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ABSTRACT: In an endeavor to explore the use of laser scribing to replace mechanical scribing in CIGS thin-film PV 
module production we have evaluated the possibility of P3 patterning using a picosecond laser. We found that 
picosecond laser scribing can be used to remove the semiconductor layers ZnO:Al and CIGS simultaneously as well 
as selectively removing only the ZnO:Al layer. Selective removal was deemed superior both from a processing point 
of view and from electrical device results. Picosecond patterning resulted in a clean and sharply defined P3 isolation 
scribe with minimal damage to the underlying CIGS layer. Devices made during this work were in part patterned 
uniquely by laser methods, including the P2 pattern. 
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1 INTRODUCTION 
 
1.1 Background 
Thin film CIGS solar panels are increasing in 
performance and availability. While the standard today is 
to perform the connecting (P2) and isolating (P3) 
patterning steps using metal scribing tools, laser is 
quickly becoming an alternative, particularly as pulse 
durations and prices are constantly reduced. 

Laser patterning of CIGS solar cell stacks is a 
specific challenge due to specific material characteristics 
of the individual layers in the stack. Unlike the two major 
other thin-film technologies, CdTe and a-Si the process 
sequence in CIGS does not start with coating of the 
transparent oxide but molybdenum which is opaque for 
the relevant laser wavelengths ranging from 1064 nm to 
355 nm. As a consequence only the molybdenum can be 
scribed from the glass side as well as from the film side. 
Selective removal of the absorber in the P2 scribe, as 
well as achieving isolation in the front contact by 
removing the absorber and TCO (P3), can only take place 
from the film side.  

Successful laser P2 patterning has been shown 
previously by ÅSC [1] as well as by others (for ex. [2]). 
Achieving such a connective scribe line is possible using 
a standard nanosecond laser which removes or modifies 
the CIGS layer while keeping the Mo layer intact.  Using 
common nanosecond laser tools to isolate CIGS cells has 
proven difficult due to the thermal character of the 
process  often resulting in residual material shunting the 
device [3][4]. Subnanosecond laser pulses however 
reduce this thermal component of material removal and it 
has been shown that removal of both TCO and CIGS 
absorber can be done without significant edge effects 
[4][5].  

We have attempted to manufacture CIGS PV devices 
using picosecond laser pulses to perform the P3 scribe. 

 
1.2 Picosecond vs. nanosecond patterning 
The aim in P3 scribing from the layer side is to produce 
an insulating track in the TCO and the absorber without 
harming the underlying molybdenum layer. Damage to 
the molybdenum could result in an increased series 
resistance between the adjacent cells as well as increased 
sensitivity to corrosion. Especially removing the TCO is 

difficult due to the fact that the damage threshold for 
TCO (4 to 7 J/cm2 at 1064 nm and 6 to 10 J/cm2 at 532 
nm) is one to two orders of magnitude higher compared 
to the one of CIGS (0,5 J/cm2 at 1064 nm and 0,07 J/cm2 
at 532 nm) [6]. As a consequence the higher pulse energy 
necessary to remove the TCO will easily remove the 
CIGS and is likely to harm the molybdenum. 
Furthermore the thermal and optical penetration depths 
have to be considered describing the amount of heat 
conduction involved in the process and describing the 
heat affected zone.  

In the nanosecond pulse length regime the thermal 
penetration depth can be calculated from the following 
equation [7] 

 
21)(2 τ⋅⋅= DLT  

 
The heat diffusivity D for Zink Oxide is 0,084 cm2/s 

[6] resulting in a thermal penetration depth of 1,53 µm at 
a pulse length τ = 70 ns. This is larger than the usual 
layer thickness of ZnO resulting in a heat conduction into 
the CIGS absorber. A value for the optical penetration 
depth for aluminium doped ZnO is 12,5 µm at 1064 nm 
[8] - taking into account only linear terms of the 
absorption coefficient. This rather large heat affected 
zone and the large optical penetration depth compared to 
the thin layer thickness in CIGS modules will result in an 
unavoidable thermal influence on the molybdenum.  

 
 
 

 
Figure 1. Confocal laser scanning images comparing 
group A (left) and group B (right) typical scribe 
appearance. Note that the blue color corresponds to 
Mo in the left image and CIGS in the right image. 
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Furthermore, in nanosecond pulse ablation an amount 
of melt is always involved most likely resulting in a 
conductive phase of copper and indium at the edges of 
the track shorting the back and front contact. 

Ultra-short pulses in the picosecond range 
significantly reduce the heat affected zone. It must be 
noted that the heat affected zone does not only depend on 
the pulse length τ but also on laser fluence, pulse-
repetition rate and film thickness. Ultra-short pulses 
excite the material strongly before the plasma plume 
expands and ablation starts only after about 1 to 10 ps. 
The hot electrons diffuse over a distance of 

 
21)( τ⋅≈ ee DL

 
 
into the material before they transfer their energy to the 
lattice. Based on this equation it becomes clear that the 
heat affected zone is only a fraction of the one calculated 
for nanosecond pulses. For a 10 picosecond pulse the 
heat affected zone for ZnO is reduced to 9 nm. For the 
CIGS it only amounts to 5 nm.  

 
 

2 EXPERIMENTAL 
 
2.1 Sample preparation 
Device samples of the CIGS solar cell stack were 
prepared at the ÅSC lab up to and including the 
deposition of ZnO:Al front contact. The back contact 
patterning (P1) was done using laser scribing and the 
interconnect (P2) patterning using both mechanical and 
laser patterning. Samples were transferred to the LPKF 
applications lab where P3 patterning experiments were 
performed. A set of devices were finalized at the ÅSC 
facility using standard mechanical patterning for 
reference. 

 
2.2 Experiments 
P3 isolation patterning was attempted according to two 
different ablation schemes. One was aimed at ablating the 
absorber and front contact to expose the molybdenum 
layer (henceforth group A), while the other one has 
aimed at just removing the front contact (henceforth 
group B), leaving the underlying absorber layer 
undamaged. 

 
2.3 Analysis 
Samples were returned to ÅSC where they were 
investigated using optical and electron microscopy. 
Compositional change in the scribe was evaluated using 
EDX. Devices were measured using a flash solar 
simulator for comparison with reference devices. In order 
to have an individual comparison, an additional P3 line 
was then mechanically scribed adjacent to the laser 
ablated P3 line. Device performance was then measured 
once more. If significant shunting occurred in the laser 
scribe, the device should show improvement in IV 
performance.  

Table I – Module FF improvement between 
measurements.  

Type No Meas1  Meas2 Comment 
A 1 35% 54% Mech scribe added 
A 2 59% 62% Mech scribe added 
A 3 62% 64% Mech scribe added 
A 4 58% 65% Mech scribe added 
A 5 58% 64% Mech scribe added 
B 1 64% 68% Control 
B 2 63% 63% Mech scribe added 
B 3 63% 67% Mech scribe added 
Ref  65% ± 3%  

 
3 RESULTS and DISCUSSION 
 
3.1 Initial Observations 
Optical microscopy observations of the samples showed a 
scribe width of ~60µm for group A and ~45µm for group 
B (Figure 1). Group A scribes consisted of a central 
trench of removed, or partially removed, CIGS 
surrounded by a wider area where the ZnO:Al was 
removed. Initial assessment was that the group A samples 
would not perform well since the removal of CIGS was in 
many cases only partial, and the remaining CIGS had a 
melted appearance which could lead to a conductive path 
from the TCO to the back contact. However, IV 
characterization showed that all devices were working, 
albeit some with considerably low FF. See 3.3 and Table 
1. 
 
3.2 SEM –EDX 
For group A samples the scribe line center showed 
exposed Mo surrounded by CIGS material which appears 
to be melted. It has been previously shown that partial 
evaporation by laser action can transform CIGS into a 
Cu-rich conductive compound [1]. Melting of the 
remaining CIGS in the scribe line would hence risk short-
circuiting the adjacent cells by connecting TCO and back 
contact. However, even with the central melt region SEM 
imaging showed well defined ZnO:Al scribe edges with 
minimal visible edge effects (see Figure 2). That these 
scribes still provide considerably well performing devices 
could be explained by the fact that the CIGS most 
adjacent to the ZnO:Al edge is not strongly affected by 
the laser ablation. Therefore it does not deteriorate the 
isolation to the TCO. The connection to the front contact 
might then be sufficiently isolated. 
 

 
Figure 2 – Shows SEM image of the selective ZnO:Al 
removal. The ZnO:Al edge is very well defined. 

 
 



24th EUPVSEC, Hamburg  DRAFT VERSION 3/4  

0

500

1000

1500

2000

2500

3000

3500

0 20 40 60 80

[µm]

C
ou

nt
s[

-]

MoL
CuK
ZnK

 
Figure 3 – EDX linescan across laser scribe where 
both semiconductor layers were removed down to the 
Mo back contact (group A). The linescan shows the 
abrupt edge of the ZnO:Al layer . 

 
The abrupt ZnO edge was found for group B samples 

as well. A slight modification of the CIGS surface in the 
scribe line was observed. For some samples cross section 
showed a partial change in the morphology, appearing to 
reach a depth of <100nm. 

EDX scans across the surface of the scribe lines show 
the abrupt change from ZnO:Al to CIGS (see Figure 3 
and Figure 4) for both types of scribes. The ZnO:Al 
appears to have been completely removed. To investigate 
any change in the CIGS composition in the laser scribe 
the ZnO:Al layer was removed using a weak HCl etch. 
Figure 4 includes the Cu signal from a line scan across 
the scribe of an etched sample (dashed line). No 
compositional change was detected for the CIGS in the 
case of selective ZnO:Al scribe. This further strengthens 
the morphological observation that the CIGS is only 
minimally affected by the laser scribe. 
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Figure 4 – EDX linescan across laser scribe line where 
the ZnO:Al layer was scribed selectively (group B). 
The dashed line shows the Cu signal after etching of 
the ZnO:Al. Units are arbitrary.  

 
 
 

 
Figure 5 – Comparing the change between 
measurements of one module which was not modified 
(B1) and one that was isolated with an additional 
mechanical scribe adjacent the laser scribe (A5). 
 
3.3 IV performance 
A general comparison of the flash solar simulator IV 
performance showed that the best experimental devices 
performed as well as the reference group. Devices from 
group A performed slightly less well than those from 
group B. For comparison to mechanical scribing, the 
samples were isolated a second time with a mechanical 
scribe line adjacent to the laser P3 and then measured a 
second time. The results are shown as Meas1 and Meas2 
in Table 1. Indeed, some Fill Factor improvement could 
be observed between the two measurements. 
Improvement was most pronounced for samples A1, A4 
and A5. However a control sample, B1, which did not 
receive the additional mechanical scribe showed similar 
improvement in performance (Figure 5). Hence, we could 
not clearly determine whether mechanical isolation 
increased the performance or if transport and storage 
conditions had temporarily reduced the device 
performance.  
 
 
5 CONCLUSION 
 
Isolating P3 patterning of CIGS devices was investigated 
using picosecond laser scribing. Selective scribing of the 
ZnO:Al front contact proved to be the most promising 
method both from a processing point of view and with 
regards to the electrical results. The selective scribe 
cleanly removed the TCO without significantly effecting 
the underlying absorber layer. 

 Scribing both the ZnO:Al and CIGS layers resulted 
in residual, melted CIGS material in the scribe lines. 
Control of scribing parameters was difficult as damage 
was easily dealt to the back contact Mo layer. Even so, 
the manufactured devices were functional. It is believed 
that the clean cut of the ZnO:Al is responsible for the 
function of these type of scribes. 

With this work, our first all-laser scribed CIGS thin 
film modules have been successfully manufactured. 
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