
Solar Energy Materials & Solar Cells 108 (2013) 87–92
Contents lists available at SciVerse ScienceDirect
Solar Energy Materials & Solar Cells
0927-02

http://d

n Corr

E-m
journal homepage: www.elsevier.com/locate/solmat
Electrical characterization of P3 isolation lines patterned with a UV laser
incident from the film side on thin-film silicon solar cells
S. Ku a,b, B.E. Pieters b,n, S. Haas b, A. Bauer b, Q. Ye a, U. Rau b

a Department of Physics, Shanghai Jiao Tong University, 200240 Shanghai, China
b IEK5-Photovoltaik, Forschungszentrum Jülich, Germany
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We investigate the properties of P3 isolation lines in a-Si : H=mc-Si : H solar modules, prepared with a

nano-second pulsed UV laser incident from the film side of the solar module. For the electrical

characterization of the P3 lines we developed a method which allows us to distinguish between leakage

currents directly across the P3 line, leakage currents along the laser line side walls and to monitor

changes in conductivity of the TCO underneath the line. We applied the developed characterization

method to a series of P3 lines where we systematically varied the used laser parameters. In addition we

analyzed selected P3 lines using Scanning Electron Microscopy. From the systematic variation we find

that a high leakage current directly across the P3 lines is observed when the back contact is not fully

removed. The best P3 lines have the back contact fully removed but an incomplete removal of the

silicon in the line. When the silicon layer stack is fully removed in the P3 line we observe an increase in

leakage current along the side walls of the laser lines. The best P3 laser line we obtained exhibits a very

low leakage current density of only 1:5 mA cm�1 at 1 V.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

One of the advantages of thin-film solar cells is the possibility
to monolithically interconnect the module during the deposition
process. To this end, deposition processes and scribing processes
are applied alternately. In the commonly used laser scribing
methods for thin film silicon solar modules the laser beam is
incident through the (transparent) superstrate to remove the film.
However, there are emerging flexible thin-film technologies
where the solar cells are deposited on substrates such as plastics
and metal foils [1–4]. For modules with opaque substrates the
active layer and back contact layer cannot be removed with a
laser beam incident through the substrate. Also for some trans-
parent substrates a substrate incidence may be undesirable (e.g.
some plastics or textured glass). In these cases a laser beam
incident directly from the film side is required. The laser scribing
of flexible thin-film solar modules faces several challenges like
difficulties of producing abrupt edges of scribing grooves [5,6]
and plume shielding [7]. Furthermore, on conductive substrates a
monolithic interconnection requires the deposition of an insulat-
ing layer before producing the solar cell. All these issues make the
film-side scribing more difficult to realize. These and other issues
are discussed in detail in Refs. [4,8–10].
ll rights reserved.
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In this work we will discuss P3 laser scribing of thin-film
silicon modules from the film side. A schematic drawing of the
standard series connection in a thin-film silicon solar module in
superstrate configuration is shown in Fig. 1. In the figure three
laser lines are indicated, P1, P2 and P3, where the number refers
to the processing order (i.e. P1 line is the first laser scribing
process, P2 the second, etc.). The P1 line isolates the TCO
electrodes of two neighboring cells. Similarly, the P3 lines isolate
the back electrode of two neighboring cells. The P2 line is located
between the two isolation lines and serves to make a contact
between the front and back electrode. The P1 line is scribed
before the deposition of the active layers. After the subsequent
active layer deposition the P2 line is scribed. After the P2 step the
back contact is deposited, followed by the P3 scribing step. In
previous work we discussed the P1 and P2 scribing processes
from the film side [9,11].

In this work we will focus on the last scribing step. Commonly,
a green laser with wavelength of l¼ 532 nm is used for P3 lines
from the glass side. By scribing through the glass, the laser energy
is absorbed in the silicon, starting from the interface between the
silicon and the transparent conductive oxide (TCO). The silicon
evaporates at the interface which causes an explosion which
results in a clean removal of the silicon and the back contact. The
laser energy required is much less than that is needed to
thermally evaporate all the layers [12–14].

In this paper we use an optically pumped Nd:YVO4 laser at the
third harmonic with a wavelength of l¼ 355 nm to pattern
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layer on the glass/TCO substrate and two P2 lines are scribed
using standard process. After the scribing of the P2 lines the ZnO/
Ag/ZnO back contact layer stack is deposited. After this deposition
we make the standard P3 lines from the glass side (c.f. Fig. 3). In a
final step we isolate the test structure by scribing a line around
the test structure removing the entire layer stack, this line is
indicated with ‘‘P1þP3’’ in Fig. 3. For details on the standard
process see reference [15]. The last scribe is the test P3 line
scribed with a UV laser from the film side, which separates
terminals T3 and T4. However, before we make the test scribe
we measure several current/voltage characteristics so we can
monitor the changes the scribing of the test line induces.

Before scribing the test P3 line we measure the current/voltage
characteristics between terminals T1 and T2 ðJVb

12Þ terminals T1
and T3 ðJVb

13Þ and terminals T2 and T4 ðJVb
24Þ. Characteristic JVb

12

reflects the conductivity of the TCO layer before the test scribe.
Characteristics JVb

13 and JVb
24 both reflect the current/voltage

characteristics of the solar cell before scribing the test line.
After scribing the test P3 line we measure again over terminals

T1 and T2 ðJVa
12) terminals T1 and T3 ðJVa

13) and terminals T2 and
T4 (JVa

24). In addition we measure the separation over terminals
T3 and T4 (JVa

34). The resulting four current/voltage characteristics
are modeled with the electrical circuit shown in Fig. 4. The model
consists of four Voltage Controlled Current Sources (VCCSs),
which are used to model the DC behavior of a two terminal
device with an arbitrary current/voltage (JV) characteristic. The
top component (JVSep) represents the connection between the
back contacts of the two adjacent cells. Ideally, a P3 line separates
the back contacts of two adjacent cells and thus the top compo-
nent represents a parasitic leakage current that flows directly
across the P3 line between the back electrodes. The bottom VCCS
(JVTCO) represents the connection between terminals T1 and T2
via the TCO after the test line. The left and right VCCS components
(JVDleft and JVDright) represent the left solar cell and the right solar
cell, respectively. These current/voltage characteristics include
possible damage caused by the scribing of the test P3 line.

We developed an iterative algorithm to separate the electrical
characteristics of each individual component in the circuit. First,
we assume an initial JV characteristics for each component in the
circuit. We then simulate the same four current/voltage charac-
teristics we measured using a circuit simulator. The circuit
simulator takes tabular voltage/current pairs as input data to
form a piece wise linear current/voltage characteristic for each of
the VCCS components in the circuit. We then iteratively adapt
current/voltage characteristics of each component in the circuit to
match the measured and simulated characteristics of the device.
Fig. 4. Schematic of the circuit used to model the test device with the terminals

T1–4 corresponding to the test structure in Fig. 3. Indicated are the four VCCS

components, JVTCO, JVDleft, JVDright, and JVSep. Using the circuit the JV curves are

simulated over terminals T1 and T2, JVa
s12, T1 and T3, JVa

s13, T2 and T4, JVa
s24, and T3

and T4, JVa
s34.
We used the following iterative corrections:

JViþ1,j
TCO ¼

JVj
12þnJVi,j

s12

ð1þnÞJVi,j
s12

JVi,j
TCO ð2Þ

JViþ1,j
Dleft ¼

JVj
13þnJVi,j

s13

ð1þnÞJVi,j
s13

JVi,j
Dleft ð3Þ

JViþ1,j
Dright ¼

JVj
24þnJVi,j

s24

ð1þnÞJVi,j
s24

JVi,j
Dright ð4Þ

JViþ1,j
Sep ¼

JVj
34þnJVi,j

s34

ð1þnÞJVi,j
s34

JVi,j
Sep ð5Þ

where an s in a subscript indicates the current/voltage character-
istics are simulated, the index i refers to the iteration and JVj is the
j-th current in the tabular set of current/voltage data. The
parameter n is used to enhance convergence of the algorithm
where the larger n is the smaller the iterative adaptions to each JV

characteristic. Typically we initialize n with a large value (e.g. 10)
to avoid oscillations in the iterative adaptions and gradually
reduce the value of n to 0 as the number of iterations progress.

The algorithm is very simple to implement. We used the
GNUcap circuit simulator for the circuit simulations [19]. The
circuit simulator is called from a GNU Octave [20] script which
implements the iterative algorithm. The method has the advan-
tage that we directly use tabular data to describe the current/
voltage characteristics of the components in the circuit, thereby
making minimal assumptions about the nature of our devices.
However, we did impose one restriction to the current/voltage
characteristics of the components, namely that the current is
monotonously increasing with applied voltage. This ensures that
there is only one unique solution for the currents and voltages in
the circuit and generally also improves the numerical stability of
the circuit simulation. This restriction is implemented by sorting
the current data in ascending order after each iterative refine-
ment, without re-ordering the voltages.

We found in working with experimental data that our method
initially converges monotonously, i.e. the discrepancy between
measured and simulated current/voltage characteristics reduces
steadily. However, after the initial convergence the error between
simulation and experiment becomes rather erratic, varying see-
mingly random from iteration to iteration. However, in many
cases the fit can still be improved upon at this stage by letting the
algorithm iterate for a while and afterwards selecting the best fit
from all previous iterations.

As a last step we compare the device before and after scribing
the test P3 line. A change in conductivity of the TCO can be seen
directly from a change in JV12 before and after the test line. The
test P3 line may also induce damage to the solar cell in the line
and its direct vicinity. We therefore compute the current that
flows along one sidewall of the test line (the line has two
sidewalls, left and right)

JVsw ¼
JVDleftþ JVDright�JVb

D

2
ð6Þ

where JVb
D is the current/voltage characteristic of the solar cell

before the test line which is computed by averaging the currents
in JVb

13 and JVb
24. Note that we compare the solar cell before the

test scribe with the sum of the currents through the two solar
cells after the test scribe (i.e., T3þT4) where we neglect the
loss of surface area of the test P3 line as its surface is small
compared to the area of T3þT4 (the area of T3þT4 is 5�
10�1 cm2 compared to the area of the test P3 line which is
2:5� 10�3 cm2). Note that the total leakage current induced by
a P3 line consists of Jsh ¼ Jswþ JSep.







Fig. 9. Schematic illustration of P3 laser lines. (a) P3 line for low power/overlap

number/number of scribes. The line exhibits a low JVSep resistance and a high JVsw

resistance. (b) P3 line for optimal power/overlap number/number of scribes. The

line exhibits high JVSep and JVsw resistances. (c) P3 line for a power/overlap

number/number of scribes beyond the optimum. The line exhibits a high JVSep

resistance and a low JVsw resistance.
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there is a long time between successive scribes leaving ample
time for the line to cool down. The higher temperatures for a high
overlap number lead to more damage to the sidewalls and/or TCO
splashed out of the line.
6. Conclusions

In this paper we investigated laser scribing of P3 isolation lines
for a-Si : H=mc-Si : H solar modules from the film side with a
nano-second pulsed UV laser. We developed a method to char-
acterize the electrical properties of the experimental P3 lines.
With this method we can distinguish between leakage currents
directly across the P3 line, leakage currents along the laser line
sidewalls and monitor changes in conductivity of the TCO under-
neath the line. We systematically varied scribing parameters for
P3 isolation lines with a UV laser incident from the film-side. The
properties of the resulting P3 lines where electrically analyzed
with the developed method. In addition we examined selected P3
lines using Scanning Electron Microscopy images. We find that
the best P3 lines have the back contact fully removed but an
incomplete removal of the silicon in the line. If the silicon in the
line is fully removed we observe an increase in the leakage
current which we could ascribe to currents flowing along the
sidewalls of the laser lines. For an incomplete removal of the back
contact we observe a leakage current directly across the P3 line.
The best P3 laser line we obtained with the systematic variation
of laser parameters exhibits a very low leakage current density of
only 1:5 mA cm�1 at 1 V (current per unit laser line length).
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