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Figure S1. Profiles of temperature and ambient conditions for thermal annealing [1].

(a) MgF, (105 nm) r—

Zn0, Al-doped ZnO (350 nm)

Cds (60 nm)

Cu-Zn-Sn-Se-5 (2 um) | & L 2 3
Molybdenum (1 um) m “ﬁ;*""; ﬁ* ﬁ

Soda-lime glass

Figure S2. (a) Schematic of CZTSSe solar cell and its TEM image. The scale bar is 1
um. (b) EDX mapping for TEM related to Cu, Zn, Sn, S, Se, Mo, and Cd.



Table S1. Comparison of the characteristics of some reported flexible CZTSSe solar

cells.
Material Substrate PCE (%) Reference
CZTSSe Mo foil 3.8 [2]
CZTSe Stainless steel foil 6.1 [3]
CZTS Stainless steel foil  6.29 [4]
CZTSSe Mo foil 6.78 [5]
CZTSSe Mo foil 8.0 [6]
CZTSSe Mo foil 10.34 [7]
CZTS Polyimide 0.15 [8]
CZTS PET 0.83 [9]
CZTSSe PET 7.1 this work

Table S2. Composition ratio of the CZTSSe absorber measured by EDX [10, 11].

Chemical composition

Compositional ratio

/n Sn Se S
(at%) (at%) (at%) (at%)

Cuw/ (Se+S)/

Zn/Sn

(Zn+Sn) Metal

CZTSSe
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20.1 13.3 34.2 14.4
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Figure S3. [hv x In(1-EQE)]?> vs hv curves obtained from EQE measurement of the

OCSs.



Table S3. Device characteristics of the original CZTSSe solar cells on the soda-lime

glasses for all cells.

R S I CO N 100 N S
(mV) (mA/cm?) (Qcm?)  (Qcm?)

OCS PET1 4336 313 58.3 7.9 239.6 2.66
OCS_PET 2 426 34.6 56.4 8.3 266.4 2.67
OCS PET 3 426 33.6 57.9 8.3 345 2.54
OCS _PET 4 416 30.7 59.6 7.6 169.4 241
OCS_PET S5 408.5 31.7 58.6 7.6 139.3 2.44
OCS PET6  411.1 314 59.2 7.6 179 2.42
OCS Paper1 451.1 29.2 54.9 7.2 381 3.23
OCS Paper2 441.1 31.8 53.8 7.6 315 3
OCS Paper3  436.1 30.5 52.6 7.0 270.5 3.06
OCS Paper4 443.6 29.5 51.3 6.7 282.6 3.4
OCS Paper5 436.1 31.5 49.4 6.8 227.1 3.43
OCS_Paper 6 223 279 31 1.9 11.7 5.1
OCS Cloth 1 4235 28.5 53.6 6.5 360 3.42
OCS Cloth2 406 29.3 54 6.4 420 3.07
OCS Cloth3 406 29.3 54.5 6.5 214.6 2.94
OCS Cloth4 411.1 27.3 55.1 6.2 375 3.1
OCS Cloth 5  403.5 28.2 55.7 6.3 261 2.89
OCS Cloth 6  403.5 27.6 57.2 6.4 213.7 2.81
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Figure S4. Digital camera images for fabrication process of a flexible CZTSSe solar
cell on a PET substrate: (a) Grinding of soda-lime glass. (b) Removing whole soda-

lime glass. (c) Transferring the very-thin CZTSSe solar cell on the PET substrate.



Figure S5. (2) An SEM image of the surface of the thermal release tape (TRT). Optical
microscopy images of (b) the transparent sapphire substrate and (c) the TRT residue on

it.
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Figure S6. A schematic of the flexible CZTSSe solar cell fabricated on a PET substrate.



Table S4. Device characteristics of the FCSs on various flexible substrates for all cells.

\Y J FF n R

V) Ak ) ) @om)  (@omr) s ocs
FCS PET 1 428.6 25.2 493 5.3 167.5 4.26 0.67
FCS _PET 2 423 .6 28.2 49 .8 5.9 176.4 3.35 0.71
FCS PET 3 416.1 28.4 422 5 50.9 4.11 0.60
FCS PET 4 411.1 24 53 5.2 263.8 3.38 0.68
FCS PET 5 388.5 26.1 49.2 5 113.6 3.42 0.66
FCS PET 6 413.6 26.6 51.7 5.7 197.2 3.33 0.75
FCS Paper 1 448.6 24.6 52.1 5.8 428.3 4.08 0.81
FCS Paper2 436.1 27.7 51.7 6.2 251.6 3.49 0.82
FCS Paper 3 418.6 25.7 50.9 5.5 247.2 3.57 0.79
FCS Paper4  436.1 14.9 48.7 3.2 236.8 6.78 048
FCS Paper5 418.6 26.6 46.8 5.2 152.1 4.23 0.76
FCS_Cloth 1 418.6 26.6 47.1 5.3 159 4.66 0.82
FCS Cloth 2 406 22.6 51.6 4.7 431.3 4.42 0.73
FCS_Cloth 3 406 24.8 47.7 4.8 90.7 4.32 0.74
FCS_Cloth 4 398.5 9.3 53.2 2 412 8.29 0.32
FCS Cloth 5 391 12 54.9 2.6 519.2 6.3 0.41
FCS Cloth 6 401 26.7 53.9 5.8 150.3 3.63 0.91
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Figure S7. Bending tests by changing the bending radius from 2.8 cm to 1.3 cm.
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Figure S8. Conveniently connected FCSs: (a) Digital camera images of the
conveniently connected FCSs. (b) Schematics of the series-connected solar cells. (c) J-

V characteristics for two FCSs and the connected FCSs.



Table S5. Solar cell characteristics of the two FCSs and conveniently connected FCSs.

Voc Isc Jsc FF n Rsh Rs
(mV) (mA) (mA/cm?) (%) (%) (Qcm?) (Qcm?)
Sample | 4573 4.9 25.9 522 618 141.7 42
Sample 2 4472 4.9 257 539  6.19 172.3 4.47
Connected g5 5 43¢ 12.7 536 6.1 787.4 17.13
FCSs

Table S6. Device characteristics of the extra CZTSSe solar cell sample for all cells.

Voc Jsc FF n Rsh RS nFCS/
(mV)  (mA/cm?) (o) (o) (Qem?)  (Qem?) Mg
OCS_PET  /qc 30.9 54.8 7.8 168.6 3.42 -
extra 1
OCS_PET 4557 322 584 86 2244 3.05 -
extra 2
OCS_PET 4587 313 559 80  190.1 331 -
extra 3
OCS_PET 4456 32 563 81 2111 321 -
extra 4
OCS PET 4637 31.4 507 87 2358 2.89 -
extra 5
OCS PET 457 344 576 93 1757 28I -
extra 6
FCS PET 4536 289 543 7.1 1065 329 091
extra 1
FCSPET 86 266 497 59 1027 485 0.9
extra 2
FCS PET ys6 275 s4 67 1374 389 084
extra 3
FCS_PET 4436 271 524 63 1348 445 078
extra 4
FCSPET 4536 249 573 65 1884 350 075
extra 5
FCSPET 4536 233 414 45 1117 907 048
extra 6




Figure S9. (a) and (b) indicate the zoom-out FIB images for the two boundaries.
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Figure S10. Schematic of each measured layer for nanoindentation [12]. (a) Mo layer

on soda-lime glass (Mo layer). (b) CZTSSe absorber on Mo/soda-lime glass
(Absorber). (c) CZTSSe solar cell including MgF, layer (CZTSSe solar cell).

Table S7. Results of hardness and Young’s modulus measured by nanoindentation.

Materials Hardness (Gpa) Young’s modulus (Gpa)
Razor blade 9.9 223.5
Mo 9.1 162
Absorber 2.3 53
CZTSSe solar cell 4.1 72.8
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