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Abstract 17 

Perovskite solar cells (PSCs) exhibited remarkable progress for small aperture area cells, however, 18 

the performance of its counterpart, large aperture area cells, lags due to non-uniform and defective 19 

perovskite layers.  Here, we fabricate reproducible large area homogeneous perovskite films at 20 

room temperature and without controlling humidity (up to 40% RH) with a slot die coater on a c-21 
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TiO2 layer deposited using a large area chemical bath. A new artificial peptide – sulfonyl-γ-AA 22 

peptide (F-GLU-S) was employed to modify the slot-die coated perovskite surface, grain 23 

boundaries and electronic defects. The multi-functional F-GLU-S with carbonyl, carboxyl, 24 

sulfonyl, benzene, and chloro groups was capable of strongly interacting with the perovskite layer 25 

and repairing the uncoordinated Pb2+ ions and halide vacancies. As a result, both the electron and 26 

hole densities of defects were significantly suppressed; consequently, the non-radiative 27 

recombination was effectively suppressed for the modified device which can be explicitly seen in 28 

the device performance where both Voc and FF of the modified device improved considerably. 29 

Therefore, F-GLU-S modified slot-die coated MAPbI3 – based devices demonstrated outstanding 30 

performance of 21.44% PCE with a Voc of 1.13V, Jsc of 24.64cm-2, and FF 76.99%. Moreover, 31 

passivation impeded the infiltration of moisture and oxygen due to its hydrophobic nature and 32 

defect repair potential. As a result, the modified device retained above 92% of its original PCE 33 

after 720 h in air (room temperature and 40-60% RH).   34 

Keywords: Slot-die coating, γ-AApeptide, defects, amino acid passivation, chemical bath 35 

deposited c-TiO2, perovskite powder  36 

Introduction 37 

The power conversion efficiency (PCE) of PSCs has increased dramatically in the last decade and 38 

a certified PCE of above 25% has been recorded for the small aperture area cells.1 This progress 39 

demonstrates the potential of PSCs to be the next generation energy alternative. Now the primary 40 

task to commercialize PSCs is to design efficient scale up techniques to fabricate large area 41 

perovskite devices (modules) with equivalent PCE as a small aperture area cell. Currently, most 42 

of the devices with high PCE are small area cells and prepared by the commonly employed spin-43 

coating.1-2  However, spin-coating techniques do not deliver homogeneous films over large area 44 



as the quality deteriorates with increasing substrate area and less favorable to prepare modules.3 45 

The largest sub-module prepared by spin-coating of MAPbI3 delivered a maximum PCE of only 46 

12.6%.4 Therefore, alternative film processing techniques have been developed to realize 47 

homogeneous perovskite films over large area including slot-die coating, blade-coating, bar-48 

coating, thermal deposition, ink-jet printing, and spray-coating.5-10  Among all of these techniques, 49 

the  slot-die coating demonstrated higher yield and reproducibility due to the continuous and 50 

uninterrupted precursor supply and precise control of coating parameters, respectively.11  51 

Intriguingly, slot-die coating could directly integrate to the roll-to-roll and sheet-to-sheet process.12  52 

With respect to demonstrating large area PSCs with slot-die coater, various perovskite inks were 53 

slot-die coated to fabricate PSCs and modules. Ehsan Rezaee et al. slot-die coted MAPbI3 and the 54 

device delivered a maximum PCE of 17.4% (aperture area=0.25cm2).13 Similarly, slot-die coated 55 

MAPbI3 on ITO/SnO2 exhibited 18% PCE (aperture area=0.06cm2).11  Slot-die coated 56 

Cs0.05MA0.4FA0.55 Pb(I0.96Br0.04)3 produced 19% PCE for small area cell.14 Moreover, MAI free 57 

slot-die coated Cs0.16FA0.84Pb(I0⋅88Br0.12)3 demonstrated 18% PCE (aperture area= 0.09 cm2).15 58 

However, the slot-die coating process is controlled by a machine, realizing homogeneous film 59 

requires tedious optimizations to achieve uniform perovskite crystallinity and morphology over 60 

large areas. In the slot-die coated perovskite, the homogeneity of the film is influenced by several 61 

factors such as precursor viscosity, coating speed, perovskite flow rate, coating gap, coating 62 

temperature, surface tension, meniscus stability, and post-annealing temperature. Moreover, the 63 

uniformity of the bottom c-TiO2 layer influenced the homogeneity of the slot-die coated perovskite. 64 

Recently, scalable chemical bath deposition was employed to prepare large area SnO2 electron 65 

transport layer (ETL) on which mixed perovskite was slot-die-coated the device demonstrated 19.2% 66 

PCE (aperture area= 0.09 cm2).16 The PCE of slot die coated PSCs are highly influenced by the 67 



perovskite crystallinity and morphology. In general, the polycrystalline perovskite film contains 68 

high concentration of structural and electronic defects which impedes the device to attain the 69 

highest theoretically predicted PCE. These defects could be antisite, uncoordinated Pb2+, 70 

uncoordinated halide, cation vacancies, halide vacancies, and Pb clusters, or a mixture of these 71 

defects, which trigger non-radiative recombination resulting in substantial photogenerated carrier 72 

loss. Additionally, the defects could trigger undesirable hysteresis and may influence the charge 73 

transport and extraction which results in inferior performance. Furthermore, the defects at the 74 

surface and grain boundaries are a pathway to ion migration that causes series device degradation. 75 

Recently, 4-fluoro-phenethylammonium iodide (4-F-PEAI) and poly (9-vinylcarbazole) (PVK) 76 

were added in FAPbI3 and antisolvent solution, respectively to improve crystallinity, suppressed 77 

defects and trap sites, and repressed ion migration, as a result, the passivated device demonstrated 78 

21.6% PCE.17 Therefore, it is necessary to passivate the slot-die coated perovskite film to suppress 79 

defects, enhance PCE, and extend the long-term stability of the devices.17-19   In general, to 80 

fabricate efficient large area perovskite cells, it not only requires smooth, homogeneous, pinhole-81 

free perovskite layers but also it needs a suppressed electronic defects as well. The defect density 82 

of slot-die coated perovskites can be suppressed by additive engineering of the perovskite 83 

precursor solution20, by post-surface passivation of the polycrystalline perovskite film,21 or by 84 

modifying the interface of perovskite with electron or hole transporting layers.22 Considering these 85 

approaches, recently few passivation molecules and additives were incorporated to modify the 86 

perovskite growth, crystallization, morphology, and defects. Minyong Du modified the surface of 87 

slot-die prepared FA0.91Cs0.09PbI3 by an ionic liquid [M4N]BF4 to decrease the surface defect 88 

density and carrier recombination.21 The crystal quality and morphology of slot-die coated MAPbI3 89 

was modified by added potassium thiocyanate (KSCN).20 Similarly,  2-hydroxyethyl acrylate 90 



(HEA) was added to Cs0.175FA0.750MA0.075Pb(I0.880Br0.120)3  to modify  the perovskite growth and 91 

defects.23 Moreover, nonvolatile Lewis base diphenyl sulfoxide (DPSO) was added to the MA-free 92 

FA0.83Cs0.17PbI2.83Br0.17 to slow the crystallization of perovskite during the slot-die coating 93 

process.24 Likewise, CsPbBr3 and KPb2Br5 were added to the Cs0.15FA0.85Pb(I0.83Br0.17)3 ink to 94 

modify the perovskite crystallization.25 Furthermore, Jinzhao Li et al. employed a strongly 95 

coordinating solvent, DMSO, with MAPbI3, where the DMSO suppressed the intermediate phase 96 

formed during slot-die process and enhanced the perovskite morphology.18 97 

Furthermore, various passivation molecules were established to passivate halide vacancies26-30, 98 

cation vacancies,27,31-34 and both halide and cation vacancies of the perovskite film.18,35-44  Recently, 99 

amino acid based molecules have received attention to passivate the perovskite layer and/or to 100 

modify the interface because of the amino acid structure comprises multi-functional groups such 101 

as carboxyl and amino, which can strongly interacted with the perovskite film to potentially 102 

passivate both positively and negatively charged defects.40,45-56 Recently, FA0.65MA0.35PbI3−δClδ 103 

perovskite defects were substantially suppressed with a KKK-type M13. It was synthesized from 104 

lysine and wild virus and exhibited strong interaction with the perovskite; as a result, the defects 105 

significantly repressed and a PCE of  23.6% was achieved for spin-coated small aperture area 106 

device.51 Similarly, p-aminobenzoic acid iodide (PABA∙HI) was employed to modified MAPbI3 107 

defects where both the amino group and the carboxylic acid group in PABA∙HI interacted with the 108 

Pb-I through hydrogen bonds and successfully passivated the trap density of states.45 We recently 109 

developed a class of peptidomimetics – sulfonyl-γ-AApeptide, which possess tremendous 110 

potential of chemodiversity, well-defined folding propensity, as well as remarkable stability.57-59 111 

Herein, we present the passivation of slot-die coated MAPbI3 layer with an amphiphilic sulfonyl-112 

γ-AApeptide -  F-GLU-S. The sulfonyl-γ-AApeptide was designed to bear both hydrophobic and 113 



hydrophilic groups. Its “hydrophobic nature” occurs after the self-assembly process (passivation), 114 

i.e., after the hydrophilic carboxylic acid is combined with lead, the hydrophobic portion of the 115 

molecule is exposed to the outermost interface to help the perovskite resist water in the 116 

environment. Particularly, the molecule is comprised of benzene, carboxyl, carboxylic acid, amino, 117 

sulfonyl, and chloro functional groups which form strong interactions with the perovskite to 118 

significantly suppress both cationic and halide vacancies. As a result, the slot-die coated perovskite 119 

device exhibited a champion performance of 21.44% PCE. Moreover, F-GLU-S modified device 120 

exhibited excellent moisture stability compared to the control device. This study will open a new 121 

avenue in the synthesis of amino acid-based molecules to modify the perovskite films for decent 122 

PCE and stability.  123 

Experimental Section  124 

Materials: Fluorine tin oxide (FTO) substrates were purchased from Youxuan TECH, China. 125 

TiCl4 bought from Alfa Aesar. Lead iodide (PbI2) was purchased from TCI. Methylammonium 126 

iodide (MAI) was purchased from Xi’an Polymer Light Technology Corporation (China). 2,2′,7,7′-127 

Tetrakis [N,N-di (4-methoxyphenyl)amino]-9,9′-spirobifluorene (Spiro-OMeTAD) and FK 209 128 

Co(III) Li TFSI salt were purchased from Sigma-Aldrich. Lithium 129 

bis(trifluoromethanesulfony)imide (Li-TFSI) from TCI.  4-tert-butylpyridine (4-tBP) and were 130 

purchased from Accela. FK209 Co (III) Li-TFSI obtained from Greatcell materials. Poly[bis(4-131 

phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) was obtained from Solaris Chem (Canada). [6,6]-132 

phenyl C61-butyric acid methyl ester (PC61BM) were purchased from Sigma-Aldrich. N,N-133 

Dimethylformamide (DMF), isopropanol (IPA), diethyl ether (EE), acetonitrile (ACN) and 134 

chlorobenzene (CB) were purchased from Sigma-Aldrich. Dimethyl sulfoxide (DMSO) and gold 135 



bar (Au 99.998%) were purchased from Alfa Aesar. F-GLU-S synthesized in our lab. All 136 

chemicals were used as received without further treatment.  137 

Device fabrication: The FTO substrate cleaned according to literature.60 The c-TiO2 prepared by 138 

water bath technique where UV-Ozone treated 10×10cm2 FTO substrate was immersed in iced 139 

aqueous TiCl4  solution at 70⁰C for 45 min. The thickness of the c-TiO2 layer controlled by 140 

immersion time. Next, the substrate rinsed with copious amount of water and ethanol to remove 141 

the physiosorbed particles, subsequently, the substrate annealed at 200⁰C for 30min.  142 

The slot die perovskite ink is prepared as follows by modifying literature report.61 Firstly, we 143 

synthesized MAPbI3 powder in air (fume hood) at room temperature and without controlling 144 

humidity. 1.28g of MAI added into 28mL acetonitrile (ACN) and stirred for 10 min. Then, 3.69g 145 

of PbI2 added to the MAI solution, at this stage spontaneous black perovskite was formed. To 146 

ensure the complete perovskite formation the stirring continues for 2h. Then, the perovskite 147 

powder filtered and washed wish ACN and EE until the supernatant became colorless immediately 148 

followed dried the powder in vacuum oven at 70⁰C for 2h.   Secondly, the perovskite ink was 149 

prepared by reacting 3g of the synthesized MAPbI3 black powder to 10 mL of methylamine (MA) 150 

gas for 4h in sealed container, where the MA gas diffused to the perovskite powder and formed 151 

yellow viscos perovskite ink. To facilitate the reaction, we stirred both the perovskite powder and 152 

MA gas solution at slow speed.  Lastly, the slot-die MAPbI3 precursor solution is prepared by 153 

mixing the viscus perovskite ink and acetonitrile (1:1 v/v).    154 

The perovskite was slot-die coated by infinityPV RLC in air glovebox up to 40% RH. The 155 

perovskite film and device didn’t exhibit significant difference when the humidity is 10%-40%, 156 

however, for above 40% RH the device showed poorer performance. To reduce the humidity in 157 

the air glovebox to the desired humidity (in our experiment 30 % RH), we blew dry air. Then, the 158 



perovskite was slot-die coated on large area c-TiO2 at a coating speed of 0.07m min-1 with a 159 

perovskite flow rate of 0.07ml min-1 at a coating gap of 100 µm at room temperature. Then, the 160 

perovskite film annealed at 100⁰C for 10min. To test the influence of surface passivation on device 161 

performance we cut the large area perovskite layer to 1.5×1.5cm-2 size. After that, the passivation 162 

layer prepared by spun-coat 2mM F-GLU-S in 2-propanol at 4000rpm for 30s. The modified 163 

perovskite film then annealed at 70⁰C for 10min.  Once the passivated layer cooled down, spiro-164 

OMeTAD hole-transport layer is prepared following literature.62 Finally, 80nm Au layer prepared 165 

by thermal deposition.   166 

Film and device characterizations: The perovskite and modified perovskite films were 167 

characterized by FT-IR, XRD, 2D-GIWAXS, XPS, UV-Vis, SEM, AFM, PL, TRPL, I-V, EQE, 168 

and EIS using the instruments described in reference.62  169 

Results and discussion 170 

First, we prepared homogenous large area c-TiO2 by a chemical bath method (CBM) at low 171 

temperature.  To fabricate efficient large area n-i-p PSCs, the electron transport layer (ETL) should 172 

be homogenous and pinhole free – if not the electron extraction and transport are negatively 173 

influenced.16,60 Recently, Iwan Zimmermann et al. demonstrated the preparation of large area SnO2 174 

by CBM.16 Here, as illustrated in Scheme 1a, we prepared uniform and pinhole free large area 175 

(10×10cm2) c-TiO2 from iced aqueous TiCl4 solution. The UV-ozone cleaned FTO substrate was 176 

immersed in the solution for 45 min at 70 °C. Subsequently, the substrates were rinsed with DI 177 

water and ethanol followed by annealing at 200 °C for 30 min where ~40 nm smooth c-TiO2 was 178 

achieved. The thickness of c-TiO2 was controlled by immersion time and concentration. Next, the 179 

perovskite film was slot-die coated on the large area UV-ozone cleaned c-TiO2 layer.  The 180 

perovskite solution preparation and slot-die coating parameters are briefly explained in 181 



experimental section. The slot-die prepared large area (10×10cm2) perovskite film morphology 182 

and crystallinity are primary influenced by the type of solvent employed to prepare perovskite 183 

precursor solution as it controls the film coating and drying process. Here we employed the high 184 

vapor pressure and low evaporation temperature acetonitrile-based perovskite precursor solution 185 

to achieve a homogenous perovskite layer by slot-die coating at room coating temperature (21-186 

24 °C). The flow rate, coating gap, and coating speed thoroughly were optimized to get 187 

homogenous perovskite layers. A narrow coating gap (~100 µm) and low coating speed of 0.07m 188 

min-1 delivered highly smooth and crystalline perovskite layer. Subsequently, we modified the 189 

slot-die coated perovskite by spin-coating 2mM γ-AApeptide F-GLU-S in 2-propanol.  The post 190 

surface passivated slot-die coated perovskite layer and F-GLU-S molecule are illustrated in 191 

Scheme 1b. The amphiphilic sulfonyl-γ-AApeptide was designed to bear both hydrophobic and 192 

hydrophilic groups. Its “hydrophobic nature” occurred after self-assemble process (passivation); 193 

after the hydrophilic carboxylic acid is combined with lead, the hydrophobic portion of the 194 

molecule will be exposed to the outside to help the perovskite resist water in the environment. 195 

Particularly, F-GLU-S is comprised of carbonyl, carboxyl, amino, sulphonyl and chloro groups, 196 

which are expected to have strong interactions with the perovskite to modify defects. The -COOH 197 

and NH of the F-GLU-S interacted with the Pb-I perovskite framework through hydrogen bonding 198 

and suppressed anionic and cationic defects, respectively.40,45 Moreover, the C=O of the F-GLU-199 

S coordinated with the uncoordinated Pb2+ ions, as a result, F-GLU-S could effectively passivate 200 

both anionic and cationic defects. The interaction of F-GLU-S and slot-die coated MAPbI3 is 201 

illustrated in Scheme 1c.  202 



 203 

Scheme 1. Schematic illustration of (a) c-TiO2 preparation by chemical bath method, (b) perovskite 204 

film passivation by F-GLU-S and molecular structure of F-GLU-S, and (c) interaction of F-GLU-205 

S with MAPbI3 perovskite. 206 

To understand the interaction between F-GLU-S and slot-die coated perovskite, we first 207 

investigated with Fourier transform infrared spectroscopy (FTIR). The FTIR peak at 1661 cm-1 is 208 

assigned for C=O of the F-GLU-S; this peak is significantly shifted to 1713cm-1 when employed 209 

as a passivation layer clearly demonstrating the C=O coordinated with the uncoordinated Pb2+ ions 210 

and modified the perovskite defects (Figure 1a). The FTIR of the control, F-GLU-S modified 211 

perovskite, and F-GLU-S powder is provided in Figure S1, where the incorporation of F-GLU-S 212 

is further verified with the presence of additional peaks at from 620-1500cm-1.  Then, we recorded 213 



the XRD of the control and F-GLU-S modified slot-die coated perovskite films in which both films 214 

exhibited very sharp peaks at (110), (220) and (224) without any significant difference (Figure 1b).  215 

To further understand the crystallinity and phase of the control and F-GLU-S modified slot-died 216 

coated perovskite films, we record 2D grazing incidence wide angle x-ray spectroscopy (2D-217 

GIWAXS) where we found that the slot-die coated perovskite exhibited extraordinary crystallinity 218 

this was particularly observed for the F-GLU-S modified perovskite. The GIWAXS and Q Vector 219 

comparison of the control and F-GLU-S modified MAPbI3 are provided in Figure 1c-f. The 2D-220 

GIWAXS image exhibited formation of a mixture of many bright rings and bright spots. The bright 221 

scattering spots come from the ordered crystal structure and have the same orientation relative to 222 

the substrate. The scattering rings come from the disoriented crystal structure, which might locate 223 

at the interface. We have observed similar crystallinity as the scattering intensities from the two 224 

samples are close (Figure e) with the same exposure time and sample thickness. The anisotropic 225 

sharp scattering points and corresponding isotropic scattering rings indicate that majorly well-226 

oriented crystalline perovskites were formed by the slot die coating. Additionally, the peaks are 227 

sharp which implies the perovskite grains are very large. Furthermore, we have clearly observed 228 

the presence of minute peak for the control sample at 0.895Å (Figure 1e-f) which shows the 229 

presence of uncoordinated PbI2 in the film which corroborated with the FTIR result. The PbI2 peak 230 

is eliminated for the modified perovskite which implies that the F-GLU-S interacted with MAPbI3 231 

and effectively suppressed the uncoordinated Pb2+ (Figure 1e-f).  232 

 233 

 234 



 235 

Figure 1. Characterization of the interaction between MAPbI3 and F-GLU-S. (a) FTIR spectra of 236 

the control and 2mM F-GLU-S modified MAPbI3, (b) XRD of the control and 2mM F-GLU-S 237 

modified MAPbI3, (c) GIWAXS of the control perovskite, (d) GIWAXS of the modified 238 

perovskite, (e) Azimuthally integrated intensity profiles of the 2D-GIWAXS patterns of the control 239 

and F-GLU-S modified MAPbI3, and (f) Zoomed azimuthally integrated intensity profiles of the 240 

control and F-GLU-S modified MAPbI3.  The small spot at 0.895Å for the control sample is 241 

corresponding to the red rectangle in Figure 1c which clearly showed the presence of 242 

uncoordinated Pb2+ in the control perovskite.  243 

We further employed X-ray photoelectron spectroscopy (XPS) to investigate the chemical 244 

composition changes of C1s, Pb4f, O1s, N1s, I3d, Cl2p and S2p for slot-die coated MAPbI3 films 245 

with and without F-GLU-S modification. We calibrated the C-C peak at 284.84 eV for both the 246 

control and F-GLU-S modified perovskite films to compare the XPS peak changes.63 The Cls 247 

spectra are shown in Figure 2a and Figure S2 (a-b).  F-GLU-S is organic, thus the C/Pb ratio 248 



increases significantly for the modified perovskite film confirming the presence of F-GLU-S on 249 

the surface and grain boundaries of the   250 

 251 

Figure 2. High-resolution XPS spectrum of the control and 2mM F-GLU-S modified MAPbI3 films. 252 

(a) C1s, (b) Pb4f, (c) O1s, (d)N1s, (e) I3d, and (f) Cl2p. 253 

perovskite layer. The peak at 286.35 eV in the control perovskite is assigned to C-N from MAPbI3, 254 

which is shifted to 286.08 eV for the modified perovskite.64 More importantly, the F-GLU-S 255 

modified perovskite exhibited an additional significant peak at 289.59 eV which is assigned to 256 

C=O from the carbonyl group of the F-GLU-S, confirming the presence F-GLU-S on the treated 257 

perovskite.65  258 

Figure 2b shows the Pb4f spectra where the two Pb4f peaks at 143.12 eV and 138.42eV for the 259 

control perovskite are assigned to Pb4f5/2 and Pb4f7/2, respectively, which are shifted to 142.99 eV 260 

and 138.14 eV, respectively, for the F-GLU-S modified MAPbI3, clearly indicating the interaction 261 



between MAPbI3 and F-GLU-S.63 Figure 2c shows the O1s XPS peak for the control and F-GLU-262 

S passivated perovskite. We clearly observed two O1s peaks at 532.46 eV (O=C) and 533.54 eV 263 

(C-O-C) for the control and modified perovskite. Due to the additional O from -COOH and C=O 264 

in the modified perovskite, the O/Pb ratio  significantly increased for the modified F-GLU-S 265 

perovskite.53  266 

The N1s spectra are presented in Figure 2d, where the control perovskite exhibited a single peak 267 

at 402.44 eV which is assigned for -NH3 arising from the MAPbI3. This N1s peak is shifted to a 268 

lower binding energy of 402.04 eV for the F-GLU-S treated perovskite.63  Additionally, the 269 

modified perovskite exhibited an extra peak at 400.29 eV assigned for -NH2 originating from F-270 

GLU-S. These shifts in N1s peaks are attributed to the interaction between F-GLU-S and the 271 

perovskite. The I3d spectra are shown in Figure 2d, where the two main peaks at 630.83 eV and 272 

619.31 eV are assigned to I 3d3/2 and I3d5/2 for the control slot-die coated perovskite film which 273 

are shifted to lower binding energy of 630.48 eV and 619.01 eV, respectively for F-GLU-S 274 

modified perovskite. Additionally, F-GLU-S modified perovskite exhibit Cl2p (Figure 2f) and S2p 275 

(Figure S3c) peaks which are not present for the control perovskite film confirming the strong 276 

interaction between F-GLU-S and perovskite layer and the presence of F-GLU-S at the surface of 277 

the modified film. The Cl2p spectra has two main peaks at 202.42 eV (Cl2p1/2) and 201.08 eV 278 

(Cl2p3/2). Likewise, the S2p has two main peaks at 169.68 eV (Sp1/2) and 168.57 eV (Sp3/2). The 279 

full XPS spectra of the control and F-GLU-S modified perovskite is presented in Figure S2d. The 280 

binding energy shifts associated with C1s, Pb4f, O1s, N1s, and I3d and the emergence of Cl2p and 281 

S2p by F-GLU-S signifies the interaction between F-GLU-S and perovskite suggesting the 282 

passivation of perovskite to suppress the density of traps. The XPS investigation validated the 283 

FTIR and 2D-GIWAXS results.   284 



Figure 3a-b and Figure S3a-b demonstrated the top view SEM image of the control and F-GLU-S 285 

modified films where both exhibited highly compact and homogenous layers without significant 286 

morphology difference which implies the perovskite crystallization may not considerably alter 287 

with post-passivation of perovskite layer with F-GLU-S.    Previous studies of amino acid based 288 

passivation molecules modified the perovskite crystallization when applied in bulk perovskite 289 

precursor.56 Intriguingly, the pinholes on the control slot-die coated perovskite decreased when the 290 

surface was modified with F-GLU-S (Figure 3Sa-b). The AFM phase amplitude, topography, and 291 

3D images of the control and F-GLU-S modified perovskites are provided in Figure S4.   292 

After we confirmed the successful interaction between F-GLU-S and perovskite, we investigated 293 

the influence of F-GLU-S on the optoelectrical property perovskite. The UV-vis spectra of the 294 

control and 2mM F-GLU-S modified MAPbI3 film are provided in Figure S5, where the absorption 295 

onset of the perovskite is not altered signifying the F-GLU-S modification did not shift the energy 296 

level or bandgap of the perovskite. Moreover, to show the uniformity of the perovskite film over 297 

a large area, we fabricated 10×10 cm2 perovskite film by slot-die coater (Figure S6a) and cut into 298 

sixteen 2.5×2.5 cm2 and investigated their UV-Vis absorption. The absorption spectra are 299 

presented in Figure S6b, where the UV-Vis of all the perovskite layers overlapped which 300 

demonstrated uniform film was achieved over the entire area. 301 

The influence of F-GLU-S on charge extraction was investigated with steady-state 302 

photoluminescence (PL) and time-resolved PL (Figure 3c-d).  The control and modified perovskite 303 

layers were prepared by slot-die coating on the glass substrate and the light is guided from the 304 

perovskite side. The PL of the F-GLU-S modified perovskite exhibited substantial PL 305 

improvement which indicates substantial suppression of the non-radiative recombination on the 306 

surface and grain boundaries of the modified perovskite film.62,66  307 



The lifetime of carriers of the control and F-GLU-S modified perovskite are measured by the time-308 

resolved PL and fitted using equations (1) and (2).   309 

Y = 𝐴1exp (
−𝑡

𝜏1
) + 𝐴2exp (

−𝑡

𝜏2
)                                               equation (1) 310 

 𝜏𝑎𝑣𝑔 =
𝐴1𝜏1

2 +  𝐴2𝜏2
2

𝐴1𝜏1 +  𝐴2𝜏2
                                                               equation (2) 311 

 312 

Figure 3. (a) SEM image of control perovskite, (b) SEM image of F-GLU-F modified MAPbI3, (c) 313 

Steady-state PL of the control and 2mM F-GLU-S modified MAPbI3 on glass. (d) TRPL of the 314 

control and 2mM F-GLU-S modified MAPbI3. (e-f) Electron-only device with a structure of 315 



FTO/c-TiO2/ MAPbI3 (with and without 2mM F-GLU-S)/PCBM/Au, （g-h） Hole-only device 316 

with a structure of FTO/PEDOT:PSS/ MAPbI3 (with and without 2mM F-GLU-S)/Spiro-317 

OMeTAD/Au. 318 

A1 and A2 are the relative amplitudes, t is time, τ1 and τ2 are the lifetime values for the fast and 319 

slow decay, respectively.  320 

The average lifetime of the control slot-die coated perovskite film is 44.42 ns, which increased to 321 

54.88 ns for the F-GLU-S modified perovskite implying that defects are suppressed with F-GLU-322 

S modification. The lifetime results are summarized in Table S1. Based on the interaction of F-323 

GLU-S and perovskite and the morphology study, the F-GLU-S suppressed both the electronic 324 

defects through eliminating non-recombination centers and surface defects by modifying the 325 

surface and grain boundary defects. Consequently, a superior PL was obtained for the modified 326 

film.  327 

To quantify the electron and hole traps, we fabricated electron-only and hole-only devices for the 328 

control and F-GLU-S modified device, respectively. The electron-only devices are fabricated with 329 

a structure of FTO/c-TiO2/MAPbI3 (with and without F-GLU-S)/PCBM/Au. The device is 330 

measured at dark condition and the number of defects are calculated according to equation 3, where 331 

ɛ is the relative dielectric constant of MAPbI3 (ɛ=32), 67-68 ɛ0 is vacuum permittivity, VTFL is trap-332 

filled limit voltage, e is the elementary charge, and L is the thickness of MAPbI3 with and without 333 

F-GLU-S and Ntraps is the number of traps.    334 

𝑁𝑡𝑟𝑎𝑝𝑠 =
2ɛɛ0𝑉𝑇𝐹𝐿

𝑒𝐿2                                                        equation (3) 335 

The double logarithmic graph of the control and F-GLU-S modified electron-only devices are 336 

given in Figure 3e-f. The calculated Ntraps for the control device exhibited 3.47×1015cm-3. Up on 337 



F-GLU-S treatment the Ntraps substantially reduced by 49% to 1.83×1015cm-3. Subsequently, we 338 

fabricated the hole-only device with a structure of FTO/PEDOT:PSS/MAPbI3 (with and without 339 

F-GLU-S)/Spiro-OMeTAD/Au is to quantify the number of hole traps (Figure 3g-h). The control 340 

hole-only device exhibited 3.05×1015cm-3 Ntraps, intriguingly, the Ntraps minimized to 2.24×1015cm-341 

3 for F-GLU-S modified devices.  The electron and hole Ntraps results revealed F-GLU-S suppressed 342 

both cationic and anionic defects from the perovskite which ultimately reduce the non-radiative 343 

recombination significantly to improve the device Voc and FF. The Ntraps study is consistent with 344 

the PL study. Full SCLC parameters are summarized in Table S2.  345 

The interface between perovskite and spiro-OMeTAD plays crucial role for charge transfer. First, 346 

we employed kelvin probe force microscopy (KPFM) to study the contact potential differences of 347 

the perovskite films with and without F-GLU-S (Figure S7). The contact potential differences of 348 

perovskite film increase from ca. 157 mV to ca. 286 mV, which shows significant potential in the 349 

carrier transport in the devices and enhanced Voc of the devices.18,69 Moreover, we studied 350 

ultraviolet photoelectron spectroscopy (UPS) to quantify the energy level alignment of the 351 

perovskite layer with and without F-GLU-S treatment (Figure S8a-c). The control MAPbI3 352 

exhibited a valence band of -5.40 eV which is consistent with the previous study.70 Upon F-GLU-353 

S modification the valence band shifted to -5.54 eV,45 which is beneficial to minimize the 354 

recombination of electrons and holes at the interface.71  355 

Next, to evaluate the significance of F-GLU-S on the device performance, we fabricated PSCs 356 

with a structure of FTO/c-TiO2/MAPbI3 (with and without F-GLU-S)/Spiro-OMeTAD/Au (Figure 357 

4a).  Initially, we fabricated the control slot-die coated perovskite device with the optimized 358 

fabrication process discussed in experimental section. The control device demonstrated a 359 

maximum PCE of 19.10% with a Jsc of a Voc of 1.104V, 24.40mAcm-2, and FF of 70.90% in reverse 360 



bias, and a forward bias PCE of 17.46% with a Jsc of 24.19 mAcm-2, Voc of 1.110 V and FF of 361 

65.01%, as a result, the control device exhibited a significant hysteresis index (HI) of 0.086 362 

calculated by HI=(PCEreverse-PCEforward)/PCEreverse.43 First, we spin-coated 30µL absolute 2-363 

propanol on the perovskite layer to study the impact of 2-propanol on device performance, 364 

however, 2-propanol couldn’t influence the morphology of the perovskite layer and device 365 

performance.72 Then, various concentrations of F-GLU-S in 2-propanol (0mM, 0.5mM, 1mM, 366 

2mM and 3mM) were spin coated on the slot-die coted perovskite layer to optimize the best 367 

concentration. The concentration optimization is summarized in the box chart in Figure S9, where 368 

at small F-GLU-S concentration (0.5-1mM), the Voc of the modified device improved but was not 369 

reproducible.  At higher concentration (3mM), the bulky F-GLU-S on the surface induces charge 370 

resistance as a result both Jsc and FF of the modified device decreased. The 2mM F-GLU-S 371 

concentration delivered impressive photovoltaic parameters where all the Jsc, Voc and FF improved, 372 

and importantly the results were reproducible. Consequently, the F-GLU-S modified perovskite 373 

produced outstanding performance of 21.44% PCE with a Voc of 1.130V, a Jsc of 24.64mAcm-2, 374 

and FF of 76.99% at reverse bias which is one of the best performances amongst the modified slot-375 

die perovskite device with various passivation/additive molecules (Table S3). Intriguingly, the F-376 

GLU-S device demonstrated a forward bias PCE of 20.94% with a Jsc of 24.37 mAcm-2, Voc of 377 

1.130 V and FF of 76.03% with reduced HI of 0.023. The HI results validated that defects are 378 

effectively reduced by F-GLU-S treatment. The champion I-V curve for the control and F-GLU-S 379 

modified perovskite is provided in Figure 4b.  Next, we measured the stabilized PCE of the control 380 

and F-GLU-S modified MAPbI3 based device at maximum power point of 0.98 V for 150s (Figure 381 

4c). The control device power out decreased significantly from 19.10% PCE to 15.95% in 150s 382 

which could be associated with an increase in the concentration of defect density of states while 383 



measurement (such as ion diffusion) that leads to severe recombination as a result the PCE 384 

deteriorated over time.73 Interestingly, the modified devices demonstrated stable stabilized power 385 

output over the measurement time that suggested the defects are effectively suppressed (no 386 

significant recombination) which is consistent with the PL and SCLC study. Moreover, F-GLU-S 387 

effectively modified the interface between perovskite and spiro-OMeTAD (doped with Li-TFSI 388 

and TBP). However, in the control device, the Li+ could migrate to the and perovskite/spiro-389 

OMeTAD interface that resulted severe recombination in the device which declined PCE over 390 

time.73  This result implies the F-GLU-S not only improved the device performance, but it also 391 

substantially improves the stability of the working device.  392 

To check the reproducibility of our results, we fabricated 20 devices each for the control and F-393 

GLU-S modified slot-die coted perovskite and the results summarized on the box chart in Figure 394 

4d-g. The results demonstrated that F-GLU-S treated slot-die coated perovskite exhibited 395 

substantial improvements on both Voc and FF which validates the potential of F-GLU-S to repress 396 

the surface, grain boundary and electronic defects which corroborated the results of PL, TRPL, 397 

hole-only and electro-only device. The F-GLU-S coordinated with the perovskite through Lewis 398 

acid-base coordination (Pb-C=O) to suppress the uncoordinated Pb2+ ions and also formed 399 

hydrogen bonding through chloro functional group where the Cl- could directly substitute the I- 400 

vacancy. As a result, the electronic defects substantially reduced which leads to improved PL 401 

device performance for the F-GLU-S modified device. Moreover, to study the uniformity of slot-402 

die coated perovskite over a large area we fabricated large area (1.12 cm2) perovskite devices 403 

(Figure S10). Intriguingly, the large area device demonstrated a champion PCE of 15.72% with a 404 

Jsc of 24.47cm2, a Voc of 1.09 V, and an FF of 58.93%. It has been reported that in the large area 405 

cells the performance loss is due to large series resistance (Rs), which drastically lowers the fill 406 



factor.74 The Rs increasing with aperture area. Subsequently, we recorded the external quantum 407 

efficiency (EQE) of the control and F-GLU-S modified devices (Figure 4h), where the integrated 408 

Jsc of 19.85 mAcm-2 and 20.16 mAcm-2 was measured for the control and F-GLU-S -modified 409 

device, respectively. The discrepancy between the integrated Jsc and the Jsc measured in the I–410 

V curve arises because the EQE measurement is carried out in a single wavelength with 411 

considerably lower intensity than the one sun radiation.75 These deviation might result from also 412 

due to the nonlinear recombination mechanism in the devices.75 The integrated Jsc extracted from 413 

I−V scans that is within 20% deviation from the EQE signifies a reasonable correlation.75  414 

Subsequently, we carried out EIS measurement to investigate the charge recombination 415 

characteristics of the control and F-GLU-S modified device. The EIS measurement was recorded 416 

at a bias of 0.9 V in dark condition. The EIS curve and the corresponding equivalent circuit is 417 

provided in Figure 4i, and the extracted information are summarized in Table S4. In general, the 418 

high-frequency semi-circle in the Nyquist plot ascribed the recombination resistance and 419 

geometrical capacitance.76-77 The fitting results revealed that the series resistance of the F-GLU-S 420 

modified device reduced from 32.63ꭥ (control device) to 26.53ꭥ which leads to FF improvement.  421 

Intriguingly, the charge recombination resistance (R2) depicted by the large semi-circle 422 

significantly enhanced above seven-fold times for the F-GLU-S passivated device compared to the 423 

control device (9545ꭥ Vs 1392ꭥ) which clearly proved the F-GLU-S significantly reduced the 424 

surface, grain boundary and electronic defects as a result the non-radiative charge recombination 425 

repressed which leads to Voc improvement in the device.  426 



 427 

Figure 4. (a) Schematic illustration of the fabricated device with a structure of FTO/c-TiO2/ 428 

MAPbI3 with and without 2mM F-GLU-S modification/Spiro-OMeTAD/Au. (b) The champion 429 

device performance using the control and 2mM F-GLU-S modified MAPbI3. (c) Stabilized power 430 

output of the control and F-GLU-S modified MAPbI3 based device at maximum power point of 431 

0.98 V. Box chart comparison of the J-V parameters for the control and 2mM F-GLU-S modified 432 

MAPbI3 (d) Jsc, (e) Voc, (f) FF and (g) PCE. (h) EQE and integrated Jsc of the control and 2mM F-433 

GLU-S modified MAPbI3 based device, and (i) Nyquist plots of the control and 2mM F-GLU-S 434 

modified MAPbI3 based device. The inset shows their eqivalent circuit.  435 

Finally, we studied the influence of F-GLU-S modification on the long-term device stability. In 436 

general, defects not only minimize the PCE of the PSCs but also cause device instability.78-79 To 437 



study the slot-die coated perovskite film stability, we measured water contact angle for both the  438 

control and F-GLU-S modified perovskite films where the control perovskite film showed a water 439 

contact angle of 53.36° (Figure 5a). Interestingly, the water contact angle increased to 72.35° 440 

(Figure 5b) for the F-GLU-S modified slot-die coated perovskite film which infers the modified 441 

film has potential to prevent the penetration of moisture better than the control perovskite film.  442 

Then, we studied the long-term stability of the control and F-GLU-S modified perovskite devices. 443 

We kept both devices in air at RH of 50-60% for one month. Four devices for each of the control 444 

and modified devices were investigated to ensure the long-term study data is reproducible. The 445 

Voc of the control devices was not influenced by the moisture, implying we get highly compact 446 

TiO2 film.  However, both Jsc and FF degraded exponentially. Interestingly, the F-GLU-S 447 

modified devices exhibited impressive stability in which the devices retained ~ 92% of their initial 448 

performance after 720 h. The long-term stability of the control and F-GLU-S modified devices are 449 

shown in Figure 5c-f.  450 

 451 



Figure 5. (a) Water contact angle of (a) the control, and (b) 2mM F-GLU-S modified MAPbI3. 452 

Long-term stability of the control and 2mM F-GLU-S modified MAPbI3 in air (RH= 50-60%) for 453 

720 hours (c) Jsc, (d) FF, (e) Voc and (f) PCE. 454 

Conclusions 455 

In summary, we have successfully passivated the defects of slot-die coated perovskite by a novel 456 

F-GLU-S. The FTIR characterization revealed the strong interaction between F-GLU-S and 457 

perovskite through carbonyl group (Pb-C=O) as a result the uncoordinated Pb2+ ions effectively 458 

suppressed which unambiguously validated with 2D-GIWAXS and XPS peak shifts. Moreover, 459 

the F-GLU-S interacted with perovskite through hydrogen bonding (N-H…Cl) thus the I- 460 

vacancies successfully repaired. As a result, the non-radiative recombination of the modified 461 

perovskite significantly suppressed which is validated with the PL increase on the modified film. 462 

Furthermore, the modified perovskite exhibited extraordinary charge recombination resistance 463 

(seven-fold times higher) compared to the control device. The investigation on PL and EIS clearly 464 

indicated the non-radiative recombination effectively suppressed by the modification. Therefore, 465 

F-GLU-S modified slot-die coated perovskite device demonstrated excellent Voc of 1.130 V and 466 

FF of 76.99% with outstanding PCE of 21.44% which is one of the highest reported results based 467 

on slot-die coated perovskite.  Moreover, device fabricated from the F-GLU-S modified perovskite 468 

exhibited excellent long-term stability and retained ~92% of its initial performance after it stored 469 

a month in air at room temperature and 50-60% RT.  470 
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Highlights 746 

• Large area perovskite layer slot-die coated on CBD prepared c-TiO2 at room temperature 747 

• The multi-functional F-GLU-S strongly coordinated with perovskite through Pb-C=O/N/O 748 

and N-H…Cl and modify the uncoordinated Pb2+ ions and I- vacancy concurrently 749 



• F-GLU-S treatment improved PL, Voc and charge recombination resistance significantly  750 

• F-GLU-S modified slot-die coated planar perovskite device produced 21.44% PCE  751 
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