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S1. Perovskite Film Characterization
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Fig. S1. AFM topographic images of perovskite films: (a) GS-270, (b) GS-410, (c) GS-580 and (d)

GS-600.

Table S1. Standard deviation of the grain size distribution for the GS-270, GS-410, GS-580 and

GS-600 perovskite films.

Sample GS-270  GS-410  GS-580  GS-600

Standard deviation 93.66 136.74 179.13 370.72
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Fig. S2. EDS of perovskite films: (a) GS-270, (b) GS-410, (c) GS-580 and (d) GS-600.
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Fig. S3. Current-voltage curves in dark of devices based on perovskite films with different grain
size.

The trap density (n,) can be determined according to the equation:'-?
2V rpLE€0

M=
el S1

where g is the vacuum permittivity, ¢ is the dielectric constant of MAPbDI;, e is the

elementary charge and L is the thickness of the perovskite layer.
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Fig. S4. (a) XRD patterns and (b) zoomed-in Pbl, diffraction region of perovskite films obtained by
adding different MACI contents (0, 1, 2, 5, 10 and 15 mg mL").

To further explore the relationship of the Pbl, residue and PL quenching, various
concentrations of MACl additives (x =0, 1,2, 5, 10 and 15 mg mL") are used to prepare
the perovskite films (named MACI-x). According to Fig. S4, all the perovskite films
show similar diffraction characteristic peaks of tetragonal perovskite phase. In addition,
the perovskite films obtained by introducing a small amount of MACI have the
characteristic diffraction peak of Pbl, at 13.29°, and the Pbl, peak gradually disappears
with the increase of MACI content. It is consistent with XPS result that the binding
energy position of Pb 4f moves to higher binding energy with the increase of Pbl,
content in the film (Fig. 3). This is a common phenomenon in perovskite films modified
by MACI additive.> In the perovskites film with inadequate MACI additive (1 mg mL-
1, the evaporation of MA leaves cation vacancies and Pbl, residue.> With more MACI
additive (2 mg mL""), the Pbl, residual amount decreases. The Pbl, residual gradually

disappears with the increase of MACI additive (5, 10, 15 mg mL-").
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Fig. S5. (a) Steady-state PL spectra and (b) variation trend of PL intensity (right axis) and [001]
crystal plane intensity of Pbl, in XRD patterns (left axis) of perovskite film obtained by adding
different MACI content.

The PL spectra of perovskite films obtained by adding different MACI contents
(0,1,2,5,10and 15 mg mL!") are shown in Fig. S5a. Overall, the PL intensity decreases
initially and then increases with the increase of MACI content from 1 mg mL! to 15
mg mL-!. Obviously, there is a negative correlation between PL intensity and Pbl,
content as shown in Fig. S5b, indicating that the Pbl, inhibits the radiative
recombination luminescence of the charge in the perovskite. This is because the energy
levels of Pbl, and perovskite are well matched, and there is a heterogeneous charge
transfer mechanism from perovskite to Pbl,.%7 That is, the electrons on the conduction
band of perovskite are partially transferred to the conduction band of Pbl,, which

accelerates the charge separation and inhibits the charge radiation recombination in the

perovskite.
Table S2. Fitting parameters extracted from the PL decay traces.
Sample A, 71 (ns) A, 7, (ns) Tave
GS-270 0.63 10.78 0.37 26.27 16.51
GS-410 0.34 3.08 0.66 31.32 21.72
GS-580 0.39 3.16 0.61 36.36 23.41




S2. Temperature-Dependent Photoluminescence Spectra

Table S3. The area analysis of fitting peaks extracted from the PL at 78K.

Peak area Peak area
Sample Area ratio?
(tetragonal) (trap of tetragonal)
GS-270 2.50 39.80 15.92
GS-410 2.40 24.30 14.17
GS-580 4.13 30.30 7.36

a: the area ratio of trap of tetragonal to tetragonal.
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Fig. S6. Temperature-dependent integrated intensities of perovskite films: (a) GS-270, (b) GS-410

and (c) GS-580. The solid red lines are the corresponding fittings.
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TDPL spectra has been employed to study the structural and optoelectronic
properties of perovskites. Closer inspection of fluorescence spectrum reveals that the
emission intensity decreases with increasing the temperature from 168-298 K, as

shown in Fig. S6, which can be fitted with the Arrhenius equation,®

Iy
I(T) = _
b
kT
1+4e B S2

where [ is defined as the integrated emission intensity at 7 = 0 K, A4 is the pre-
exponential factor, kg is the Boltzmann constant and £y, is the exciton bonding energy.
Based on the fitting results, the approximate £y, values of the three films are determined
to be 125.70 meV, 119.15 meV and 118.03 meV for the GS-270, GS-410 and GS-580
perovskite films, respectively. The smaller Ey, value of the GS-580 perovskite film is
conducive to efficient initial charge separation. This means that it is easy to form free
exciton carriers instead of bound exciton carriers.” On the contrary, the larger E}, value
of the control perovskite film would reduce the charge separation efficiency and is not

beneficial to the photovoltaic performance of the PSCs.
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Fig. S7. Temperature-dependent full-width at half-maximum (FWHM) broadening of perovskite
film (a) GS-270, (b) GS-410 and (c) GS-580.

The temperature-dependence of the PL peak broadening can provides detailed
information on the exciton-phonon coupling in the perovskite, which also strongly
influences the excitonic fluorescence emissions.! The parameter of FWHM can be
converted from nm to meV according to the equation FWHM (meV) = 1.24 x 106 x
FWHM(nm)/4,4,, where 4, and 4, represent the corresponding fitted starting and end
wavelengths of the FWHM. Fig. S7 displays the temperature-dependent emission peak
broadening relationship, which can be fitted using the Boson model (equation S3),'!
Cop

[(T)=Ty+oT + -
op/kBT) 1

S3



where /; is the inhomogeneous broadening contribution, ¢ and /g, describe the
interactions of exciton-acoustic phonon and exciton-optical phonon contributions to the
line width broadening, respectively. E,, is the optical phonon energy. Since the
contribution from the acoustic phonons is negligible in relation to the optical energy,
the parameter of o can be set to zero for simplicity. The corresponding E,, values are
calculated to be 119.16 meV, 37.91 meV and 34.10 meV for the GS-270, GS-410 and
GS-580 perovskite film, respectively. The smaller E,, are favorable for charge transfer
in PSCs.

The polaron binding energy (£),) is calculated based on Frohlich’s weak coupling

theory!?,

. . 1/1 1\/1\e? |m*
=aE ,a=——-—||—|— |—
p op 2\e,, £o)\&,) b [2E,,

Where ¢, = 6.05, gy= 25.66 (both are average values), ¢, is permittivity in vacuum, e is
the elementary charge, 4 is the Planck constant, m” is effective electron mass (0.18 m,,
me is the electron mass). The £, of GS-270, GS-410 and GS-580 are 102.65 meV, 32.66
meV and 29.38 meV, respectively. The results suggest that the perovskite with enlarged
grain size and reduced trap-states prefers a relatively larger polaron with larger phonon
cloud radius and stronger scatter screening effects compared with the controlled

perovskite.
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S3. Device Characterization
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Fig. S8. Statistical parameters of (a) Jsc, (b) Voc, (¢) FF and (d) PCE for the PSCs based on

perovskite films with different grain size. The data collected from 80 cells (20 cells for each type).

Table S4. Photovoltaic parameters of PSCs based on the perovskite films with different grain size.

Sample Voc (V) Jsc (mA cm?) FF PCE (%)
best 1.04 19.99 0.73 15.57
05270 average  1.03£0.07  20.56+1.05  0.72+0.03 1%‘%’2;
best 1.05 21.87 0.74 16.99
O8-410 average  1.05+£0.03 21.11£0.76  0.74+0.01 1%3%*
best 1.07 22.15 0.78 18.49
05450 average  1.06+0.05  2223+123  0.75+0.06 1%‘2%*
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Fig. S9. Steady-state efficiency and photocurrent density output of (a) GS-270, (b) GS-410 and (c)

GS-580 PSCs.

Table S5. The fitted parameters from EIS measurements.

Sample R, (Q cm™?) Riee (KQ cm?)
GS-270 PSCs 226 108
GS-410 PSCs 203 413
GS-580 PSCs 167 695
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Fig. S10. Capacitance—frequency curves of PSCs based on perovskite films with different grain
size.
The trap density of states (tDOS) can be derived from the equation:!3
ViidC w
where Vy,; and W is the built-in potential and depletion width, respectively, and the Vy;
and W reported in the literature are generally 1 V and 500 nm respectively.'4!3 g is the

elementary charge, C is the capacitance, and w is the applied angular frequency of

perturbation, which defines an energetic demarcation expressed as equation,

Vo
E = kBTln (—)
¢ w) g5

where the attempt-to-escape frequency vy is usually 2x10!s1.15
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Fig. S11. The normalized TPV decay traces of diverse steady-state photovoltages of (a) GS-270,
(b) GS-410 and (c) GS-540 PSCs.
The raw TPV data were fitted with bi-exponential decay equation,
t t
Von = Ajexp| - - + Aexp( - T—)
1 2 S6
where A, and 4, are pre-exponential factors, and 7; and 7, are time constants. The

average charge recombination time constants (z,) are calculated as shown below,
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Fig. S12. OCVD curves of PSCs based on perovskite films with different grain size.
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Fig. S13. Representative kinetics trace of the overall photovoltage (V) for an open-circuit PSCs
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device (black solid sphere), and the charge extraction kinetics at indicated timing (color lines)

recorded by fast switching of the PSCs into short circuit.
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