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Experimental section

Devices in this work were prepared and characterized by the materials and 

methods reported in our previous work.1-2 For ZrO2 film, zirconium acetylacetonate 

(Zr(AC)4: 98%, Aladdin) were dissolved in DMF and stirred at 90 ºC for 32 h to 

prepare precursor solution. After treating the ITO substrate by oxygen UV for 10 min, 

the precursor solution with various concentrations were spin-coated on the ITO 
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substrates at 500 rpm for 5 s and 5000 rpm for 40 s. Then ZrO2 films were obtained 

by UV irradiation them for 45 min or annealing at 160 ºC for 60 min.3-5 For the 

time-resolved photoluminescence (TRPL) spectra, it was recorded by a fluorescence 

spectrophotometer (Fluorolog-3, Horiba) and excited by a 473 nm pulse laser with the 

excitation energy of 100 mW and a rate of 5 MHz. 

Table S1. Photovoltaic parameters of UV-PSCs with various zirconium precursor solution 

concentrations.

Concentration (mg/ml) Voc(V) Jsc(mA/cm2)c Jsc(mA/cm2)d FF PCE(%)

0 0.985 20.35 19.78 0.759 15.56a(14.77)b

0.1 0.978 22.43 21.64 0.768 16.84a(16.65)b

0.3 1.034 23.02 22.92 0.776 18.47a(18.35)b

0.5 1.068 23.32 23.14 0.782 19.48a(19.01)b

0.7 1.025 22.95 22.13 0.771 18.14a(17.34)b

a Champion efficiency. b Average PCE for 40 PSCs. c Measured Jsc. d Integrated current 

density from EQE.

Table S2. Photovoltaic parameters of UV-PSCs with different UV treatment time.

a Champion efficiency. b Average PCE for 40 PSCs. c Measured Jsc. d Integrated current 

density from EQE.

UV treatment time(min) Voc(V) Jsc(mA/cm2)c Jsc(mA/cm2)d FF PCE(%)

15 1.013 22.74 22.46 0.768 17.74a(17.53)b

30 1.037 22.85 22.65 0.778 18.45a(18.12)b

45 1.068 23.32 23.14 0.782 19.48a(19.01)b

60 1.042 22.91 22.82 0.779 18.63a(18.32)b

75 1.031 22.82 22.18 0.772 18.21a(18.15)b



Table S3. Photovoltaic parameters of Annealing-PSCs with different zirconium acetylacetonate 

precursor solution concentrations.

Concentration (mg/ml) Voc(V) Jsc(mA/cm2)c Jsc(mA/cm2)d FF PCE(%)

0 0.985 20.35 19.78 0.759 15.56a(14.77)b

0.1 0.988 21.24 21.04 0.769 16.67a(16.48)b

0.3 0.997 23.02 22.94 0.772 17.73a(17.25)b

0.5 1.042 23.28 23.26 0.781 18.51a(17.63)b

0.7 0.991 23.01 22.43 0.768 17.52a(17.21)b

a Champion efficiency. b Average PCE for 40 PSCs. c Measured Jsc. d Integrated current 

density from EQE.

Table S4. Photovoltaic parameters of Annealing-PSCs with different annealing time.

a 

Champion efficiency. b Average PCE for 40 PSCs. c Measured Jsc. d Integrated current 

density from EQE.

Annealing
Time (min

)
Voc(V) Jsc(mA/cm2)c Jsc(mA/cm2)d FF PCE(%)

15 0.973 21.61 21.46 0.754 15.86a(15.57)b

30 0.986 22.52 22.43 0.764 16.97a(16.45)b

45 1.013 23.11 22.95 0.773 17.83a(17.49)b

60 1.042 23.28 23.26 0.781 18.51a(17.63)b

75 0.995 23.06 22.89 0.769 17.65a(17.39)b



Table S5 The values of Rsh, Rs and Rsh/Rs extracted from the J-V measurement of 

Reference-PSCs from 40 devices. 

Reference-PSCs

Rs Rsh Rsh/Rs Rs Rsh Rsh/Rs

1 111 15692 141 21 180 20339 113

2 154 26719 173 22 126 20357 161

3 121 23410 194 23 195 33727 173

4 122 22520 185 24 141 27413 195

5 138 28070 203 25 169 21595 128

6 137 34418 251 26 131 17788 136

7 104 19944 192 27 139 19932 143

8 135 27417 203 28 124 15507 125

9 115 24513 213 29 167 14397 86

10 138 32530 236 30 100 12602 126

11 112 10662 95 31 103 12591 122

12 117 24876 213 32 110 13744 125

13 106 14365 136 33 149 18808 126

14 127 18228 143 34 125 14357 115

15 135 16841 125 35 144 30684 213

16 100 13502 135 36 124 11927 96

17 160 20121 126 37 200 20634 103

18 160 19580 122 38 130 16287 125

16 114 14192 125 39 234 31549 135

20 103 12954 126 40 124 15507 125

Average Rs : 136 Rsh : 20258 Rsh/Rs : 150.2



Table S6 The values of Rsh, Rs and Rsh/Rs extracted from the J-V measurement of 

UV-PSCs from 40 devices. 

UV-PSCs

 Rs Rsh Rsh/Rs Rs Rsh Rsh/Rs

1 106 40610 382 21 102 30787 301

2 94 30378 323 22 112 34909 311

3 97 33457 344 23 125 40293 323

4 112 37470 335 24 81 27954 345

5 105 37176 353 25 89 32286 363

6 116 46581 401 26 103 39031 378

7 94 32165 342 27 105 30857 293

8 97 34357 353 28 94 34615 367

9 103 37508 363 29 102 34009 334

10 72 27885 386 30 98 36549 372

11 96 42911 445 31 86 31740 368

12 102 36936 363 32 103 34473 336

13 104 38016 367 33 96 32939 342

14 101 35256 349 34 127 38161 301

15 94 32447 345 35 82 29947 363

16 101 39063 386 36 103 37898 368

17 99 36253 365 37 102 34376 336

18 75 31064 412 38 102 36336 356

16 100 36365 365 39 103 39614 385

20 87 32363 371 40 106 36627 345

Average Rs : 100 Rsh : 35292 Rsh/Rs : 356



Table S7 The values of Rsh, Rs and Rsh/Rs extracted from the J-V measurement of 

Annealing-PSCs from 40 devices. 

Annealing-PSCs

Rs Rsh Rsh/Rs Rs Rsh Rsh/Rs

1 125 37667 301 21 99 28473 289

2 127 35279 278 22 124 33021 266

3 161 50138 312 23 100 27929 278

4 97 28144 290 24 156 46793 300

5 112 34572 308 25 102 32551 318

6 109 38945 356 26 135 39985 296

7 101 29870 297 27 124 34533 278

8 152 46884 308 28 100 22962 230

9 74 23533 318 29 118 28279 240

10 140 47588 341 30 120 34096 283

11 80 25958 324 31 110 28102 256

12 98 31127 318 32 115 29573 257

13 98 26321 268 33 103 23777 231

14 120 34326 286 34 113 28923 256

15 125 35174 281 35 133 42440 318

16 122 29359 240 36 140 33633 241

17 127 34037 269 37 115 28511 248

18 132 34639 263 38 114 2631 230

16 101 23282 230 39 118 28279 240

20 112 25931 231 40 99 22841 231

Average Rs : 116 Rsh : 31753 Rsh/Rs : 278



Fig. S1 Spectrum for the thickness measurement of ZrO2 film.

Fig. S2 The top-view SEM images and the water contact angle image (a) SnO2, (b) 

UV-ZrO2/SnO2 and (c) Annealing-ZrO2/SnO2. AFM images (10×10μm) of (d) SnO2, (e) 

UV-ZrO2/SnO2 and (f) Annealing-ZrO2/SnO2 films, respectively.

Fig. S3 (a) J-V curves of UV-PSCs with different precursor concentrations. (b) and (c) PCE, Jsc, 

FF and Voc as functions of concentrations.



Fig. S4 (a) J-V curves of UV-PSCs with different UV treatment time. (b) and (c) PCE, Jsc, FF and 

Voc as functions of time.

Fig. S5 (a) J-V curves of Annealing-PSCs with different precursor concentrations. (b) and (c) PCE, 

Jsc, FF and Voc as functions of concentrations.

Fig. S6 (a) J-V curves of Annealing-PSCs with different annealing time. (b) and (c) PEC, Jsc, FF 

and Voc as functions of time.

Fig. S7 J-V curves of the best-performing devices measured in both the reverse and forward scan 
directions: (a) Reference-PSC, (b) UV-PSC and (c) Annealing-PSC. 
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Fig. S8 Normalized PCE of unsealed Reference-, UV- and Annealing-PSCs stored in air.

Fig. S9 (a) Transmittance spectra of ITO/SnO2, ITO/UV-ZrO2/SnO2 and 

ITO/Annealing-ZrO2/SnO2. (c) Absorption spectra of Reference-PSC, UV-PSC and 

Annealing-PSC, respectively.

Fig. S10 Spectrum for the thickness measurement of SnO2 film.
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