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Figure S1. Box plot of the performance of the CIGS solar cell devices with various alkali treatments. (a) Short-circuit current density (JSC), (b) open-circuit voltage (VOC), (c) fill factor (FF), and (d) power conversion efficiency (PCE). The best performances of each sample are presented in Table 1 in the main manuscript. Devices with additional alkali treatment showed enhanced PCE. NaF+RbF PDT and NaF+CsF PDT samples showed lower FF than the NaF PDT CIGS probably due to the formation of Alk–In–Se compounds.
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Figure S2. Temperature-dependent current density-voltage (J-V) curves of the CIGS solar cell devices. J-V curves were obtained from 300 K to 80 K.
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Figure S3. STEM-EDS images of constituent elements in the CIGS with and without alkali treatment. The grain boundaries showed Cu-depleted and slightly Se-poor composition. The amount of Na was too low to be detected because of its relatively small mass.





Experimental
Film/device fabrication: A PI film was used as the flexible substrate with a DC-sputtered Mo coating (700 nm) as a back contact. Three-stage co-evaporation method was used to grow the CIGS thin films with additional in-situ alkali PDT. The nominal thickness of the alkali (Na, Rb, Cs) PDT layer was 10 nm. Additional annealing with Se supply (15 Å/s) was performed after the alkali PDT. The temperature for the whole process was maintained under 450 ℃. To complete the device fabrication, 40–60 nm of the CdS buffer layer was deposited on the CIGS thin film by using chemical bath deposition. Then, 50 nm of intrinsic zinc oxide (i-ZnO) and 150 nm of indium tin oxide (ITO) layer were deposited by radio frequency (RF) sputtering. An aluminum (Al) top electrode was deposited, and 110 nm of magnesium fluoride (MgF2) was deposited for anti-reflect coating by using electron beam evaporation.

Characterization: The J-V characteristics of the finished devices were measured with a solar simulator (WACOM, WXS-155S-L2), under a standard test condition of AM 1.5 G spectrum and intensity of 1 sun (100mW·cm–2) at 25 °C. The temperature-dependent VOC (VOC-T), DLCP, and AS measurements were performed using a semiconductor characterization system (Keithley 4200, Tektronix, Inc.). A vacuum probe stage with a temperature controller (HFS600E-PB4, Linkam) was used to vary the temperature from 300 K to 80 K with an interval of 10 K at a pressure of 10–3 Torr. The microstructures and element distribution were characterized by transmission electron microscopy (TEM; JEM-ARM200F “NEO ARM”, JEOL) and energy-dispersive X-ray spectrometry (EDS, JED-2300T(Dual), JEOL), respectively. The accelerating voltage for the STEM observations was 200 kV. A cross-section lamella of the CIGS thin film for the TEM measurement was prepared using a focus-ion beam system. An O2 sputtering source was used for the time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements instead of the Cs source to avoid the detection of a potential Cs source. Commercial atomic force microscopy (Nanofocus, n-tracer) was used to perform c-AFM measurement. Contact mode was used to scan the surface, and the set point value was 1 nN. A Pt/Ir-coated tip (Nanocensors Inc.) was used for the measurement. An external bias of 0.5 V (DC) was applied to the sample stage with the tip grounded, and the detection limit of the surface current was 10 nA. The scan area was 2 × 2 μm2, and the scan resolution was 256 × 256 pixels (256-line scan). During the scanning, the scan rate was maintained below 0.3 Hz to minimize the tip damages. For the XRD measurements, the height of the samples loaded were adjusted to be identical to avoid the influence of the difference of the distance between the sample and the detector.

DFT calculations: Total energy and electronic structure calculations were performed using density functional theory (DFT). The Vienna Ab initio Simulation Package1 with projector augmented-wave pseudo-potentials was employed. The generalized gradient approximation was applied for the exchange-correlation function, and the DFT+U method was used for Cu with Ueff = 4 eV for the d states.2 A CuIn0.5Ga0.5Se2 unit cell was used to represent the complex configurational space of CIGS (See Figure S6 in the Supporting Information). The energy cut-off of the plane-wave basis was set to 300 eV, and k-points were sampled as 3 × 3 × 2 Monkhorst-pack mesh that satisfy the convergence criteria of energy/atom < 0.01 eV and pressure < 10 kBar. To calculate the defect chemistry at the CIGS GBs, a 160-atom slab structure with (112) surface was used. The defect formation energy (Ef) was calculated as follows: 
,
where Etot is the total free energy of the supercell; and Ni and μi are the quantities and chemical potentials of the exchanging chemical species, respectively. For a charged defect, q is the charge state of the defect, εF is the Fermi level from the valence band maximum (εVBM), and Ecorr is the charge correction energy determined using the Makov-Payne method.3 To calculate the changes in lattice parameters under biaxial strain, we modify the VASP code to allow the lattice relaxion only along the z-axis. For all calculations, atomic configurations were optimized, until the atomic force converged within 0.01 eV/Å.
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Figure S41. Scanning electron microscopy (SEM) images of the NaF PDT CIGS samples under (a) concave, (b) planar, and (c) convex bending states. No severe cracks or gaps were observed under the mechanical bending states with bending radius of 20.47 mm (i.e. curvature angle of 20°). SEM images were obtained at the Western Seoul Center KBSI by using HITACHI SU8220.
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Figure S25. 2-dimensional topography and surface current map of the CIGS with NaF+RbF and NaF+CsF PDT. The surface current under concave bending decreased compared to those of the planar and convex bending states. Nevertheless, the degradation of its surface current values was lower than that under convex bending. Obtaining topography and surface current maps under concave bending with a bending radius of 14 mm (corresponding to a curvature angle of 30°) proved challenging due to technical issues, specifically the movement of the cantilever was hindered by the curved surface.
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Figure S36. The atomic structures of calculated defects at the CIGS (1 1 2) surface obtained from structural optimization via DFT.


Table S1. The calculated formation energies (eV) at (EF = valence band maximum) for defects shown in Figure S8.
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	VCu1–
	VIn1–
	VGa1–
	VSe1+
	CuIn1–
	CuGa1–
	InCu2+
	GaCu2+
	Sei1–

	convex
(–1%)
	0.360
	0.736
	-
	0.946
	0.617
	0.929
	0.735
	0.327
	1.110

	planar
	0.297
	0.694
	0.787
	1.082
	0.755
	0.880
	0.972
	0.464
	1.248

	concave
(+1%)
	0.194
	0.622
	-
	1.257
	0.605
	0.801
	0.540
	0.643
	-

	
	Nai1+
	Rbi1+
	Csi1+
	Nai-VCu
	Rbi-VCu
	Csi-VCu
	VCu1–@
Nai-VCu
	VCu1–@
Rbi-VCu
	VCu1–@
Csi-VCu

	convex
(–1%)
	0.346
	0.167
	-0.005
	0.326
	0.315
	0.207
	0.183
	0.370
	0.428

	planar
	0.384
	0.215
	0.048
	0.309
	0.307
	0.201
	0.129
	0.305
	0.362

	concave
(+1%)
	0.439
	0.283
	0.119
	0.272
	0.281
	0.179
	0.039
	0.205
	0.260
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Figure S4. Distribution of alkali elements in the bulk and grain boundaries (GBs). (a, b) Scanning transmission electron microscopy (STEM)-energy dispersive spectroscopy (EDS) images of (a) NaF+RbF PDT and (b) NaF+CsF PDT samples. High-angle annular dark field (HAADF) images and EDS maps of Cu, Rb, and Cs at the GBs. White dashed line in the HAADF images indicate the random GBs. (c) High-resolution STEM image of the grain with (1 1 2) orientation. Inset presents the fast-Fourier transform (FFT) image of the white dashed box area in Figure 2c. (d) The depth profile of alkali elements in the alkali PDT CIGS samples was obtained by time-of-flight secondary ion mass spectrometry.
The GBs of the heavy-alkali-doped CIGS showed a Cu-depleted composition. By contrast, the concentration of heavy alkali increased at the GBs, suggesting heavy alkali occupation of the Cu vacancy sites. Several studies have demonstrated empirically and theoretically the segregation of heavy alkalis toward the GBs, in which the heavy alkalis pushed light alkalis away from the GBs.4 The segregation of heavy alkali toward GBs passivated the detrimental defects and modified the energy level of the Cu vacancy (VCu) sites.5 Herein, the concentration of Na was under the detection limit of EDS, which hindered the identification of the presence of Na. The d-spacing obtained using the fast-Fourier transform (FFT) patterns was 0.329 nm, which corresponded to the CIGS grain with (1 1 2) orientation and assuming (1 1 2) facets facing GBs.
In addition to the expulsion of the light alkali at the GBs, the in-depth intensity of Na decreased significantly after the heavy-alkali PDT compared to that of the CIGS sample with NaF PDT only. The significant decrease in Na in the entire film suggested that the light alkalis from the GBs repelled by the heavy alkalis apparently moved toward the surface. The intensity of heavy alkalis at the GBs was higher than that of Na although the nominal thickness of the alkali PDT was identical. Although the migration of expelled Na was not determined clearly, the significantly low concentration of Na suggested that this element moved toward the surface.
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Figure S57. Angle-tilted XRD pattern. The XRD peak of (3 1 2) orientation shifted as the tilting angles increased, indicating that intrinsic tensile strain was applied on the CIGS thin film: (a–c) Non-PDT and (d–f) NaF PDT. Under planar and mechanical bending states, the samples experienced intrinsic tensile strain, indicating that additional mechanical stress could not invert the strain applied to the entire film.

Table S2. Calculations of d-spacing modifications under artificial biaxial strain conditions. The direction in the c axis was parallel to the (1 1 2) orientation plane where the d-spacing increased and decreased under convex and concave bending states, respectively.
	Forced strain (x-y)
	Strain in c
(1 1 2) facet
	d-spacing (Å)
(3 1 2)

	–2% (convex)
	+1.42%
	1.75285

	0% (unstrained)
	-
	1.74313

	+2% (concave)
	–1.25%
	1.73453
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Figure S86. (a) The unit-cell used to represent CuIn0.5Ga0.5Se2. (b) The calculated electronic band structure of CuIn0.5Ga0.5Se2.
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Figure S7. STEM-EDS images of constituent elements in the CIGS with and without alkali treatment. The grain boundaries showed Cu-depleted and slightly Se-poor composition. The amount of Na was too low to be detected because of its relatively small mass.
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Figure S8. Device properties of various alkali-doped flexible CIGS thin-film solar cells. (a) Current-voltage (J-V) curves of four different samples. The NaF+RbF PDT and NaF+CsF PDT samples exhibited comparable curves resulting in an overlap. (b) Temperature-dependent VOC plot for the flexible CIGS thin-film solar cells under illumination. (c) Drive-level carrier concentrations (NDL) of CIGS thin-film solar cells obtained from drive-level capacitance profiling (DLCP) measurements. (d) Defect energy levels calculated from the Arrhenius plot presented.

CIGS devices with AlkF PDT had enhanced device performances compared to the device without PDT. The alkali PDT samples showed improved fill factor (FF) compared to the samples without PDT, but FF decreased with additional heavy-alkali PDT. The decrease in FF could be attributed to the formation of a thin Alk–In–Se compounds layer that acted as an electron barrier by inducing a downward valence band edge on the low-Ga CIGS surface.6 The CIGS devices with AlkF PDT provided the larger EA compared to the CIGS device without PDT. Thus, interface recombination was alleviated by AlkF PDT, regardless of the type of alkali used. The difference between the DLCP profiles at high and low temperatures indicated the density of the deep defects. The NaF PDT CIGS sample showed the lowest density of the deep defects among the alkali PDT samples. In addition, the free carrier density could be estimated by using the NDL at a low temperature of 80 K, because the trapped charge carriers less respond to the AC modulation.7 All alkali PDT samples demonstrated improved free carrier density compared to the Non-PDT sample, as they enhanced the p-type conductivity.
The admittance spectroscopy results indicated that irrespective of the type of alkali used, the defect energy levels decreased after alkali treatment compared to the sample without PDT.8 The alkali PDT samples possessed lower defect energy levels due to the defect passivation effect of the alkali elements.9 The high density of the defects resulted in the low carrier concentration of the samples without PDT. By contrast, alkali PDT samples possessed lower trap densities and reduced defect energy levels compared to the samples without PDT. This characteristic could be attributed to higher carrier concentrations.



Table S3. Photovoltaic device parameters of flexible CIGS solar cell devices with best efficiency in each treatment and drive-level carrier concentration (NDL) at T=80 K 
	Sample
	Voc (V)
	Jsc (mA/cm2)
	FF (%)
	PCE (%)
	NDL (cm-3)

	Non-PDT
	0.547
	36.5
	58.0
	11.6
	7.48 × 1013

	NaF PDT
	0.642
	36.2
	72.8
	16.9
	1.91 × 1015

	NaF+RbF PDT
	0.639
	36.29
	64.43
	14.95
	6.50 × 1014

	NaF+CsF PDT
	0.642
	36.4
	63.38
	14.81
	1.71 × 1014
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Figure S9. Box plot of the performance of the CIGS solar cell devices with various alkali treatments. (a) Short-circuit current density (JSC), (b) open-circuit voltage (VOC), (c) fill factor (FF), and (d) power conversion efficiency (PCE). The best performances of each sample are presented in Table 1 in the main manuscript. Devices with additional alkali treatment showed enhanced PCE. NaF+RbF PDT and NaF+CsF PDT samples showed lower FF than the NaF PDT CIGS probably due to the formation of Alk–In–Se compounds.
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Figures S10. Admittance spectroscopy of the flexible CIGS thin-film solar cells obtained from 80 K to 300 K.
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Figure S11. Temperature-dependent current density-voltage (J-V) curves of the CIGS solar cell devices. J-V curves were obtained from 300 K to 80 K.
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