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Abstract 

The high efficiency of a large thin-film solar cell can be maintained if cells are divided into smaller segments interconnected in series 
in order to reduce photocurrent and resistance losses. Laser patterning is a promising tool for monolithic interconnect formation, 
although cell deposition processes have to be interrupted for the laser scribing to be applied. These issues are especially important 
when going to the mass role-to-role production. P2 micro-welding process can be made after the front-contact layer deposition 
replacing the standard P2 scribing process which interrupts absorber and window layers deposition. After being affected by laser 
radiation CIGS compound melts and recrystallizes becoming a metallic compound which makes the interconnection between two 
adjacent cells. The metallic compound can be made due to the formation of Cu-rich areas and diffusion of TCO to the CIGS layer in 
the laser affected zone. In this work, we used picosecond laser to form molten lines in CIGS layer. Energy dispersion spectroscopy 
analysis together with Raman spectroscopy was applied to investigate the composition of chemical elements and crystal structural 
changes along various laser scribes made in CIGS absorber layer. Electrical characterization of the CIGS mini-cells after laser 
modification revealed changes in the cell parallel resistance indicating changes of the CIGS conductivity in the laser modified areas. 
Our investigations showed the potential of the picosecond laser in local modification process of the CIGS material which could be 
applied to the P2 welding process. 

 
Keywords: micro-welding, CIGS, solar cell, picosecond laser, EDS, Raman spectra 

1. Introduction 

Today the thin-film based CIGS solar cell technology became even more attractive for producers and end-users. CIGS 
is one of the best thin-film technologies that can compete with silicon-based solar cells today. At the moment, CIGS is 
one of the most promising technologies for its flexibility, excellent power to weight ratio, and high conversion efficiency. 
Usually, record-breaking efficiencies are set on small-scale devices in the laboratories, but, unfortunately, mass 
production of these devices is still facing serious challenges in maintaining the solar cell efficiency over large areas. 
Innovative technological solutions in the manufacturing process are required moving towards TW-scale production. 

The high efficiency of a large thin-film solar cell can be maintained if cells are divided into smaller segments 
interconnected in series in order to reduce photocurrent and resistance losses. Laser patterning is a promising tool for 
monolithic interconnect formation, although cell deposition processes have to be interrupted for the laser scribing to 
by applied. These issues are especially important when going to the mass role-to-role production. P2 micro-welding 
process can be made after the front-contact layer deposition replacing the standard P2 scribing process which interrupts 
absorber and window layers deposition (see Fig. 1). After being affected by laser radiation CIGS compound melts and 
recrystallizes becoming a metallic compound which makes the interconnection between two adjacent cells. The metallic 
compound can be made due to partial evaporation of selenium and formation of Cu-rich areas and diffusion of TCO to 
the CIGS layer in the laser affected zone (Westin et al., 2008 ,Westin et al., 2011). 
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Fig. 1. (a) Conventional all laser scribed series interconnect in CIGS solar cell; (b) the series interconnect is formed via P2 micro-weld. 

2. Experimental 

In this work, we used Atlantic series picosecond laser from Ekspla to form molten lines in CIGS layer. Typical pulse 
duration was 13 ps at the 532 nm wavelength with a maximum pulse repetition rate of 1000 kHz. The experimental 
setup included the laser, beam expander and galvanometer scanner (ScanLab) with an 80 mm focusing objective for 
532 nm wavelength. The minimum diffraction-limited spot size at the focus position was 10 µm. The spot size was varied 
during the experiments by shifting the samples out of the focal position. We were concentrating on the P2 micro-weld 
process to modify the complete stack of CIGS solar cell structure. Multilayer CIGS solar cell structure from Solarion AG 
with 350 nm Al:ZnO top-contact was used in scribing experiments. The cell consisted of 10-50 nm sputtered intrinsic 
ZnO and chemical-bath-deposited CdS buffer layers, 2 µm thermal co-evaporated Cu(In,Ga)Se2 absorber layer, 0.5 µm 
sputtered molybdenum back-contact and 25 µm polyimide substrate. The P2 micro-weld conductivity testing included 
performing laser scribes on the sample between the mini-cell contact grid and measurement of the cell parallel 
conductivity. On-line parallel resistance monitoring during the scribing process was evaluated by applying the 4 point I-
V measurements (see Fig. 2). Laser affected areas were investigated with SEM together with EDS spectrometer. 
Additional Raman spectroscopy measurements were also applied to investigate structural changes of the laser affected 
CGS material.  

 

 

Fig. 2. Electrical measurement setup. 

3. Results 

3.1. P2 micro-weld formation 

Series of tests were performed to modify the CIGS layer of complete solar cell structure. The laser power, pulse 
overlap and spot size were varied during the tests. The laser processing window was selected to obtain P2 weld without 
damaging the molybdenum back-contact. Scribe specific conductivity measurements were also applied to the selected 
laser welding regimes. Typical SEM image of the P2 micro-weld is shown in the Fig. 3. 
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Fig. 3. (a) SEM image of P2 micro-weld in full CIGS structure, 0.1 J/cm2, 100 mm/s; (b) scribe specific conductivity measurement. 

Melting of CIGS layer was observed in the P2 welded channel, although the molybdenum back-contact was not 
damaged during the laser process. The scribe conductivity measurements were applied on the completely functional 
mini-cell (see Fig. 3 b). The typical P2 scribe conductivity reported in the literature is ranging from 15 to 0.1 Ω-cm (Westin 
et al., 2008 ,Pellegrino et al., 2010 ,Kessler et al., 1996 ,Schüle et al., 2013 ,Yoon et al., 2015 ,Ermer et al., 1993 ,Johansson 
et al., 2007). Our reported P2 micro-weld specific conductivity was in the range 10.8 S/m or 9.3 Ω-cm, which is 
acceptable for monolithic interconnection of the adjacent cells. 

3.2. Raman analysis 

CIGS is a complex multi-component compound, and laser-induced fast heating, melting and recrystallization of the 
material can lead to the secondary phase formation and structural disorders near the ablation area. These laser-induced 
modifications can result in significant changes of the absorber layer conductivity. Although, it is rather a positive effect 
in case of P2 welding. Raman spectroscopy is a useful tool to track material structural changes after the laser 
modification. Therefore, this technique was introduced to investigate the P2 micro-weld channels. Typical Raman 
spectra of the CIGS is shown in the Fig. 4. The main peak in the Raman spectra is the A1 vibration line of CuInSe2 at 
174 cm-1, with a shift to longer wavenumbers for CIGS (Chuan-Ming et al., 2004). A broad line in the range of 210-230 cm-

1 is a combined intrinsic vibration B2/E of CIGS (Wang et al., 2008). After laser processing, the decrease of the main CIGS 
peak at 174 cm-1 with the increasing intensity at 240 cm-1 was observed. This indicated the generation of CuGaSe2 (CGSe) 
phase showing a peak at 240 cm-1 in Raman spectra (Rincón and Ramírez, 1992 ,Li et al., 2012). Electrical conductivity 
of CuGaSe2 reported in literature was higher than CIGS (Kodigala, 2010). Therefore, the formation of CGSe phase could 
significantly increase the specific conductivity of the laser P2 micro-weld. 
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Fig. 4. Raman spectra of CIGS structure (black line) and laser modified P2 micro-weld area (red line). 

3.3. EDS analysis 

The electrical conductivity of CIGS absorber layer can be altered in the range of 106 Ω-cm by adjusting the Cu/(In+Ga) 
element atomic ratios from 0.7 to 1.2 (Kwon et al., 2001 ,Xue et al., 2008). Therefore, changes in material conductivity 
can be detected by tracking of Cu, In and Ga element distributions in laser modified areas. For this, EDS analysis of the 



  

P2 micro-weld channels was performed. The average Cu/(In+Ga) ratio for laser unaffected CIGS was 0.75, which is typical 
for high-performance CIGS devices. The measurement area and Cu/(In+Ga) distribution is shown in the Fig. 5. The 
Cu/(In+Ga) ratio tends to increase starting from the edge of the scribe with a maximum value of 1.24 at the center of 
the channel. That confirms the formation of the Cu-rich metallic compound with significantly different electrical 
properties which contribute to increasing of the P2 micro-weld specific conductivity. 
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Fig. 5 (a) EDS spectra measurement positions near the P2 micro-weld; (b) Cu/(In+Ga) ratios in the measured positions. 

4. Conclusions 

It was possible to control the picosecond laser energy deposition to the thin-film layer in order to modify the CIGS 
absorber material. The P2 micro-weld channel showed a specific conductivity of 9.3 Ω-cm which acceptable for the cell 
serial interconnection. Raman spectroscopy investigation of the laser affected area showed an increase of the CIGS 
material structural disorder and formation of the CGSe phase. The EDS analysis showed composition changes in laser 
modified P2 channel. The Cu/(In+Ga) ratio tends to increase in the center of the P2 micro-weld channel. Formation of 
Cu-rich CIGSe and CGSe phases in the laser processed P2 scribe channel resulted in significant changes of the material 
electric conductivity. 
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