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6 Abstract 

7 Bifacial Cu(In,Ga)Se2 thin-film solar cells are attractive for a wide range of 

8 applications; however, low power conversion efficiencies of bifacial Cu(In,Ga)Se2 

9 devices is a severe limitation. Significant enhancement requires new approaches 

10 to prevent GaOx formation at the back interface and improve the carrier col- 

11 lection under rear illumination. In this contribution, we take advantage of 

12 silver-promoted low-temperature growth process to completely remove GaOx 

13 formation at back interface while enabling high absorber quality, steep Ga back 

14 gradients and less absorption in transparent back contacts. We report a certified 

15 cell on a glass substrate with record efficiencies of 19.77% and 10.89% under front 

16 and rear illumination. Moreover, direct fabrication of bifacial Cu(In,Ga)Se2 so- 

17 lar cells on flexible substrates is demonstrated for the first time. Finally, we re- 

18 port the first bifacial perovskite/Cu(In,Ga)Se2 tandem solar cell in a 4-terminal 

19 configuration, achieving power generation densities of 27.0 mW/cm2 BiFi200 and 

20 28.0 mW/cm2 BiFi300, respectively. 
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1 The goal of limiting global warming to 1.5◦C above pre-industrial levels and reducing green- 

2 house gases to net zero by 2050 is well-recognized.1 Photovoltaics (PV) is expected to play an 

3  important role in facilitating the transition to a low-carbon economy, mitigating climate change, 

4  and meeting energy demands.2 PV market has grown rapidly, and between 2008 and 2020 global 

5  solar PV power generation increased from 11.9 TWh to 821 TWh.3 Compared with conven- 

6  tional monofacial-based PV systems, bifacial PVs have a strong potential to obtain higher annual 

7  energy yield thanks to the extra light reflected or diffused to the rear side. The benefits are 

8  especially attractive in applications such as building-integrated photovoltaics (BIPV),4 vertically 

9  mounted bifacial PV (VBPV),5 and agrivoltaics,6 which offer both low-carbon emission and low 

10  levelized cost of electricity (LCOE).7,8 According to the International Technology Roadmap of 

11  PV (ITRPV), bifacial PV could capture 40% of the PV market by 2028.8,9 

12 Si wafer based bifacial PV has reached industrial maturity and is widely used, while some 

13  preliminary research efforts have been made for bifacial thin-film solar cells. Unfortunately, 

14  the power conversion efficiency (PCE) of bifacial Cu(In,Ga)Se2 (CIGS) thin-film solar cells has 

15  remained rather low whereas mono-facial CIGS cells with record PCE of 23.35%10 and 21.4%11 

16  have been achieved on rigid glass and flexible polymer substrates, respectively. The highest PCE 

17  under one sun rear illumination doesn’t exceed 7.1% and its PCE under front illumination is 

18 just 9.0%.12 As a consequence, bifacial CIGS solar cells and their various applications are still 

19  unattractive despite their great potential. 

20 To collect the sunlight from the rear side, a transparent conductive oxide (TCO) is required 

21 to replace the conventionally used opaque Mo back contact in the mono-facial configuration. 

22 However, the detrimental GaOx is commonly formed at the CIGS/TCO interface during high- 

23  temperature growth process for absorber deposition. GaOx is highly resistive and may form 

24 a reverse, second p-n junction at the back contact, which deteriorates especially the fill factor 

25  (FF).13,14 Many efforts have been dedicated to suppressing GaOx formation, but none of them 

26  were successful when it comes to device performance.14–16 The highest reported PCE with TCO 

27  back contact under front illumination is limited to merely 16.1%.16 Therefore, the development of 

28  TCO-based devices including bifacial, semi-transparent, and ultra-thin rear-back-contact (RBC) 

29  devices remained stagnant. 

30 Very low PCEs under rear illumination in bifacial CIGS devices are attributed to short dif- 

31 fusion length of carriers and high rear interface recombination. Commonly introduced Ga back 

32 gradient in CIGS absorbers can suppress the back interface recombination,17 but the required 

33 high Ga content results in poor absorber quality, and aggravates the formation of GaOx inter- 

34  layer. Moreover, the high-temperature CIGS deposition process also prevents strong Ga gradients 

35  due to increased elemental inter-diffusion. As a result, the bifaciality in CIGS devices is usually 

36 low. The use of ultra-thin absorbers can slightly mitigate the problem by extending the space- 

37  charge region to the back interface, but the PCEs are strongly compromised because of incomplete 

38 absorption of photons and higher impact of back interface recombination. 

39 Recently, silver-alloyed CIGS has shown better material properties as compared to CIGS, 

40 such as larger grain sizes,18 fewer structural defects, and less sub-bandgap disorder,19 which 
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1  are connected to a lower melting point20 and enhanced elemental inter-diffusion.21 Previously, 

2 we have reported that silver can widen the absorber deposition temperature window of high 

3  performance CIGS solar cells.22 By adding a small amount of Ag, high-quality absorbers can 

4  be obtained with a low-temperature process down to 300◦C. Such low-temperature deposition 

5  opens the possibility of suppressing the formation of GaOx while simultaneously building up 

6  strong Ga gradients. Herein, we take advantage of the silver-promoted low-temperature process 

7  to completely remove GaOx formation at the CIGS/ITO interface while keeping high absorber 

8  quality, and steep back bandgap gradient. Our strategy enables the development of a CIGS 

9  bifacial solar cell with a certified efficiency of 19.77% and 10.89% under the front and rear one- 

10  sun illumination, respectively. These efficiencies correspond to a significant boost compared to 

11  existing reports. Finally, we present different bifacial devices including flexible bifacial and bifacial 

12  perovskite/CIGS tandem devices as proof-of-concepts, paving the way for future developments of 

13  the next generation of bifacial thin-film tandem devices. 
 
 

14  Reduction of CIGS deposition temperatures on ITO 
 

15  Our approach involves deposition of a 15 nm-thin Ag precursor layer on soda-lime glass (SLG) 

16  covered with a SiOx alkali diffusion barrier and 200 nm indium tin oxide (ITO) layer. A modified 

17  multi-stage coevaporation23 process was used in order to maximize GGI ([Ga]/([Ga]+[In])) near 

18  the back interface of the 2 µm thick absorber. The amount of Ag in the absorbers corresponds 

19  to about 4-5% AAC ([Ag]/([Ag]+[Cu])) ratio. NaF and RbF post-deposition treatment (PDT) 

20  were applied in-situ.22,23 The sample fabrication is described in Section Methods. The device 

21  structure of bifacial CIGS solar cells is schematically illustrated in Fig. 1a. To investigate the 

22  GaOx interlayer formation at different substrate temperature, CIGS deposition were performed 

23  at four different nominal substrate temperatures (T sub) from 453◦C to 303◦C, with corresponding 

24  sample names T453, T413, T353 and T303. The GGI depth profiles obtained from time-of-flight 

25  secondary ion mass spectrometry (SIMS) for those absorbers are shown in Fig. 1b. Higher T sub 

26  enhances elemental inter-diffusion, and significantly reduces Ga back gradient, especially for T453, 

27  with a ∆GGI of only 0.3. On the contrary, both T303 and T353 have ∆GGIs of around 0.6. 

28 CIGS/ITO interface was carefully investigated by STEM (scanning transmission electron mi- 

29  croscopy) and EDS (energy-dispersive X-ray spectroscopy) to find the presence or absence of 

30  GaOx interlayer in the different samples. Fig. 1c and Fig. 1d show EDS mappings of Ga and O 

31  signals for samples T453 and T353. High Ga signal at the interface was detected in T453, but not 

32  in T353. EDS line scans of Ga and O across the interfaces are provided in Fig. 1e and Fig. 1f. 

33 A 2-5 nm-thick GaOx interlayer is present at the CIGS/ITO interface of T453, confirmed by the 

34  Ga accumulation and the early O signal increase. As for T413, a very thin GaOx interlayer (1-2 

35  nm) is still present, as shown in Supplementary Fig. 3. In contrast, no interlayer could be 

36  evidenced in T353, convincingly suggesting the low temperature CIGS deposition is effective to 

37 reduce/avoid the formation of GaOx interlayer. 

38 Fig. 1g and Fig. 1h show bright-field and dark-field STEM images for samples T453 and 
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Figure 1: Experimental design and material analysis at CIGS/ITO interface. (a) Device 

structure of the bifacial CIGS solar cells on glass substrates. (b) GGI and bandgap depth profiles of 

the absorbers grown at different temperatures. (c) EDS mapping of Ga and O for T453, and (d) for 

T353. (e) EDS linescans of Ga and O across the interface for T453, and (f) for T353. (g) Bright-field 

and dark-field STEM images near the CIGS/ITO interface of T453, and (h) of T353, together with high 

resolution images of the interface region including FFT of the evidenced interface area. 
 

1  T353. High resolution bright-field images and the fast Fourier transform (FFT) of the evidenced 

2  areas near the interface are also provided. In T453, an amorphous interlayer is evidenced with 
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1  a thickness of around 2 nm. Instead, high resolution STEM of T353 reveals a sharp interface 

2  between ITO and CIGS. Crystallized phases with specific orientations are present on the two 

3  sides of the interface. The corresponding FFT around the interface also supports this observation. 

4 Therefore, we conclude that low T sub effectively suppresses the GaOx formation despite very high 

5  GGI (about 0.8, as shown in Fig. 1b) near the back interface. It enables building up a stronger 

6  effective electric field with pronounced Ga gradients while avoiding formation of undesired GaOx. 

7  In addition, the SiOx barrier layer used in those absorbers might also play a role in reducing 

8 GaOx since the presence of Na during absorber growth can promote the GaOx formation.24 
 

Figure 2: Misfit dislocations in CIGS near CIGS/ITO interface. (a) Bright-field STEM image 
near the CIGS/ITO interface of sample T353. The crystal orientation of both ITO and CIGS layers 
are labeled. (b) FFT of areas P1, P2 and P3 showing additional diffraction points disappearing at 

some distance from the interface. (c) Misfit dislocations with alternating distances (5×d112 and 4×d112) 
evidenced in the CIGS, near the ITO/CIGS interface. 

 

9 Due to the absence of GaOx interlayer in T353, we observe not only local expitaxy of CIGS on 

10  ITO back contacts but also ”misfit dislocations” on CIGS to accommodate the lattice mismatch 

11  between ITO and CIGS, as shown in Fig. 2. During the growth of CIGS absorbers, dislocations 

12  form to reduce the total energy as the strain energy increases with absorber thickness. By 

13  considering the mismatch of (211) interplanar spacing (d-spacing) in ITO layer (about 0.41 nm) 

14  and (112) d-spacing in CIGS (about 0.33 nm), the observed alternating distances between misfit 

15  dislocations (5 and 4 atomic spacings) near the interface are well explained by Eq. 1. One period 

16  (9×d112) on CIGS side is equivalent to 7×d211 in ITO. These observation hints at the possibility 

17  of epitaxial CIGS deposition on ITO substrates with GaOx free interface, for example to trigger 

18  formation of CIGS layers with large grains. 
 

dITO (211) × 7 = 2.87nm ≈ 2.97nm = dCIGS (112) × 9 (1) 
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1  Efficiency limiting factor under front illumination 
 

2  CIGS solar cells with Mo back contact usually yield higher PCE owing to better material quality 

3  with increased T sub.22,25 However, for our CIGS solar cells on ITO back contact, we identified an 

4  optimal T sub for highest PV performance. Fig. 3a shows the the current–voltage (J-V) curves 

5  under front illumination for samples T303, T353, T413 and T453. Sample T353 yields the best 

6  PCE of 17.7% without noticeable current blocking, while a mild blocking behavior starts to appear 

7  in T453. With higher T sub, FF limits the device efficiency due to higher apparent series resistance 

8 (Rs). We attribute the difference to the formation of the highly resistive GaOx interlayer. Owing 

9  to their band alignment, the p-CIGS/n+-ITO interface is supposed to form a Schottky, reverse 

10  diode contact. In absence of GaOx interlayer like in T353, it was postulated that easy charge 

11 transport can occur through the Schottky barrier by trap-assisted tunneling of holes mediated by 

12  Na-induced defects near the interface, as illustrated in Supplementary Fig. 6.13,15,26 In turn, 

13  GaOx is assumed to be a highly resistive n+ material with a large valence band edge offset to 

14  CIGS. Therefore the existence of a GaOx interlayer should considerably increase the height of 

15  the hole barrier and hinder the charge transport. This explains why the presence of GaOx at 

16  interface can play a crucial role in FF and device performance under front illumination. However, 

17  it is worth noting that good FF might still be achieved16 by changing the properties of GaOx or 

18  different supply of Na. Also, the coverage and thickness uniformity of GaOx can also play a role. 

19  While the above mentioned factors strongly depends on different group’s equipment, process and 

20  so on and are more difficult to control and reproduce in different research groups, we believe our 

21 strategy of complete removal of GaOx is more robust. 

22 On the other hand, reduced deposition temperature of 303◦C degrades the absorber quality and 

23  increases open-circuit voltage (V OC) deficit, despite a slightly higher FF (see PV parameters in 

24  Supplementary Table 1). We further performed EQE measurements as shown in Fig. 3b. The 

25  samples show quite similar response, except for slightly reduced EQE response at long wavelengths 

26  for sample T303. This decrease can be understood by the degraded absorber quality and worse 

27 collection of charge carriers. Due to the trade-off between absorber quality for high V OC and the 

28  formation of GaOx limiting FF, sample T353 yields the best PCE under front illumination. 

29 To bridge the PCE gap with Mo-based devices, we further optimized the amount of RbF 

30  PDT and CGI composition ratio ([Cu]/([Ga]+[In])). It is well-known that such optimizations 

31 are important for V OC and device performance27 improvement. Fig. 3c shows samples with 

32  higher CGI and optimized RbF with the lowest V OC deficit achieved (about 410 mV). Finally, we 

33  minimized the contact resistance to compensate for the high sheet resistance of the 200 nm-thick 

34  ITO (about 10 ohms per square) by applying a conductive paste directly around the cell area. 

35  The best cell yields 19.7% under front illumination, very similar to baseline process for cells using 

36  Mo contact. Hence, we demonstrate solar cells with ITO back contact with almost no additional 

37  loss as compared to their Mo counterpart. 

38 To visualize the importance of Rs, we plot in Fig. 3d the PCE versus FF of individual cells 

39  of different samples, with the size of bubbles representing Rs values. The Rs values behave con- 
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1  sistently versus deposition temperature. It is clear that PCE is mainly driven by FF, and that Rs 

2 is the key limiting factor to high FF. To exclude that higher Rs might originate from degradation 

3  of ITO during CIGS deposition, we measured the sheet resistance (Rsheet) of ITO before and 

4  after CIGS deposition, by mechanically removing of all layers above ITO in finished devices (see 

5  Supplementary Table 3). Rsheet of ITO is almost unchanged upon absorber deposition for all 

6 investigated T sub, although its optical properties are degraded as described below. 
 

7  Efficiency limiting factor under rear illumination 
 

8  Fig. 4a shows the J-V curves of bifacial CIGS solar cells under 1-sun rear illumination. As 

9  for front illumination, sample T353 yields the highest PCE, mainly due to higher J SC. The 

10  other PV parameters are in reasonable agreement with measurements from the front side (see 

11  Supplementary Table 2). EQE measurements under rear illumination are provided in Fig. 4b. 
 
 

Figure 3: Photovoltaic performance characterization under front illumination. (a) J-V curves 
of bifacial CIGS solar cells grown at different T sub under one sun front illumination. (b) Corresponding 

EQE curves. (c) J-V curves of bifacial cells grown at 353◦C under one sun front illumination, after 
optimization of deposition and cell processing (see text). (d) Rs bubble chart with respect to PCE and 

FF. All the samples fabricated in this study are included. 
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1  The low EQE response at short wavelengths is mainly due to back interface recombination and 

2  short photon penetration depth.28 Below we investigate the EQE response at long wavelengths. 

3  We measured the cell back reflectance Rback (Supplementary Fig. 5, little differences), and 

4  the absorptance of ITO/SLG AITO after mechanical removal of absorber and front window layers 

5  (Fig. 4c). Then, we calculated the internal quantum efficiency (IQE) as EQE/[(1-Rback)(1-AITO)] 

6  shown in Fig. 4d. Despite similar and unchanged ITO Rsheet values after CIGS deposition, the 

7  ITO optical parasitic absorption increases with higher T sub. The root-cause is not clear yet, 

8  however it can be speculated that the amount of oxygen vacancies in ITO may change during the 

9  high temperature CIGS deposition29,30 in Se ambient. 

10 In long wavelength range (> 950 nm), IQEs are similar except for sample T303, as shown in 

11  Fig. 4d. The lower IQE of T303 is explained by inferior absorber quality and is in line with the 

12  degraded long-wavelength EQE under front illumination (Fig. 3b). Below 950 nm, one observes 

13  a maximum in the IQE curves, followed by decreased values at shorter wavelengths. The peak 

14 wavelength depends on T sub. Through optical transfer-matrix TMM simulations, we show that 

15  this behavior arises from recombination at the CIGS/ITO interface and depends on the absorber 

16  GGI gradient. 

17 Fig. 4e and Fig. 4f shows the absorber gradients of samples T353 and T453, discretized into 

18  20 nm-thick sublayers and colorized with the expected optical absorption of a 850 nm illumination 

19  from the back, using composition-dependent refractive indices.31 At that specific wavelength, the 

20  GGI profile has a strong impact on the distribution of photogenerated carriers. For sample 

21 T353, photons with wavelength > 850nm are absorbed relatively deep in the absorber due to the 

22  locally high GGI and bandgap, and subsequently mostly avoid carriers recombination at/near 

23 the interface. In contrast, high T sub reduces the bandgap near the back interface, resulting in 

24  significantly higher absorption near the back interface and more loss of photogenerated carriers 

25  for 850nm excitation. 

26 We further calculate the IQEs in Fig. 4g from the optical simulations, defined as the numer- 

27  ically integrated optical absorption in all CIGS sublayers (i.e. assuming collection probability is 

28  unity). We introduce a ’dead zone’ within a certain depth from the back interface, in which pho- 

29  togenerated carriers are considered lost due to fast recombination (collection probability zero).32 

30  This very simple model reproduces well the wavelength of the experimental IQE maximum, which 

31  is limited on the one side by incomplete absorption, and on the other side by carrier recombina- 

32  tion at the back interface. The wavelength of the IQE maximum is primarily determined by the 

33  absorber bandgap at the back interface. 

34 Further, we considered two different depths of the dead zone (150 nm and 80 nm). The 

35  simulations shown in Fig. 4g also reproduce qualitatively well the shape of the experimental 

36  IQE below 800 nm photon wavelength (Fig. 4d). The width of the dead zone can be correlated 

37  to the steepness of GGI back gradients. Steeper GGI gradients correspond to stronger effective 

38  electric field assisting electrons transport towards the front interface, therefore a narrower dead 

39  zone. With a narrower dead zone (steeper gradient), the IQE response at short wavelength 

40 range is improved thanks to better carrier collection. The collection at shorter wavelength in 
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Figure 4: Photovoltaic performance under rear illumination. (a) J-V curves for bifacial CIGS 

solar cells grown at different T sub under one sun rear illumination. (b) Corresponding EQE curves. (c) 

Absorptance of the ITO/SLG layers before and after CIGS deposition at different T sub, after removal 

of CIGS and top layers. (d) IQE curves under rear illumination, accounting for cell reflectance and 
absorptance of the ITO back contact. (e), (f) Optical TMM simulations of the progressive absorption 
of an incident rear illumination with a wavelength of 850nm, as a function of absorber depth. The 
compositional gradients correspond to samples T353 and T453. (g) TMM optical simulations of IQE 
implementing experiemental gradients of the four samples, implementing a dead zone of different width 
near the rear interface. Carriers photogenerated in this dead zone are considered lost. (h) TRPL decays 
for T353 and T453 under front and rear excitation. 
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1  sample T353 is the best, whereas for sample T303 we expect inferior bulk absorber quality that 

2  degrades charge transport to the front interface despite a favorable GGI back gradient. Similarly 

3  as concluded from front illumination measurements, the absorber of T353 strikes a good balance 

4  between pronounced GGI back gradient and material quality. 

5 Fig. 4h shows TRPL decays of T353 and T453 in low injection under front the rear illumina- 

6  tion with a 635 nm pulsed laser. Measurements were performed after removal of the front TCO 

7  layer to prevent charge carrier extraction. In both configurations, T453 shows longer lifetime, in 

8 line with its smaller V OC deficit and better bulk quality due to high T sub. Under front excitation, 

9  T353 and T453 show similar intensities immediately after laser pulse, evidencing similar ∆n×p0 

10  product in the potential minimum (i.e. notch). Under rear excitation, T353 shows higher initial 

11  intensity than T453. It can be explained by higher ∆n in the notch due to less absorption in 

12  ITO and suppressed recombination at the back interface in T353, in agreement with the IQE and 

13  absorptance value in ITO at the 635 nm wavelength. 
 
 

14  Strategies to improve the short-circuit current 
 

15  The main bottleneck limiting the PCE under rear illumination is the low J SC. Therefore, we 

16  investigate and quantify the different current loss mechanisms and discuss strategies to improve 

17  J SC. As shown in Fig. 5a and Fig. 5b, the highest loss arises from parasitic absorption in 

18  the ITO back contact. Less degradation in optical transparency of ITO after CIGS growth in 

19 T353 accounts for a maximum current gain of 3.5 mA/cm2 (assuming unity collection and no 

20  parasitic absorption). Further efforts are needed to tune the ITO deposition process to minimize 

21 degradation of optical transparency during CIGS deposition. Replacing ITO with IO:H or IZO 

22  could help reducing the optical absorption while maintaining similar Rsheet.33 The advantages 

23  of silver promoted low-temperature process should be transferable to other TCOs. The second 

24  highest loss of J SC stems from uncollected (recombined) carriers. Mitigating the recombination at 

25  the back could be done by a steeper back gradient or by inserting a rear passivation layer17 which 

26  has to be developed. Compared with T453, a current gain of 4.4 mA/cm2 was obtained with 

27  more pronounced back gradient in T353. Last but not least, J SC loss from the back reflection can 

28  be reduced by optical management strategies. An anti-reflection layer on the backside of glass, 

29  and interlayer such as a thin Al2O3 between ITO and glass may provide further J SC increases. 
 

30  Champion bifacial device with a significant PCE boost 
 

31  A bifacial CIGS solar cell was obtained with efficiencies of 19.77% and 10.89% under front and 

32  rear one sun illumination, as independently certified by Fraunhofer ISE (Fig. 6a). To the best of 

33 our knowledge, both values are the highest efficiencies reported for bifacial CIGS devices. Usual 

34 strategies used up to now relied on absorber thinning (≤ 1000 nm) to bring the space-charge 

35  region closer to the front interface, which in turn sacrifices the PCE under front illumination. (See 

36  Supplementary Fig. 4) Our results demonstrate an alternative design leading to high performance 
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Figure 5: J SC loss analysis. (a) Optical and J SC loss analysis for sample T353 under rear illumination. 

(b) Analysis for sample T453. The loss mechanisms considered are reflection at the back, ITO absorption, 

uncollected carriers and incomplete optical absorption in CIGS. The J SC losses are calculated in the 

wavelength range from 365 nm to 1150 nm. The 900 nm wavelength was chosen as the boundary for 

J SC loss calculation between uncollected carriers and incomplete absorption. 
 

1  under both front and back illumination. Under 30% albedo (average albedo considering different 

2  ground surfaces), a power generation density of 23.0 mW/cm2 BiFi300 is foreseen. 
 
 

3  Potential for different bifacial device architectures 
 

4  Upon the demonstration of high efficiency CIGS bifacial solar cells on a glass substrate, we explore 

5  two different device architectures as proof of concepts, namely bifacial CIGS solar cells on flexible 

6 substrates and 4-terminal perovskite/CIGS tandem solar cells. 

7 To the best of our knowledge, all reported flexible bifacial CIGS devices rely on a lift-off 

8  process,34–38 which is not considered attractive from an industry perspective, especially for large 

9  area and roll-to-roll manufacturing process. For the first time, we directly deposited CIGS onto 

10  ITO-coated flexible substrates (polyimide). The polyimide foils we used have a yellow-brown 

11  appearance with a reasonable near-infrared transparency. J-V curves of the best cell are shown 

12  in Fig. 6b, with PCEs of 15.36% and 6.61% under front and rear illumination, respectively. 

13  It is worth mentioning that V OC under front illumination is close to that on SLG substrate, 

14 evidencing comparable absorber quality. However, the shunting issue related to experimental 

15  difficulties in cell definition on the polyimide substrate at the early stage of development, seems 

16 to have stronger impact on V OC under rear illumination. As compared to SLG substrate, J SC 

17 under rear illumination is further degraded by the optical absorption in the polyimide substrate. 

18  Besides thinner polyimides, more transparent flexible substrates such as colorless polyimide (CPI) 

19 may be suitable candidates to improve JSC. 

20 In Fig. 6c, we compare our best results on glass and PI with the-state-of-the-art bifacial solar 

21  cells of different PV technologies.12,13,28,34–53 In the past, only silicon, perovskite and GaAs could 

22  reach simultaneously high bifaciality and high PCE. For high bifaciality, CIGS and CdTe always 
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Figure 6: Champion cells and comparison with state-of-the-art. (a) Certification results from 
Fraunhofer ISE. *Both J SC and PCE under rear illumination are underestimated as an illumination mask 

area of 0.6247 cm2 was used during certification while the actual cell area is 0.5629 cm2. For in-house 
measurement, a PCE of 12% was reached. (b) J-V curves of a bifacial CIGS device on polyimide under 
front and rear illumination. (c) Comparison between this work and state-of-the-art bifacial solar cells. 

The dash lines are corresponding to 25% bifacial efficiency calculated by: front PCE + rear PCE×albedo. 
The albedo values for different ground conditions are shown in the corresponding figures. 
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1  needed to trade off PCE. With the help of Ag and an optimal T sub, we obtained significant boosts 

2  in PCEs for bifacial CIGS solar cells on both glass and PI substrates. Such efficiency boost may 

3  open pathways towards the implementation of CIGS bifacial solar cells for unexplored applications 

4  up to now. 
 

 

Figure 7: Bifacial perovskite/CIGS tandem in four terminal configuration. (a) J-V curves and 

(b) EQE curves of a perovskite/CIGS bifacial 4-T tandem solar cells as well as of its individual subcells. 

(c) J-V curves of the CIGS cell as the bottom cell under 0%, 20% and 30% rear albedo illumination. 

The J-V parameters are also provided in the table. 

 

5 Recently, bifacial tandem solar cells have drawn a lot of attention due to the best use of the 

6 sunlight and better overall performance.54–56 Especially, all-thin-film bifacial tandem solar cells 

7 have many advantages like lighter weight and the potential for roll-to-roll process. Despite thin 

8 film CIGS is one of the most promising bottom cells with good long-term stability, low bifacial 

9  PCE hindered its development. With a bifacial PCE boost presented in this study, for the first 

10  time we demonstrate high performance four terminal bifacial perovskite/CIGS tandem solar cells. 

11 The J-V curves and EQE curves are shown in Fig. 7. Due to different areas of our perovskite and 

12 CIGS cells, the CIGS bottom cells were measured with an optical filter prepared simultaneously 

13  with the perovskite top cells, with the same layer sequences and thicknesses. A power generation  

14 density of 28.0 mW/cm2 BiFi300 is obtained, with a power density gain of about 8.9 mW/cm2  

15  as compared to the performance of the stand-alone CIGS cell the stand-alone CIGS cell. 
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1 A further application of bifacial CIGS cells is all-thin-film 2-terminal bifacial perovskite/CIGS 

2  tandem solar devices. With monofacial tandem devices, perovskite with wide-bandgap (> 1.65 

3  eV) are favored to satisfy the current matching condition. However, such layers typically suffer 

4  from halide segregation,57,58 making its long-term stability more challenging. With a bifacial 

5  tandem structure, the additional rear illumination can boost the J SC in the bottom cell and satisfy 

6  the current matching condition with a perovskite top cell with reduced bandgap. Anticipated high 

7  performance and potentially improved stability of bifacial monolithic perovskite/CIGS tandem 

8  solar cells could feature a prominent place in future photovoltaics markets. 
 
 

9  Conclusion 
 

10  We have demonstrated a record bifacial CIGS solar cell with efficiencies of 19.77% and 10.89% 

11  under the front and rear illumination. A power generation density of 23 mW/cm2 BiFi300 is 

12 foreseen, which is comparable to the CIGS record for mono-facial configuration. 

13 By adding a small amount of Ag (4-5% AAC), absorbers with high quality were obtained 

14 with a low-temperature deposition process. The low-temperature process induces a range of 

15  benefits to device performance. First, it prevents the formation of detrimental GaOx at the 

16  CIGS/ITO interface, which solves the issues with FF and Rs. Second, it enables the use of 

17 µm-thick absorbers with pronounced Ga back gradients. Large gradients help suppress carrier 

18 recombination near/at the back interface for high V OC under both front and back illumination, 

19  and also increase the penetration depth of light under rear illumination, mitigating carrier loss and 

20  boosting J SC. Further, low-temperature processes mitigate the degradation of optical parasitic 

21  absorption in the ITO back contact. Overall, the developed process significantly improves the 

22  device PCE and J SC under rear illumination, with little to no compromise on device performance 

23  under front illumination. However, under rear illumination, J SC remains the bottleneck to higher 

24  performance, limited by parasitic absorption losses and non-passivated back contacts. 

25 Finally, we demonstrated the first bifacial perovskite/CIGS tandem device in 4-terminal con- 

26  figuration, achieving power generation densities of 27.0 mW/cm2 BiFi200 and 28.0 mW/cm2 BiFi300,  

27  respectively. The potential for high performance and improving stability in 2-terminal bifacial  

28  perovskite/CIGS  tandem devices is also discussed. Last but not least, we report the first direct  

29 fabrication (without lift-off process) of a bifacial CIGS device on a flexible substrate. This  

30  demonstration is the first step toward technology transfer to roll-to-roll industrial processing.  

31  Further improvement in device performance and upscaling development are the next steps for  

32 bringing this technology to the commercial market. 
 

33  Methods 
 

34  CIGS device fabrication 
 

35 ITO glass substrates are commercial ones with a 200 nm ITO layer and a SiOx barrier layer. 

36 For CIGS absorbers, a 15 nm Ag layer was deposited by thermal evaporation on the Mo back 
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1 contact before absorber deposition. The CIGS absorbers were grown by co-evaporation method 

2  with a multi-stage low-temperature deposition process. The shutter of In source was closed in 

3  the first 5 minutes of the first stage23 in order to maximize GGI back gradings. Different nominal 

4  depositions temperatures were set for second and third stages, ranging from 453 ◦C down to 

5 303 ◦C. The actual substrate temperature is estimated about 30 −50 ◦C higher than nominal 

6  value. After deposition, the absorbers were sequentially treated in-situ with sodium fluoride 

7 (NaF) and rubidium fluoride (RbF) post-deposition treatments (PDT) for 20 min each in Se 

8 ambient. More details can be found in our previous work.22 The integrated GGI and [Cu]/([Ga] 

9  + [In]) (CGI) values of CIGS absorbers were determined by X-ray fluorescence (XRF), previously 

10 calibrated with a reference. The cells were completed with a 30 nm cadmium sulfide (CdS) buffer 

11  layer by chemical bath deposition, an RF-sputtered window consisting of 80 nm intrinsic zinc oxide 

12 (ZnO) and a 200 nm Al:ZnO (Al2O3 2 wt %), electron beam evaporated Ni/Al grids and a MgF2 

13  anti-reflective coating. Cells of approximately 0.57 cm2 area were defined by mechanical scribing. 

14  Devices on flexible polyimide substrates were processed similarly, except for the ITO deposition 

15 by RF-sputtering and cell definition by laser scribing. For ITO on PI foils, a 200 nm ITO was 

16 deposited on PI at a flow rate of 59.4 sccm Ar and 0.6 sccm O2 (0.4 Pa during deposition). The 

17  laser scribing process was carried out using a picosecond IR laser source. First, a 135 mW of laser 

18 pulse (20 kHz, 3 repetitions) was used to define the cell area (0.40 cm2) by top TCO isolation. 

19  Then, adjacent to the cell area, laser scribes with a pulse of 1.9 W was applied to create a trench 

20  to contact the bottom ITO electrode with silver paste. 
 

21  Perovskite material preparation 
 

22  Prepatterned indium tin oxide (ITO) coated polyethylene naphthalate (PEN)(12 ohm/sq) were 

23 purchased from Advanced Election Technology Co., Ltd. Lead(II) iodide (PbI2, 99.99%), ce- 

24  sium iodide (CsI2, 99%), formamidinium iodide (FAI, ≥99.99%), formamidinium bromide (FABr, 

25  ≥99%), methylammonium bromide (MABr, ≥98%), [2-(9H-Carbazol-9-yl)ethyl]phosphonic Acid 

26  (2PACz, >98%) were purchased from Tokyo Chemical Industry Co., Ltd. Dimethylformamide 

27  (DMF, anhydrous, 99.8%), dimethyl sulfoxide (DMSO, anhydrous, ≥99.9%), dimethyl ether (an- 

28  hydrous, ≥99.9%), chloroform (CF, anhydrous, 99.8%), isopropa-nol (IPA, anhydrous, ≥99.9%), 

29  lead(II) bromide (PbBr2, 99.999%) were purchased from Sig-ma-Aldrich Pty Ltd. Ethanol (an- 

30  hydrous, ≥99.9%) was purchased from VWR International, LLC. [6,6]-Phenyl-C61-butyric acid 

31  methyl ester (PCBM) was purchased from Xi’an Polymer Light Technology Corp. Zinc oxide 

32  nanoparticles (ZnO, 2.5 wt% in IPA) were purchased from Avantama AG. All the materials were 

33  used as received. 
 

34  Perovskite top cell fabrication 
 

35 The pre-patterned PEN/ITO substrates were first cleaned with ethanol and dried with N2 flow. 

36  Then the substrates were further cleaned by UV/Ozone treatment (Jelight Company Inc.) for 20 

37  min. 2PACz precursor (0.3 mg mL-1 in ethanol) was spin-coated onto the cleaned ITO sub-strates 
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1  at 3000 rpm for 30 s after 1 min’s resting on the substrate, followed by an annealing at 100◦C for 5 

2  min to remove the solvent. After cooling, perovskite solution was spin-coated on-to the substrate 

3 by a two-step spin-coating. The first step is 2000 rpm for 10 s with a ramp-up of 200 rpm s-1 and 

4  the second step is 6000 rpm for 40 s with a ramp-up of 2000 rpm s-1. Di-ethyl ether (300 µL) 

5  was dropped onto the spinning substrate at the 20 s of the second step. The substrate was then 

6 annealed at 60◦C for 2 min and 100◦C for 7 min. The perovskite pre-cursors were prepared by 

7 dissolving MABr (21.50 mg), CsI (74.83 mg), FABr (95.98 mg), FAI (198.11 mg), PbBr2 (352.33 

8 mg) and PbI2 (663.85 mg) into a mixed solvent of DMF (1600 µL) and DMSO (400 µL). After 

9  cooling, PCBM (20 mg mL-1 in chlorofom) was spin-coated at 3000 rpm for 50 s, followed by 

10  annealing at 100◦C for 10 min. Thereafter, ZnO nanoparticles was spin-coated at 5000 rpm for 

11  50 s, followed by annealing at 100◦C for 1 min. All the spin-coating procedures were carried out 

12  in N2-filled glove box. The substrates were then transferred to sputter chamber for the deposition 

13 of IZO electrode at a pulsed DC power of 200 W. The active areas of the devices were defined a 

14  patterned mask. 
 

15  Device characterization 
 

16 J–V curves were measured using a four-terminal Keithley 2400 source meter under standard 

17 test conditions (25 ◦C, 1000 W m−2, AM1.5G illumination, ABA-class sun simulator). EQE was 

18  measured using a chopped illumination from a halogen light source, wavelength-selected with a 

19  double-grating monochromator. A halogen lamp light bias of about 0.2 sun intensity was applied 

20  during the measurements. A certified Si and a calibrated Ge solar cells were used for calibration. 

21 For bifacial device measurements, in addition to one sun illumination from the front side, an 

22  additional illumination was provided to the rear side. The intensity of the rear side illumination 

23 was calibrated as 0.2 and 0.3 sun by controlling the distance of light-emitting diode (LED) lamp. 

24 The tandem devices in the four-terminal configuration were characterized using a perovskite 

25  filter (PEN/ITO/HTL/Perovskite/ETL/ZnO/IZO). 
 

26  Secondary ion mass spectrometry 
 

27  Compositional depth profiles were measured by SIMS. The primary beam was 25 keV Bi+ with 

28 total current of 0.6 pA and a raster size of 50×50 µm2. The sputtering beam was 250 nA, 2 keV 

29  O2+ with an on-sample area of 300×300 µm2. GGI depth profiles were determined by scaling the 

30  elemental traces with integral GGI values obtained from XRF. 
 

31  Transmission electron microscopy 
 

32  TEM cross-sectional samples were prepared by the FEI Helios Nanolab 600i system. High- 

33 resolution HAADF-STEM imaging and selected-area electron diffraction have been carried out 

34  using a spherical-aberration corrected field emission TEM, JEM-ARM200FTH. Chemical com- 

35  position analysis by STEM-EDS has been carried out using a F200 HRTEM and Talos F200X. 
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1  Ultraviolet-visible spectroscopy 
 

2  The transmission (T) and reflection (R) spectra were acquired using a ultraviolet–visible-NIR 

3  spectrophotometer (Shimadzu UV-3600) equipped with an integrating sphere. Absorption A is 

4  calculated using the following formula: A = 1 - T - R 
 

5  Time-resolved photoluminescence 
 

6  TRPL measurements were performed using a 639 nm diode laser with 100 ps pulse duration as ex- 

7  citation source, and an InGaAs photomultiplier in combination with a PicoQuant time correlated 

8 single photon counting electronics for signal acquisition. Pulse repetition rates were 0.3 MHz. 

9  The illumination spot size was around 130 µm diameter. The corresponding photon density was 

10  around 3 × 1011 cm−2 per pulse. Before TRPL measurements, the window layers were etched away 

11  in acetic acid, leaving a thin CdS layer on the absorber. 
 

 

12  Data availability 
 

13  The datasets analysed and generated during the current study are included in the paper and 

14 its Supplementary Information. Additional data are available from the corresponding author on 

15 reasonable request. 
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