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1. PV performance of PSCs before and after thermal stress
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Fig. S1 PV parameters of PSCs before and after thermal stress at 358 K for 40 h; (a) PCE, (b) Js, (¢)

Voe, and (d) FF in reverse scan; (e) PCE, (f) Js, (g) Voc, and (h) FF in forward scan.
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Fig. S2 J-V curves of PSCs before and after thermal stress (D1 and D2) corresponding to Table 1 (a)

in reverse scan, (b) in forward scan.
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Table S1. Averaged PV parameters of PSCs before and after thermal stress at 358 K for 40 h.

Sample Scan  Jg. (mMA/cm?) Vo (V) FF PCE (%)

Reverse 25.3+0.3 1.06+£0.2 0.73+x0.02 194=+1.0
Before

degradati
eOradaion corward 253+02  098+04 055+0.04 13.8+1.6

Reverse 16.9+7.2 1.04+0.1 0.33+0.17 6.8+6.0
After

degradation _ 4 162+74 101+03 029+010 53+4.0

The thermal stress reduced the magnitude of the hysteresis, as indicated by the increased hysteresis

indexes (PCEforward/ PCEreverse) from 75% to 93% for device D1, and up to 100% for device D2 (Table

1). Since the hysteresis typically originates from capacitive characters at the heterointerfaces, the

observed reduction in the hysteresis after the thermal stress likely indicates improved heterointerface

quality rather than deterioration. This interpretation is consistent with the findings obtained from the

EPD-PLL measurements
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Fig. S3 Absorption spectra of perovskite monolayer films before and after thermal stress.
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2. Analysis of EPD-PLL results for the perovskite monolayer sample
In the range of excitation power intensities under consideration here, the excitation power dependence
of initial PL intensity and PL lifetime for the perovskite monolayer sample (Fig. S4) can be described
by a simple rate equation that accounts for single-carrier trapping and/or recombination, as well as
band-to-band radiative bimolecular (electron-hole) recombination. This can be expressed as follows'"
& — _An - Bn?, (S1)
dt
Ip;, < Bn?(t) + BNn(t) (52)

Here, n and Ip; represent the photogenerated carrier density and the PL intensity, respectively. 4, B,
and N denote the rate constant for single-carrier trapping and/or recombination, the rate constant for
band-to-band radiative bimolecular recombination, and the unintentional doped carrier density in the
sample, respectively. The PL lifetime is defined as the time interval required for the initial PL intensity
to decay to 1/e of its original value.

The initial photogenerated carrier density, n (¢ = 0) = no, at a fluence of 1 nJ/pulse is calculated to
be 1.33x10" cm™, based on the beam profile of the excitation light at the sample position and
absorption coefficient (3.33x10% cm™) ? of the perovskite materials at 650 nm?.

By solving the Equation S1 and applying relation S2, the time dependence of /pL can be obtained

as:

IPL(t)=IO< N (n(t))_l_ ng (n(t))2> s3)

N +ny\ ng N +ny\ ng
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where:

n(t) et
= (34)
0 1+ n(1—-e™)
and:
Iy = y(N + ng)nyg (S5)

Here, [y is the initial PL intensity (/pL (¢ = 0)), and v is a constant that depends on factors such as the PL
detection efficiency. By globally fitting the excitation power dependences of /o and the PL lifetime (Fig.
S4) using eq. S3—S5, the values of N, 4, and B are determined. The values of 4 and B are summarized
in Table 2. The unintentional doped carrier density N is estimated to be 6.65x10'* cm™ for PSCs before

degradation and 3.46x10"* cm™ after degradation.
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Fig. S4 Excitation power dependence on the initial PL intensity (= 0) and the PL lifetime of perovskite
monolayer samples of (a) before and (b) after thermal degradation. The dashed lines denote fitting

curves.
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Fig. S5 Excitation power dependence on the PL decay (1-1000 nJ/pulse) of PSC after thermal

degradation (D1 sample); (a) experimental and (b) theoretical results.
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Fig. S6 Excitation power dependence (1-1000 nJ/pulse) of PL decay of solar cell device (dots) and
monolayer (square) samples (a) before and (b) after degradation. The dot lines represent theoretical

values. The initial photogenerated carrier density at 1 nJ/pulse corresponds to 1.33x10" cm™.
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3. Excitation intensity dependence on PV properties before and after thermal degradation
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Fig. S7 Excitation intensity dependence on J-V curves of PSCs (a) before and (b) after thermal

degradation.
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Table S2. Excitation intensity dependence on PV parameters of PSCs (a) before and (b) after thermal

degradation

Intensity Jsc
Scan V, FF
(@) (sun) (mA/lcm ™) oc (V)
Reverse 24.6 1.08 0.68
1.00
Forward 24.7 1.02 0.50
Reverse 16.3 1.05 0.73
0.63
Forward 16.4 0.98 0.54
Reverse 9.9 1.03 0.79
0.40
Forward 10.0 0.92 0.58
Reverse 6.4 1.00 0.81
0.25
Forward 6.4 0.88 0.59
Intensity Jsc
b Scan Ve (V FF
(b) (sun) (mA/cm™) oe (V)
Reverse 18.2 1.04 0.23
1.00
Forward 15.0 1.02 0.25
Reverse 14.3 1.02 0.25
0.63
Forward 12.5 1.00 0.25
Reverse 9.7 1.00 0.31
0.40
Forward 9.4 0.97 0.27
Reverse 6.2 0.97 0.39
0.25
Forward 6.1 0.93 0.31
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