodegradation.

The kinetics of photodegradation of PFs was described by the
following equation:

AA = aexp(— k) + bexp(—k) + C. @
0

Table 1 summarizes the results of the approximation of
experimental curves by equation (2).

As follows from Table 1 and Figure 2, the kinetics of
photodegradation is decomposed into two photochemical
processes with different rates. At the first stage, the rates from
0.68 to 0.98 s! did not depend on the encapsulation of PFs with
PMMA layers within the experimental error, whereas the rates
from 0.02 to 0.06 s~! at the second stage and the coefficient b
depended on the encapsulation. In unprotected films, the rate k;,
was lower and the coefficient b was higher; therefore, long
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Figure 2 Kinetics of photodegradation of PFs under irradiation at a
wavelength of 532 nm. The time dependence of the normalized optical density
of (@) MAPbI; + 1%PVC and (b) MAg5FAq75Csq1Pbls. Blue and green
curves refer to PFs encapsulated with a PMMA layer and nonencapsulated
PFs, respectively, and black lines show approximations using equation (2).

Table 1 Fitting parameters for experimental curves of photodegradation
using equation (2) for PFs encapsulated with a PMMA polymer layer and
nonencapsulated PFs.

Sample alb kst ks
MAPbI; + 196PVC 121
MAPDI, + 1%PVC + PMMA  2.27
MA 15FA 75Cso.1Pbl5 0.79
MA 15FAq 75CSp.1Pbl; + PMMA  1.69

C (%)
0.93+0.05 0.037+0.002 47
0.98+0.05 0.060+0.002 64
0.68+0.04 0.020+0.001 48
0.77+0.05 0.047+0.002 69

exposure times led to a lower normalized absorbance level of
47-48%, as compared to a level of 64-69% in protected films.

At the first stage, fast photochemical and thermal (local
heating of the film under laser irradiation) decomposition
reactions occurred inside the PFs, and this process was
independent of the presence or absence of the protective PMMA
layer. We assume the following decomposition reactions of
perovskites: APbl;— Al+Pbl, (A is a cation),"* Pbl,—
PbO + 1,712 and CH3NH4Pbl; — Pbl, + CHyNH, T + HIT.13

At the second stage, the perovskites and their decomposition
products reacted with ambient water and oxygen, which diffused
into the reaction zone. The overall reaction of light- and oxygen-
induced degradation was 2CH;NHsPbl; + xO, + v —
2CH3NH, T+ Pbl, + 21,7+ PbOy, _ 3 + H,0T.24 The products
CH3NH, and Pbl, decomposed to CHgl, NHj, I, and Pbh? upon
irradiation with ligh.1> Perovskites were also hydrolyzed with
ambient water to form CH3NH,, Pbl, and HI.26 In this case, the
presence of a polymer layer reduced the rates of delivery of
water and oxygen to the reaction zone and the rates of removal of
gaseous reaction products; therefore, it affected the rates of
processes at the second stage. Thus, the encapsulation of PFs
with PMMA polymer layers allowed us to decrease the depth of
photodegradation (or to increase the level of residual absorbance)
under irradiation with femtosecond pulses at 532 nm by a factor
of 1.4.

Thus, the nonlinear absorption coefficients of the thin films of
halide perovskites, which exceed analogous coefficients for
conventional semiconductors by several orders of magnitude,
were measured on femtosecond laser irradiation at 1064 nm.
Under irradiation with femtosecond pulses at 532 nm, the
photochemical degradation of perovskite films with fast and
slow process kinetics was recorded. The rates of photodegradation
and the depth of absorbance change were measured depending
on the encapsulation of the films with PMMA polymer layers.
A decrease in the photodegradation depth by a factor of 1.4 was
detected in the encapsulated films.

This work was performed within the framework of a state
contract no. AAAA-A19-119032690060-9 (A.S.L.) and
Russian Ministry of Science and Education (project
AAAA-A19-119071190044-3, L.A.F. and P.A.T.).
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