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Interest in complex multilayered CuInxGa(1-x)Se2 solar cells has increased recently because of 
unique combination of factors such as low manufacturing cost and high photovoltaic conversion ef-
ficiency. The efficiency of the thin-film solar cells with a large active area might be maintained 
making series interconnects in order to reduce photocurrent in thin films and resistance losses. Laser 
technologies are a promising method to accomplish the scribing processes. Lasers with the picosec-
ond pulse duration were applied in structuring of conducting, semi-conducting and isolating films in 
the complex multilayered Cu(InGa)Se2 (CIGS) solar cells deposited on the polyimide substrate. The 
selective removal of ITO and CIGS layers was achieved with the 355 nm irradiation without a sig-
nificant damage to the underneath layers in the ITO/CIGS/Mo/PI solar cell system. The 355 nm 
wavelength was also found to be favorable for the absorber film scribing process in the 
ZnO/CIGS/Mo/PI solar cell system. High repetition rate picosecond lasers with a short pulse dura-
tion offer new possibilities for high quality and efficiency scribing. 
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1. Introduction 

Interest in complex multilayered CuInxGa(1-x)Se2 
(CIGS) solar cells has increased recently because of unique 
combination of factors. The manufacturing cost of thin-film 
cells can be very inexpensive since they require few raw 
materials and can be made by means of an efficient, scal-
able roll-to-roll process [1]. CIGS has been established as 
the most efficient thin-film technology in converting 
sunlight into electricity with the theoretical limit as high as 
27% [2]. A flexible substrate will ultimately enable energy 
and building-integrated applications beyond the capability 
of rigid, heavier PV products. 
Efficiency of the thin-film solar cells with a large active 
area might be maintained if small segments are intercon-
nected in series in order to reduce photocurrent in thin 
films and resistance losses. The structuring is accomplished 
by three critical scribing processes called P1, P2, and P3. 
The P1 scribe must penetrate completely through the full 
thickness of the contact layer next to a substrate. This cut 
defines and isolates the individual cells with an effective 
resistance of tens of megaohms. The P2 scribe through the 
active layer is important for formation of the series inter-
connects between cells. The integrity and continuity of the 
P3 scribe are as critical as of P1 scribe. Cutting through 
both the top-contact and semiconductor layers, the P3 
scribe isolates adjacent cells.  

Selective removal of the films in multilayer structures 
of modern solar cells is crucial for performance of the de-
vices. Lasers are the technology of choice for these proc-
esses, delivering the desired combination of high through-
put and narrow, clean scribes [3]. Accuracy in the ablation 
depth and a high scribing speed are required for efficient 
and cost-effective production of solar cells of this type. 
Laser scribing rates have to be in the range of 2 m/s. 

The main limiting factor for laser processing of the 
multilayer CuInSe2 structures is deposition of molybdenum 
on walls of channels scribed in the films, and the phase 
transition of semi-conducting CuInSe2 to metallic state 
close to the ablation area due to the thermal effect [4]. Both 
effects shunt the photo-electric device and reduce its con-
version efficiency. Thermal degradation of the CIGS solar 
cells starts at temperatures above 350oC due to diffusion of 
the buffer layer metal (Cd, Zn) into the absorber layer [5]. 
A large heat affected zone appears by using of nanosecond 
lasers, and nanosecond lasers are undesirable in manufac-
turing this type of photovoltaic elements. Femtosecond 
pulses are capable of ablating the films completely and 
selectively enough but their use is limited because of com-
plexity in maintenance. According to the results of theo-
retical modeling, the processing without damage is possible 
with ultra-short-pulse lasers [ 6 ]. Picosecond lasers were 
tested in the CIS (CuInSe2) solar cell layer scribing on 
polymers [7] and the glass substrate [8]. In case of the 
glass substrate and transparent electrode deposited on it, 
the back-side irradiation through the substrate with a care-
fully selected laser wavelength provides excellent material 
removal selectivity [3]. Polymers have quite high absorp-
tion in the visible spectral range [9] and direct irradiation 
of the films should be used. 

An intensive process characterization has shown that 
low overlap of about 25% is desired during the scribing 
process in order to avoid peeling of the layers induced by 
the laser pulses [10].  

Our goal is to develop the flexible and rapid laser tech-
nology for precise structuring of the CIGS solar cells com-
patible with the roll-to-roll production line. We used the 
laser with the picosecond pulse duration in scribing the 
mono-layer thin film structures deposited on glass [11, 12] 
and polymer substrates [9]. The experiments revealed po-
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tential of picosecond lasers in selective structuring of thin 
films when the wavelength of laser radiation was adjusted 
depending on optical properties both of the film and the 
substrate. Preliminary results of our research on the CIGS 
film scribing are presented in [13].  

New results in application of laser scribing of two dif-
ferent multilayered CIGS solar cell systems with the trans-
parent top-contacts made of ITO and ZnO are presented. 

 
2. Experimental 

Set-up for the laser scribing experiments included a la-
ser, fast shutter, attenuator, harmonics generation modules, 
the beam expander, a few folding mirrors, an objective 
mounted on the Z stage, and the sample mounted on the 
XY stages. The picosecond laser PL10100 (10 ps, 100 kHz) 
made by Ekspla UAB was used in the ablation experiments. 
The picosecond laser was chosen for the experiments be-
cause the short pulse duration might prevent thermal dam-
age and degradation of materials, enabling selective high 
quality ablation of the films. Nonlinear crystals were used 
for the wavelength conversion to UV radiation. An external 
Pockels cell was used for fast shuttering and pulse energy 
control. The beam expander stretched the beam, which was 
focused with the f = 50 mm focusing lens. The positioning 
of the samples under the laser beam was performed with 
the XY stages Aerotech ALS1000. The focal position was 
controlled by moving the objective up and down with a 
stage Aerotech AVS105. Experimental set-up for laser 
structuring of the films is shown in Fig. 1. 
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Beam 
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Computer
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Fig. 1 Experimental set-up for laser scribing of the thin films. 

 
The laser spot in focus plane depended on the wave-

length used and was in the range of 15-25 µm. Moreover, 
the laser fluence on the sample surface was affected be-
cause samples were flexible and it was difficult to maintain 
the exact position of the focal plane of the objective rela-
tive to the surface. An actual spot size on the surface was 
estimated from the ablated-area to laser-pulse-energy rela-
tionship [12]. The overlap along a scanning line was con-
trolled by the translation speed at a constant pulse repeti-
tion rate. Various combinations of pulse energy, beam over-
lap and wavelength were used for selective ablation of the 
films. Optimal regimes for laser processing of every layer 
were estimated depending on the wavelength (355 nm or 
266 nm). The beam overlap played an important role in the 
processing selectivity because the ablation threshold was 
sensitive to accumulation of the irradiation dose.  

The quality of processing was evaluated with an optical 
microscope and the scanning electron microscope (SEM) 
JSM 6490LV (JEOL). Profiles of the laser ablated holes 
and trenches and chemical composition of the resulting 
surfaces were controlled with SEM EVO 50 XVP (Zeiss) 
with the X-ray energy dispersion spectrometer (EDS). 

Polyimide (PI) film with the thickness of 25 µm was 
used as a substrate. The films of molybdenum back-contact 
(0.5 µm) and the whole structure of the CIGS solar cell 
deposited on the polymer substrates were used in the ex-
periments. Two types of complete multilayer structure of 
the CIGS solar cells were investigated: with a thick top-
contact made of ITO (2 µm) and a thin top-contact made of 
ZnO:Al (60 nm). The absorber layer of the CuInxGa(1-x)Se2 
was 1 µm thick in both cases. Most of the samples were 
provided by Solarion AG, Germany.  

 
3. Laser scribing of thin films for CIGS solar cells 

3.1 Scribing of the molybdenum back-contact on poly-
imide 

As the polymer film used as a substrate is badly trans-
parent, the back-contact is made of the metal film, prefera-
bly molybdenum, directly deposited on the substrate. A 
homogeneous film of the metal should be divided into iso-
lated stripes by local removal of the film in the process 
called P1. Good isolation between the nearby contact lines 
and the diminishing effect on the substrate are the main 
requirements at this stage. Back-side irradiation is not pos-
sible as in case of a glass substrate [8]. 

As the ablation thresholds of molybdenum and polyim-
ide were close to each other at a high beam overlap, the 
experiments were limited to a high translation speed when 
only a few laser pulses affected the same area of the film 
[13]. Moreover, a high processing speed is preferable for 
the application. Removal of the metal film by evaporation 
from the polymer substrate with a low melting temperature, 
tended to damage the substrate by the high intensive center 
of the laser spot. The main benefit of the processing mo-
lybdenum film using the UV radiation was clean edges of 
trenches without remarkable melt formation (Fig.2). 

 
Fig. 2 SEM pictures of the P1 scribe in the molybdenum film. 

(Laser: λ=355 nm, 2.35 W, 100 kHz; translation speed 
600 mm/s). 

As the Gaussian spatial profile of the laser beam was 
used in experiments, central part of the laser spot tended to 
penetrate into the polyimide film. Flattening of the profile 
should help to remove the layer smoothly.  
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3.2 Selective scribing in ITO/CIGS/Mo/PI structure 
with a “thick” top-contact 

The light absorbing layer of CuInxGa(1-x)Se2 deposited 
on the back-contact should be structured making parallel 
trenches in it. We used a complete structure of layers in our 
experiments to estimate the processing regimes. The aim at 
this stage was to remove all the top layers, including CIGS 
and to expose the molybdenum back-contact.  

The first experiments included ablation of craters with 
10 laser pulses with different pulse energies in series. Ten 
pulses corresponded to the value of the laser beam overlap 
when the quality of trenches was the best without a signifi-
cant damage of the polyimide substrate. The samples were 
investigated with SEM using the X-ray electron dispersion 
spectrometer because visual contrast did not allow dis-
crimination of differences in chemical composition of lay-
ers. Fig.3. presents comparison of the SEM pictures with 
the EDS maps of spatial distribution of particular chemical 
elements in a close surrounding of the laser-made craters.  

 
Sample #1, 5 μJ Se Mo 

 
Sample #2, 3.5 μJ In Se 

Fig. 3 SEM pictures and EDS maps of the craters ablated with 
10 laser pulses with the energy of 5 µJ and 3.5 µJ. (La-

ser: λ=1064 nm). 
By ablating with the pulse energy of 3.5 µJ, concentra-

tion of indium decreased and a signal from Se atoms ap-
peared at the center of the crater. The top layer of conduct-
ing ITO was evaporated and the CIGS layer was exposed. 
Use of higher pulse energy (5 µJ) exposed the CIGS layer 
in a larger area but in the central part of the crater, where 
the laser intensity was higher, the whole material was 
evaporated and molybdenum back-contact was exposed. At 
the pulse energy of 20 µJ, carbon atoms from the polymer 
were found in EDS spectra. 

Table 1 Regimes of selective removal of layers and cutting of 
the CIGS multilayer structure. (Laser: P= 2.35 W, 

λ=355 nm, 100 kHz). 

Regime Scanning 
speed, mm/s Process 

#1 900 Removal of the ITO film 

#2 380 Exposition of the Mo back-
contact (P3) 

#3 150 Isolation trench down to the 
polyimide foil 

#4 35 Cutting of the CIGS multilayer 

The UV laser radiation (355 nm) was also used to se-
lectively scribe trenches in layers of the CIGS solar cell 
structure. The process parameters are presented in Table 1. 
Keeping the laser parameters the same and varying only the 

translation speed it was possible to find out the regimes of 
laser structuring in CIGS multilayer system: 
 to evaporate the upper electro-conducting layer of ITO; 
 to remove the semiconducting film and expose the mo-

lybdenum back-contact (P3 process); 
 to make an isolation trench by laser ablation of all films 

down to the polyimide substrate (edge isolation proc-
ess);  

 to cut a complete structure of the CIGS solar cell to-
gether with the substrate.  
SEM pictures of trenches ablated in CIGS structure at 

different regimes and distribution of main chemical com-
ponents in the cross-section of trenches are shown below. 
The top-layer of ITO as well as the thin buffer layers of 
ZnO and CdS were removed at regime #1 cleanly (Fig.4). 
The Se and Cu signals were detected with the EDS at the 
bottom of the trench with a synchronous decrease in the 
concentration of In. The elements formed the absorber 
layer. Molybdenum and carbon were found at the back-
ground level. 
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Fig. 4 SEM picture and EDS profile of a trench ablated in the 

ITO top layer to expose the absorber film. (Laser: 
2.35 W, λ=355 nm, 100 kHz; translation speed 

900 mm/s).  
ITO has low absorption for the 355 nm radiation and 

thermal exfoliation prevailed [11]. The surface of the CIGS 
layer shows some sings of melting in the central part of the 
trench. As the properties of the surface of CIGS strongly 
depend on the bulk stoichiometry [14], heating might af-
fect electrical properties of CIGS and special photo-
electrical experiments are planned for verification.  

When the translation speed was reduced to 380 mm/s 
keeping all other processing parameters the same (Fig. 5), 
the laser was able to evaporate a CIGS film and expose the 
Mo back-contact. The high signal of Mo atoms was de-
tected with the EDS in the central part of the trench. 
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Fig. 5 SEM picture and EDS profile of a trench ablated down to 

the Mo layer to expose the back-contact. (Laser: 2.35 W, 
λ=355 nm, 100 kHz; translation speed 380 mm/s). 
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The trenches had no sharp edges. This is a consequence 
of the Gaussian spatial distribution of energy in the laser 
beam. Slopes of the trenches were formed of partially re-
moved layers and included CuInxGa(1-x)Se2 at the bottom as 
quite strong signals of Se were detected with EDS. The 
trenches were narrow enough to ensure dense dislocation of 
separation lines between elements in solar cells. The upper 
layer of the top-contact was not affected outside the irradia-
tion area. 

A quite slow translation speed was used to cut the 
whole CIGS/substrate structure with the picosecond laser. 
Cuts of this kind are not required in the real production 
cycle, but the EDS investigations of a cross-section pro-
vided information about the quality of laser processing. 
SEM picture of the cross-section of the multi-layer CIGS 
structure is shown in Fig.6.  
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Fig. 6 Cross-section of the CIGS photovoltaic element cut with 

the laser and its chemical composition estimated by 
EDS. Arrow indicates the EDS scan direction. Length 

of the arrow is 5 µm. (Laser: 2.35 W, λ=355 nm, 
100 kHz; translation speed 35 mm/s). 

Separate layers can be easily recognized in the picture, 
which means that there was no mixing during the deposi-
tion cycle and the laser processing did not disturb regular 
position of the layers with sharp edges. J. Hermann et al. 
[6] estimated that processing of CIGS solar cells with 
nanosecond lasers resulted in spreading of molybdenum 
over the CIGS film creating shorts. The picosecond pulse 
duration was short enough to prevent extensive formation 
of the melt and no mixing of Mo with CIGS was found. 
The EDS signals of the main chemical components of 
CIGS were measured along the cut depth (indicated by 
arrow in Fig. 6). Atoms of molybdenum appeared in EDS 
spectra on the edge of the Mo layers and were spread to-
wards the polyimide substrate (Fig.6). The rise in the Mo 
concentration was at the same depth where concentrations 
of In and Cu atoms decreased. 

3.3 Selective scribing in ZnO/CIGS/Mo/PI structure 
with a “thin” top-contact 

Shortage of indium production and its scarcity in the 
Earth challenge search for new materials that can be used 
as transparent, electro-conductive layers instead of the in-
dium-tin oxide (ITO) for technical application. ZnO doped 
with aluminum is a good alternative to ITO. The second 
type of CIGS solar cell system used in our research was 
produced with the top-contact made of ZnO:Al. The thick-
ness of the layer was small, only 60 nm, in comparison 
with 2 µm of the ITO layer in the previous section. We 
concentrated on the P3 process, scribing of the films to 
open the molybdenum back-contact. The Gaussian beam of 
the picosecond laser was used with the wavelengths of ra-
diation equal to 355 nm and 266 nm. Fig. 7 shows results 
of scribing with the 355 nm radiation depending on the 
mean laser power. Grains of CIGS remained in the trench 
at the low laser power, while the laser fluence in the central 
part was able to crack and exfoliate the molybdenum film 
at the high laser power. 

  
50 mW         75 mW 

  
150 mW         200 mW 

Fig. 7 The P3 scribe in ZnO/CIGS/Mo/PI versus laser power 
(355 nm, 50 kHz, 300 mm/s, 1 scan). 

Results of laser scribing with the 266 nm radiation ver-
sus a number of scans are shown in Fig.8.  

  
10               16 

 
20              30 

 

Fig. 8 The P3 scribe in ZnO/CIGS/Mo/PI versus a number of 
scans (266 nm. 50 kHz, 200 mm/s, 65 mW). 

13 



 
JLMN-Journal of Laser Micro/Nanoengineering Vol. 5, No. 1, 2010 

 
 

The 266 nm laser radiation had high absorption in the 
ZnO layer. Therefore, the energy was initially coupled by 
the film itself. The CIGS film was ablated partially at every 
scan. However, the tails of the Gaussian beam affected the 
CIGS grains. Transformations in the layer structure are 
evident from Fig. 8. The excessive number of scans led to 
the damage of the molybdenum layer underneath.  

Optimization of the P3 scribing process in the 
ZnO/CIGS/Mo/PI solar cell system was possible only using 
the 355 nm laser radiation. Sharp edges of the trenches 
without damaging the metal film were achieved by removal 
of the CIGS grains (Fig. 9).  

 
Fig. 9 Close view of edge of the P3 scribe in ZnO/CIGS/Mo/PI 

with the 355 nm radiation at optimized parameters.  

Better quality of processing with the 355 nm radiation 
compared with the 266 nm radiation was confirmed by the 
EDS profiles of the laser scribes (Fig. 10).  

  
Fig. 10 SEM picture and EDS profiles of the P3 scribe in CIGS: 

355 nm v.s. 266 nm wavelength. 

A clean trench was produced by the 355 nm radiation, 
and remains of Se atoms from the CIGS layer were found 
along the trench edges in a close area, as narrow as 2 µm. 
Transformation in the CIGS film structure after irradiation 
with the 266 nm wavelength led to an intermix of ZnO and 
CIGS layers. 

 
4. Discussions 

The P1 scribe through the conducting layer adjusted to 
the substrate is intended for the back-contact formation and 
must be complete across the entire width of the solar cell. 
Any defects can lower the isolation resistance and even 

potentially completely short the cells out of the series cir-
cuit [3]. The integrity of the substrate should also be main-
tained. 

The front-side picosecond laser ablation of the molyb-
denum film from even the glass substrate in [8] produced 
micro-cracks in the metal layer, while the back-side proc-
essing with 50% overlap led to crack-free scribing. The 
high absorption of polyimide did not allow processing the 
films from the backside in our case. Therefore, ablating 
molybdenum with a high evaporation temperature from the 
polymer substrate was a challenging task. Removal of the 
metal film from the polymer substrate with a low melting 
temperature by the short-pulse evaporation tended to dam-
age the substrate by the high intensive center of the laser 
spot. Melt-free edges of the scribes were obtained when the 
UV laser radiation (355 nm) was applied. 

The integrity of the P2 scribe is critical in forming the 
series interconnects between cells. Any active-layer mate-
rial remaining over the contact layer will impose contact 
resistance, resulting in parasitic losses and decreased elec-
trical power output of the module [3]. The CIGS layer is 
very sensitive to the exposure in the atmosphere [ 15 ], 
therefore the direct testing of the P2 process of the absorber 
layer stripping was not possible. Instead of this, opening of 
the back-contact by selective removal of all upper layers 
was used. The results are different for the solar cell systems 
with the thick ITO and a thin ZnO top-contact. 

In the solar cell system with a thick ITO top-contact, 
the 355 nm laser radiation was mainly absorbed at the in-
terface ITO/CIGS, and the most upper layer was removed 
by internal expansion of the materials in the process similar 
to “lift-off” rather than evaporation (P3 process – the front 
contact isolation). Selection of the right laser wavelength is 
important to keep the energy coupling in a well defined 
volume at the interlayer interface. Overlap of laser pulses 
should be carefully controlled to avoid micro-cracking and 
peeling of the top-contact layers induced by the laser pulses 
as it was found in case of amorphous silicon thin film solar 
cells in [10]. Reducing the translation speed increased abla-
tion of the absorber layer. The clean scribing with sharp 
edges was not achieved because of the Gaussian distribu-
tion in the laser beam profile. Producing clean edges re-
quires the use of flat-top shaped beam rather than a focused 
beam. Sometimes, a circular mask is used to aperture the 
central portion of the Gaussian laser beam so that the inten-
sity exceeds the process threshold across the entire aper-
tured beam [3]. However, the method leads to high energy 
losses at the aperture, and we continue our research with 
the specially reshaped laser beams. 

266355

In the solar cell system with a thin ZnO top-contact, it 
was possible to selectively ablate grains of the CIGS from 
the molybdenum back-contact when the 355 nm laser ra-
diation was used. The sharpness of the scribe edges was 
confirmed by the EDS scans, where signals from the ab-
sorber layer were detected only in a very narrow range with 
a width of less than 2 µm. The ZnO top-contact was not 
affected even close to the rims of trenches. The reason 
could be an optimum relation between absorptance in CIGS 
and ZnO layers. Use of the 266 nm radiation led to exten-
sive modification in both ZnO and CIGS layers with a quite 
wide intermix area spreading more than 5 µm from the 
trench rims. 
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The laser cutting through the full thickness of the CIGS 
solar cell including the substrate revealed that with pico-
second lasers the molybdenum film was mainly evaporated 
without the extensive melt formation. The results are in 
contradiction to that of nanosecond laser ablation when 
residues of Mo were projected onto the walls of the abla-
tion channels [6]. This shows potential of picosecond lasers 
to be applied in selective scribing of the CIGS solar cell. 
Conversion of the semiconducting CuInxGa(1-x)Se2 to me-
tallic phase might appear due to thermal input to the re-
maining material even using ultra-short laser pulses. The 
features cannot be found out with the used analysis tech-
niques and photo-electrical properties of the laser-
processed CIGS structures should be checked. 

Laser power in the range of hundred of miliwatts was 
used in most of the experiments. The high scribing speed of 
at least 2 m/s can be reached by a multi-beam parallel proc-
essing with splitted laser beams. 

 
5. Conclusions 

Laser scribing with the picosecond pulse duration was 
applied in structuring the thin films deposited on the poly-
imide substrate. The wavelength of laser radiation was ad-
justed depending on optical properties both of the film and 
the substrate. 

The selective removal of ITO and CIGS layers was 
achieved with the 355 nm radiation without a significant 
damage to the underneath layers in the ITO/CIGS/Mo/PI 
solar cell system. The 355 nm wavelength was also found 
to be favorable for the P3 scribing process in the 
ZnO/CIGS/Mo/PI solar cell system. 

The EDS analysis showed no residues of molybdenum 
projected onto the walls of the ablated trench due to the 
melt extrusion. Therefore, processing with picosecond la-
sers could not cause degradation of photo-electrical proper-
ties of the solar cells but verification is required.  

Scribing of the thin film layers with the Gaussian beam 
profile caused damage in the center of the laser-machined 
trench. To avoid damage and increase the process produc-
tivity it is necessary to convert it to a flat top profile beam. 
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