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1. Film thickness

The determined thicknesses for all samples were 280 = 10 nm (Figure S1). In contrast to the
finding in the previous work by Ahmadian-Yazdi et al.l in 2018, we concluded that the
perovskite layer did not penetrate through ZIF-8 during vibration, since the perovskite film

thickness did not decrease as the vibration time extended.
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Figure S1. Surface profile of Vib-0 to 100 captured by a confocal laser scanning microscope,

with thickness of perovskite layer marked on each image.

2. UV-Vis absorption spectra

UV-vis absorbance spectra of all samples were obtained in order to study compositional and
structural properties of perovskites. For wavelength smaller than 450 nm, Vib-0, 20, 80 and
100 showed relatively high absorbance compared with Vib-40 and 60, indicating a more
crystallized film and higher coverage on the substrate. This is also in agreement with our
SEM results. Yet, for Vib-60, the height of platform for absorbance near 450 nm still exceeds
that of Vib-40 even though the mean grain sizes of these two samples are statistically identical.
When the wavelength is at 720 nm, an extraordinarily sharp cutoff is observed, representing a

clear direct band structure.
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Figure S2. Absorbance spectra of samples Vib-0 to 100.
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3. Band-gap determination
We further determined that the optical band gaps of our samples range from 1.64 to 1.66 eV
from Tauc plots, as shown in Figure S3. The band gap values are consistent with previous

reports.!!
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Figure S3. Band gap extracted from Tauc plots of Vib-0 to 100 based on UV-Vis results.

4. Additional PL, TRPL results and fitting details
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Figure S4. (a) Steady-state PL spectra of perovskite films processed with annealing-free

vibration for 80 s and pure annealing for 45 minutes. To keep the PL intensity within the

instrument measurement range, for annealing-free vibration film, the scan slit and fixed slit

were reduced from 8 to 2 um, and from 7 to 2 um, respectively. (b) Single Gaussian curve

fitting for PL spectrum of annealing-free vibration film.

5. Analysis of steady-state photoluminescence spectra

Here we note that the energy of the bandgap obtained from PL spectra is different from the

stable optical gap, which could be explained by band filling.™
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Figure S5. PL spectra of all films fitted by two Gaussian functions. The pink region denotes
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the emission of free excitons, the green region denotes the emission of trap states, while the

red curve denotes the fitted result consisting of both Gaussian functions. All fitted curves

showed goodness exceeding 99.8%.

6. Determination of photoconductivity
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The photoconductivity o(t) is obtained by probing the relative change in the peak field of the
THz pulse —AE(t)/E (t), using the following equation:

(ny +ny) AE(t)
Zo-l  E(D

where AE(t) = Epymp(t) — E(¢) is the pump-induced THz electric field changes, n; and n,

o(t) = — #(S1)

denote the refractive indices of the media before and after the sample, where n, = 1 is for
vacuum and n, = 1.95 is for z-cut quartz substrate. Z, = 377Q is the impedance of free
space, and [ = 280 nm is the thickness of perovskite film. By applying the Fourier transform,
we convert Equation S1 into:

(n; +ny) AE(w)
Zo-l  E(w)

Thus, we obtain the frequency resolved photoconductivity.

o(w) =— #(S2)

7. Determination of recombination rate constants
The recombination rate equation is described by the following relation:
dn(t)
dt
where n(t) denotes the time-dependent carrier density, k, denotes the monomolecular

= _k3n3 - kznz - kln#(s3)

recombination rate constant arising from charge-carrier trapping; k, denotes the bimolecular
recombination rate constant representing the free electron-hole pair recombination; k;
represents the Auger recombination rate constant. In this study, k; was obtained by linear
fitting at the tails of each TRPL curve, when this test is conducted at a low fluence condition
so that only the monomolecular recombination process is triggered. The fitting details for
TRPL are shown in Figure S6, and we therefore obtained ky y;,_o = 13.892 x 10° s~! and

kl,Vib—SO == 8131 X 106 5_1.
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Figure S6. Time resolved photoluminescence spectroscopy of Vib-0 (red) and Vib-80 (cyan)

at 400nm, with linear fitting regions marked.

The other two coefficients k, and ks were obtained from the fitting process of THz
conductivity transients, using the k; obtained from TRPL, as was performed in the data
analysis before.*® Defining x(¢t) = (g) (t) to replace the THz photoconductivity change, it

is linearly related to the free charge carrier in form of:
n(t) = eCx(t)#(54)

In Equation S4, C = N,,¢/x is a proportionality factor between the peak of THz response x
and the initially absorbed photon density N,;,s. ¢ is the ratio of charge carriers produced
following photon absorption, also known as the photon-to-charge branching ratio. Since we
cannot determine the value of ¢ directly, it is included in the results of k, and k5 as bundled
coefficients. Ny;,_o = 9.8475 x 107cm™ and Ny;,_go = 1.1768 x 108cm™ obtained from
THz conductivity spectra were used in our calculation as charge carrier density. If Eq. S4 is

substituted into Eq. S3, we obtain the following relation:

dx(t
d(t ) —C?@%k3x® — C@kyx? — kyx = —A3x® — Apx® — Ay x#(S5)

with 4; = C*" @'~ 1k;. Applying a global fitting for all four fluences using Eq. S5, we obtain

the following fitting curves in Figure 2 with all coefficients falling within the range of typical
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values. We concluded that all three recombination coefficients were effectively suppressed

with applying vibration.

8. Estimation of charge-carrier diffusion length

The charge-carrier diffusion length is calculated by:

D
Lp(n) = ’m #(56)

The total recombination rate R;,;4;(n) is determined by the charge carrier density and the

recombination rate constants (k,, k, and k3) of the individual recombination process:

1ldn )
Rtotal = —;E =n k3 + lez + kl#(S7)
Here, the diffusion constant D is expressed by Einstein relation:
kgT
p =22 4(s8)

e
where T = 291.55 K, e = 1.6 X 1071 C and kz = 1.38 x 10723] /K. The relation of charge

carrier diffusion length as a function of charge carrier concentration is shown for both Vib-0
and Vib-80 in Figure 4b.

Table S1. Detailed stats of triple-exponential fitting for TRPL results on Vib-0, 20, 40, 60, 80,
100.

Sample Name  A; 74(ns) Ay Ta(ns) Az 13(NS) (Tawg) (NS)  Goodness

of fit R

Vib-0 0.0886 179.7 0.4066 9.583 0.5048 1.205 20.42 0.9802
Vib-20 0.1002 107.4 0.3891 13.47 0.5107 2.464 17.26 0.9902
Vib-40 0.2698 87.67 0.4227 1296 0.3075 2.050 29.76 0.9904
Vib-60 0.2677 103.0 0.4134 21.15 0.3189 3.187 37.33 0.9972
Vib-80 0.4410 151.0 0.3435 16.81 0.2155 1.882 12.77 0.9922
Vib-100 0.3161 109.1 0.3920 13.71 0.2919 2.090 40.47 0.9936
Annealing-  0.8834 2978 0.0842 36.08 0.0324 2.726 2634 0.8617

free vibration
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9. X-ray diffraction (XRD) patterns

@) (b)
#

—— Vib-0 ——Vib-0
Vib-20 Vib-20
Vib-40 Vib-40
Vib-60 Vib-60
Vib-80 Vib-80

—— Vib-100

Intensity (a.u.)
3t
Intensity (a.u.)

-’_JL —Vib-100

T T 1
10 20 30 40 50 60 12 13 14 15
2theta 2theta

Figure S7. XRD patterns from Vib-0 to Vib-100. All * peaks denote perovskite structure,
while the # peaks denote the residual Pbl,.

10. Surface morphology

We obtained surface morphology images with scanning electron spectroscopy (SEM) for Vib-
0, 20, 40, 60, 80 and 100, as observed in Figure S9(a) to (f). All samples show uniformly
distributed grains with distinguishable grain boundaries, and compact and pinhole-free surface.
The mean grain size was obtained from Gaussian fitting on the size distribution diagrams. For
each sample, the grain size was measured from the Feret diameters of grains by averaging 3
SEM images. For the ultrasonic vibration time between 0 and 80 s, the grain size variation is
within their standard deviation, whereas the mean grain size for Vib-100 decreased by 30%.
The vibration time-dependent mean grain size is shown in Figure S8(g). It’s worth noting that
a similar trend for grain size has been obtained in a previous report,!) where the effect of

ultrasonic vibration was studied on MAPbI; perovskite layer deposited on mesoporous-TiO..
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Figure S8. Top-down SEM images and the Gaussian distributions of grain size of perovskite
films prepared on z-cut quartz substrates with (a) no vibration, and (b) 20 s, (c) 40 s, (d) 60 s,
(e) 80 s, (f) 100 s of vibration treatment. All scale bars are 200 nm. (g) Mean grain size of

perovskite films prepared on z-cut quartz substrates with various times of vibration treatment.



11. TRPL curves and fitting details for vibration time longer than 100s
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Figure S9. Normalized TRPL spectra of films Vib-120, 180, 240 and 300. All possessing

charge-carrier lifetimes are < 25 ns.

Table S2. Detailed stats of triple-exponential fitting for TRPL results on Vib-120, 180, 240,

300.

Sample Aq T1(NSs) A, To(NS) Az T3(NSs) (Tavg) Goodness
Name (ns) of fit R?

Vib-120 0.0327 1235 0.4868 5.942  0.4805 1.486 7.646 0.9966

Vib-180 0.0424 101.9 0.5422 6.134 0.4154 1.532 8.287 0.9970

Vib-240 0.0678 97.21 0.6010 8.713  0.3312 1.640 12.37 0.9969

Vib-300 0.0206 1239 0.3635 5.303 0.6159 1.748 5.559 0.9976

10
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12. Comparison of charge-carrier mobility measured in this work with previous reports

for other perovskite thin films

Table S3. Comparison of charge-carrier mobility measured in this work with previous reports

for similar perovskite compositions measured using time-resolved THz spectroscopy.

Composition Microstructure Mobility Reference
(cm?vis™h

Csp.05(MAG.17F A0 83)0.05Pb(l0.83Bro.17)3 Polycrystalline thin film 121 + 44 This work
MAPbDI; Polycrystalline thin film 33 [6]
FAPbDI; Polycrystalline thin film 27 [4]
Csp.17FA g3Pbl5 Polycrystalline thin film 40 [7]
Csg.17FA083Pb(lo6Bro.4)3 Polycrystalline thin film 21 [8]
Csg.17FA083Pb(lggBro.2)3 Polycrystalline thin film ~23 [9]
CsPbl; Polycrystalline thin film 270 £ 44 [10]
MAPDI; single crystal ~620 [11]
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