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Experimental Section 

Materials: PbI2 and CH3NH3I were purchased from Maituowei Ltd. (China). 

phenethylamine was purchased from Energy Chemical. All other chemicals were 

purchased from J&K Scientific, Ltd. (China). All the reagents were used as received. 

Fabrication of 2D RPP Thin Films: The PEA2MA3Pb4I13 precursor solutions (40 

wt%) prepared by mixing PbI2, HI, CH3NH3I and PEA at corresponding stoichiometric 

ratios in mixed solvent of DMF and DMSO (100:3 vol%). The DMI and DCI additive 

are dissolved into DMF (20 mg/1 ml), which was added into above 2D RPP precursor 

(50 µl/1 ml) after adequate	dissolution. All the 2D RPP films were obtained by spin-

coating the precursor solutions at 5000 rpm for 60 s at room temperature. Toluene was 

dripped on the spinning wet 2D RPP at 5 second. Part of the samples was treated by 

thermal annealing at 100 °C for 10 min. 

Characterization: Optical absorption spectra of samples were acquired on Agilent 

8453 UV-Visible spectrophotometer. Steady-state photoluminescence was measured 

using a FluoroMax@-4 spectrofluorometer (HORIBA JOBIN YVON, Inc., Edison, NJ) 

with the excitation beam at 500 nm. The PL intensity was then corrected by absorbed 

photon numbers at the exciting light wavelength. X-ray diffraction pattern data for 2θ 

values were collected with a Bruker AX D8 Advance diffractometer with nickel filtered 

Cu Kα radiation (λ = 1.5406 Å). Field-emission scanning electron microscopy images 

coupled with energy-dispersive X-ray elemental analysis were acquired on Philips XL-

30 field-emission gun at an accelerating voltage of up to 30 kV. Transient absorption 
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spectrsocopy (TAS) experiments were performed by using a femtosecond pump-probe 

setup in nitrogen atmosphere. Laser pulses (800 nm, 80 fs pulse length, 1 kHz repetition 

rate) were generated by a regenerative amplifier (Spitfire XP Pro) seeded by a 

femtosecond oscillator (Mai Tai SP, both Spectra Physics). The pump pulses at 400 nm 

were generated by a BBO crystal as a second harmonic of the laser. The used excitation 

photon fluxes are 3 × 1012 and 1.5 × 1014 photons/cm2/pulse. For the probe, we used the 

super-continuum generation from a thin CaF2 plate. The mutual polarization between 

pump and probe beams was set to the magic angle (54.7°) by placing a Berek 

compensator in the pump beam. The probe pulse and the reference pulse were dispersed 

in a spectrograph and detected by a diode array (Pascher Instruments). In order to avoid 

photo-damage, the sample was moved to a fresh spot after each time delay point. Global 

SVD analysis was performed with the Glotaran software package (http://glotaran.org). 

These methods yield more accurate fits of rate constants because they treat the full data 

set as a whole. A simple sequential decay model with various components is chosen for 

every fitting. Time-resolved photoluminescence (TRPL) spectra were obtained using a 

streak camera (Hamamatsu, C6860). The laser source is an amplified titanium/sapphire 

laser providing 800 nm 35-fs pulses at 2 kHz which is then frequency doubled for 400 

nm excitation. The B3LYP density functional method with the D3(BJ) dispersion 

correction was employed in this work to carry out all the computations. The 6-31+G(d,p) 

basis set was used for C, H,  N atoms and SDD basis set for Pb and I atoms. Optimized 
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geometries were verified as minima (zero imaginary frequencies) by frequency 

calculations at the same level of theory. 

Device Fabrication and Measurements: ITO substrates were cleaned sequentially 

in an ultrasonic bath with deionized water, acetone, and isopropyl alcohol for 20 min, 

respectively, and then dried under nitrogen. The substrates were oxidized in UV-ozone 

for 20 min before use. The PEDOT:PSS layers were spin-coated on the patterned 

substrates at 3000 rpm for 60 s and annealed at 130 °C for 30 min. The substrates coated 

PEDOT:PSS were transferred to a N2 filled glovebox for making the active layers. After 

the formation of the perovskite layer, a solution of PCBM (20mg/ml in chlorobenzene) 

and BCP (saturated solution in IPA) were spin-coated at 3000 rpm for 50 s 6000 rpm 

for 30s, respectively. Finally, Ag electrode of 1200 nm were thermally deposited with 

a rate of 0.5 Å/s for 200 nm and then 1.8 Å/s for 1000 nm, respectively. The active area 

as defined shadow mask is ~0.04 cm2. The sample was mounted inside a nitrogen-filled 

sample holder with a quartz optical window for subsequent measurements. The device 

reproducibility is improved by strictly maintaining the moisture/oxygen ratio and 

temperature in the inert atmosphere glovebox. The light J–V curves were measured on 

a Keithley 2400 source meter unit under AM 1.5G light illumination with a Newport-

Oriel (Sol3A Class AAA Solar Simulator, 94043A) solar simulator operating at an 

intensity of 100 mW cm−2. The light intensity was calibrated by a certified Oriel 

reference cell (91150V) and verified with a NREL calibrated, filtered Si diode 

(Hamamatsu, S1787-04). The J–V profiles were obtained under both forward (−0.5 V 
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→ +1.5 V) and reverse (+1.5 V → −0.5 V) scans. External quantum efficiency (EQE) 

spectra were measured on a commercial EQE set-up (QE-R, Enli Technology Co., Ltd). 

A calibrated silicon diode with a known spectral response was used as a reference. 

 

Results 

 

Fig. S1 Atomic electronegativity distribution in (a) DCI and (b) DMI additives. 
 

 

Fig. S2 First-principle calculation of molecular configuration and interaction distance 
between PbI2 molecule and DMI/DCI additive. 
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Fig. S3 XPS spectra of neat and additive-treated PbI2 films. 
 

 

Fig. S4 XPS spectra of neat and additive-treated 2D PEA-4 perovskites. 
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Fig. S5 Predicted 1H-NMR spectra via ChemDraw Professional software. 
 

 

Fig. S6 Layer thickness of neat and additive-treated PEA-4 2D perovskite films 
determined by step profiler. 
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Table S1. XRD parameters of 2D pristine PEA-4 as well as DMI and DCI treated PEA-
4 perovskites 

 

 

Fig. S7 (a) XRD patterns of pristine PEA-1, DMI and DCI treated PEA-1 films. (b) The 
enlarged diffraction peaks around 5°. 
 

 

Fig. S8 Top-view SEM images of pristine PEA-4, DMI and DCI treated PEA-4 films. 
 

Sample 2-Theta d(A) FWHM 

PEA-4 
14.00 6.32 0.24 

28.42 3.14 0.39 

PEA-4|DMI 
13.99 6.33 0.24 

28.40 3.14 0.47 

PEA-4|DCI 
14.03 6.31 0.31 

28.42 3.14 0.47 
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Fig. S9 HR-TEM image of DCI-treated PEA-4 and the corresponding lattice spacings 
of each phase as labeled.  
 

 

Fig. S10 HR-TEM images of (a) PEA-1, (b) DMI- and (c) DCI-treated PEA-1 films. 
The highlighted yellow regions refer to 2D phases. 
 

 

Fig. S11 2D GIWAXS patterns of phase buffering during crystal growth process. 
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Scheme S1. Schematic of crystallization process in neat and DMI / DCI-treated PEA-
4 samples. 
 

 

Fig. S12 SVD fitting results of neat and DMI / DCI-treated PEA-4 perovskites upon 
photo-excitation from front side (a-c) and back side (d-f), respectively. 
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Fig. S13 Tauc plots of neat and additive-treated PEA-4 2D perovskites. 
 

 
Fig. S14. Photo-J-V curves of DCI-treated PEA-4 based solar cell with reverse and 
forward scan directions under AM1.5G simulated light irradiation.  
 

 

Fig. S15. (a) Normalized PCE and (b) corresponding parameters of neat, DMI and  
DCI-treated PEA-4 based solar cells stored in N2 filled glovebox over 700 h. 
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Fig. S16 The intermolecular binding energy values as calculated by Gaussian between 
PbI2 and MA, PEA and DCI, respectively. 
 
Table S2. Summary of photovoltaic parameters of the state-of-the art 2D RPPs (n ≤
4) based planar solar cells  

Sample 
n 

value 
JSC 

(mA/cm2) 
VOC 

(V) 
FF (%) PCE (%) 

(3AMP)(MA0.75FA0.25)3Pb4I13 4 19.51 1.24 77.27 18.67[S1] 

PEA2MA3Pb4I13 4 18.52 1.20 83.39 18.48[S2] 

F-PEA2MA3Pb4I13 4 19.04 1.21 78.5 18.10[S3] 

(BM)(BA)MA3Pb4I13 4 19.8 1.15 76.3 17.3[S4] 

BA2MA3Pb4I13 4 17.56 1.20 81.1 17.1[S5] 

PEA2MA3Pb4I13 4 18.47 1.17 79.13 17.03[S6] 

ThFA2MA2Pb3I10 3 20.17 1.05 79.0 16.72[S7] 

BA2MA3Pb4I13 4 18.67 1.18 74.80 16.48[S8] 

(BA)1.6(MA)3.4Pb4I13 4 20.44 1.07 74.45 16.29[S9] 

BA2MA3Pb4I13 4 16.75 1.31 74.07 16.25[S10] 

(PBA0.5BA0.5)2MA3Pb4I13 4 17.3 1.19 78.0 16.0[S11] 

PEA0.2BA1.8MA3Pb4I13 4 16.51 1.29 74 15.81[S12] 

Gly-(Cs0.05FA0.95-

PbI3)0.9(FAPbBr3)0.1 
4 20.86 1.05 70.98 15.61[S13] 

(BA0.9PEA0.1)2MA3Pb4I13 4 17.12 1.182 76.40 15.46[S14] 

FPEA2MA3Pb4I13 4 13.7 1.08 74 15.2[S15] 

(PPA)2(Cs0.05(FA0.88MA0.12)0.95)3 4 19.33 1.14 67 14.76[S16] 
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Table S3. Comparative summary of -SCN unit and S atom exploited in 2D halide 
perovskites in literature 

 Molecule Role Reference 

S atom 

 
Spacer [S20, S21] 

 
Spacer [S22] 

 
Spacer [S23] 

 

Spacer [S24] 

 

Spacer [S24] 

 

Spacer [S24, S25] 

-Pb4(I0.88Br0.12)13 

BDA2MA3Pb4I13 4 19.9 1.12 64.2 14.38[S17] 

(PDA)FA3Pb4I13 4 17.30 1.10 72.5 13.8[S18] 

BA2MA3Pb4I13 4 14.2 1.10 71 11.1[S19] 
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Spacer [S24] 

 

Spacer [S24] 

 

Spacer [S26] 

 Spacer [S27] 

 Spacer [S28] 

-SCN unit 

Pb(SCN)2 Additive [S29] 

NH4SCN Additive [S30-S33] 

MASCN Additive [S34] 

(CH3NH3)2Pb(SCN)2I2 Precursor [S35] 

CH3NH3Pb(SCN)2I Precursor [S36] 

CuSCN Interface [S37] 
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