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Abstract technology. Roll-to-roll production of thin-film PV
_ o _ promises to reduce further the production costs. In
Roll-to-roll production of thin-film photovoltaicRV) order to fabricate thin-film modules, solar cells

solar cells and modules is expected to decreasedeposited on a same substrate must be insulated fro
substantially the manufacturing costs, and thudlena each other and the back contact of one cell must be
a breakthrough in the price of solar electricityr pe connected to the front contact of its neighbor.sTisi

kWh. The roll-to-roll concept implies that the an essential process step in the realization of the
fabrication of these PV devices on flexible sulisas modules, which is called “monolithic series

significantly different from the production of tligass  interconnection” and offers a high cost reduction
based devices. This is especially valid for the potential in manufacturing methods. For the
monolithic series interconnection of thin-film siin interconnection, a commonly used process in inglustr
solar cells into modules, where the laser scrilsitegp is the laser structuring of individual layers cdtusing
of thin-films on opaque foils requires depth seletst the solar cell. Recently, many production linestfon-

As adjusting the laser wavelength to the absorption film silicon PV modules based on glass substrate® h
profiles of the involved layers is not sufficiemte are  become operational, and laser scribing tools and
investigating the ablation mechanisms leading to processes are available on the market. Howeves, thi

removal of the different layers of thin-film silinsolar interconnection process requires three separateiwac
cells. deposition steps (for TCO, silicon layers, and rear

_ ) _ ) ) contact, respectively), each one followed by arlase
In this paper, first results of laser scribes inarking scribing step in atmosphere [1].

solar cells are reported using 1064 nm nanosecond

pulsed lasers. Despite the apparent depth selgctivi Therefore, an important decrease in productionscgst
reported earlier for this type of laser, a redud@stle  expected when combining roll-to-roll production it
quality and/or shunting of the solar cells is obedr  the realization of the interconnection by one singl
This is probably due to recast at the wall of thsel process step of three depth selective laser scrilfies
scribe either by molten material from the back eeht  applying all layers. Today, in contrast to prodoti
or by re-crystallized silicon. Consequently, a llera  |ines based on glass substrates, no standard eguipm
wavelength/pulse  duration matrix has been s available for this one-step interconnection fiht
experimented to understand better the ablation fiim silicon solar cells and modules on opaque
processes of the individual layers, aiming at a substrates. To overcome this limitation, ECN is
reduction of damage of the PV devices due to therla  currently developing the technology for the prodhrct
process. of low-cost and high efficiency tandem solar cells

] ] ) . based on microcrystalline and amorphous silicon on
Finally, laser scribes with reduced damage on warki  stee| foil substrates [2], including laser scribifay
solar cells have been achieved with a near IR monolithic series interconnection.

picosecond laser, leading to lower losses of tHarso
cell efficiency than with the 1064 nm nanosecond The ECN device consists of an insulating barrigeta
laser. on top of a conducting steel foil substrate. On ¢bp

. this barrier layer, a sputtered back contact idiegp

Introduction followed by PECVD of the active silicon layers and

the front TCO sputtering. After all solar cell lageare
deposited, the three depth selective laser scRite$?2
and P3 are realized in one single step on thisfalik,
as can be seen in Figure 1.

The last few years, thin-film solar cells have reed a
growing interest as a cost effective technology for
photovoltaic energy generation, in comparison i
more traditional crystalline silicon wafer-based
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Scribes for Seilhe far We present in this paper the results and discussian
insulation . the ablation mechanisms when scribing the ECN full
/ stack sample with near IR nanosecond and picosecond
tz P3
but this shunting issue could be minimized using
shorter pulse duration. The ablation mechanismsaue

lasers. In addition, best laser scribing paramedees
also tested in functional solar cells, evaluatitg t
Stainless steel foil substrate other wavelengths and pulse durations are currently
i under investigation.

Front TCO

Active Si layers

1 ) device performance before and after the laser $tep.

first instance, issues with short-circuiting of thelar
cell have been encountered for near IR ns lasdresgr

Insulating barrier layer (SiO,)

Figure 1: Three depth selective laser scribeshior t Experimental Details
film silicon PV Module concept on electrically
insulated steel foil substrate. 1) Laser Systems

The P1 scribe has the function to separate elatifric  In this work, the ablation of the different indival

the cells from each other. Thus, all the layerghef layers constituting the thin-film silicon solar lselvas

cell have to be ablated, including the back confHoe characterized using nanosecond and picosecond laser
main challenge is to have no remaining bridgesaokb  pulses with a wavelength of 1064 nm (near IR). The
contact in the scribe, while the insulating laykowd lasers used were a Powerline 20E Series Diode
be unaffected. This scribe will be subsequentledil  Pumped Solid State Nd:YAG laser from Rofin Baasel
by an insulating ink. The laser scribe P2 is neargss  Wwith 25 nanosecond pulses, and a Lumera Staccato
for the actual connection of the front contact oo  laser with 12 picosecond pulses. These lasersitdedcr
cell to the back contact of the adjacent cell. Raud in Table 1 have a beam with Gaussian power density
remove all silicon layers, but leave the ZnO/Aglbac distribution.

contact unaffected. This scribe will be then fillagan

electrically conductive ink. The main function dfet Table 1 Laser sources used for the experiments.
P3 scribe is to prevent lateral shunts of the IT@ a | Laser |wavelength  pulse | calculated focus
silicon layers, and in principle, P3 can be obtdingth ) [nm] | duration ¢ |diameter (1/§ [4]
the same process as P2. In this paper, all obsmmsat [um]

and discussions regarding P2 scribes are also falid Rofin 1064 25 ns 101 um

P3. Lumeral 1064 12 ps 30 um

In [3], we presented results on depth selectiitygies
with nanosecond pulsed lasers at different wavéteng The lasers were equipped with galvo-head scanpers t
on layer stacks resembling the final device. It was guide the laser over the substrates resulting dallyp
shown that for both P1 and P2 scribes, the processisolated spots, or when overlapping subsequensspot
window for depth selectivity was limited when in continuous lines. The output power was directly
scribing with an UV nanosecond laser and a broadercontrolled by an external attenuator, and measured
process window had been unexpectedly obtained withwith a power meter at the exit of the scanner.
a near IR nanosecond laser.

2) Samples
Consequently, several laser pulse durations and
wavelengths are experimented on the ECN full stack The investigated samples were fabricated by spray-
sample (as displayed in Figure 1), in order to sstee coating of a thermally curing SjObased sol-gel
potential in depth selectivity of these laser searc  lacquer with blue color additives on 7@m thick
Before scribing lines on functional solar cellseth stainless steel foil substrates, followed by magmet
ablation mechanisms and ablation thresholds foPthe  sputtering of a silver layer and a ZnO:Al layertop,
and P2 processes are evaluated by scribing separaterespectively 100 and 80 nm thick. 400 nm of
spots. These spots are studied with optical andamorphous silicon layers were then deposited by
confocal microscopy in order to calculate the défe PECVD. As front TCO, 80 nm of ITO has been
peak fluence ablation thresholds for each layertand applied by RF magnetron sputtering.

investigate the ablation processes. _ o
For the evaluation of the laser scribing effecttlos I-

V-behavior of solar cells, a mask was employed to
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deposit the top TCO, in order to have 4x4 frsmall diameters, taking into account the depth selegtivit
solar cells. (determined by optical microscopy images).
3) Theory and Methodology In a next step, the scanner speed was reducedal@n or

to overlap the spots and scribe lines, aiming &t be
In order to evaluate and understand the interactiondepth selectivity and cleanest scribes. Then, losst
between laser pulses and the ECN full stack sanaple, parameters were chosen and tested on functiora sol
starting point is the analysis of the spots with an cells. The current-voltage curves of 4x4 msolar
optical microscope and the determination of thekpea cells were first measured under a sun simulatothy wi
fluence ablation threshold, i.e. the amount of gper one probe on the ITO surface and the other onéien t
density needed for effective material removal as a pack contact.
function of pulse duration. The peak laser fluegge
(in Jlcnd) is related with the applied pulse energy E Then, in analogy with [1], the middle of these sell
(in J) and the 1febeam radiuswy (in um) or the focal was scribed by a P1 or a P2 laser line. The |lasées

beam diameter;d2 o, in pm): was 2 mm long and between 20 and 70 pm wide,
meaning that the dead area induced by the laser was
2E negligible compared to the solar cell area. Thigwed
@Q = i 1) us to investigate the effect of the laser scribéhenl-V
77[05 behaviour of the solar cell, by re-measuring thé I-

curve after scribing.
The applied pulse energy ks calculated by dividing . _
the average laser power P by the repetition rate. Results and Discussion

A straightforward method to determine the threshold 1) Microscopy Studies

fluence for laser-induced bulk material modificatio o .

has been introduced by J.M. Liu in 1982 [5], andais ~ The depth selectivity when scribing full amorphous
been adopted by several other research groups tcsilicon stack with near IR (1064 nm wavelength)
investigate thin-film removal by laser pulses [§, 7 Nanosecond and picosecond lasers with a beam with
Assuming a perfect Gaussian distribution with aafoc Gaussian  power density distribution has been
beam diameter(dand peak fluencey, (in J/cnf), the investigated in first instance with optical micropg.
ablated crater will have a diameteg,din um) related Figure 2 shows an overview with optical pictures of

to the peak fluence ablation threshajd (in J/cn) near IR nanosecond single laser spots on the ECN fu
following the equation (2): ' stack sample, with increasing pulse energy from %po

to 6. Spots with different depths can be observed i

2 this figure, increasing from spot 1 where the stgfa
dz =" D 2 appears to be only slightly affected by the lasdse
abl @, @) spot 2 with a bright area corresponding to the back

contact layer visible in the center, spot 3 withrack
in the ZnO/Ag layer, to spot 6 displaying the blue
insulating barrier layer surrounded by a circlebatk
contact. Therefore, we define different ablation
diameters for each different depth: an “affecteelar
diameter where the 400 nm thick amorphous silicon

energy k. Then, the laser pulse energy Ban be |5v6r and 80 nm thick ITO layer appear to have only
converted into peak fluence using equation (1), @nd | \ajted and cooled down (spot 1), a “P2 spot” di@met

value for the ablation threshold peak flueggecan be  removing the silicon and ITO layers without ablgtin
obtained from the plot of squared ablation diangeter ihe rear contact (spots 2 and 3), and a “P1 spot’
dablz versus peak laser fluenge, by extrapolation of  giameter where the ITO, the amorphous silicon &ed t
dasi” back to zero. ZnO/Ag layers have been ablated displaying the
surface of the blue barrier layer (spots 4, 5 and be
“affected area” diameters can be determined oretbes
different spots, the “P2 spot” diameters on spots &

From the previous equation, it is possible to deiee
the 1/é-beam diameter ;d(in pm) experimentally,
from the slope of the graph representing the sguare
crater diameters.g versus the logarithm of the pulse

In order to determine the different peak fluence
ablation thresholds, for near IR lasers with two
different pulse durations, we irradiated our sample 44 «pq spot” diameters on spots 4, 5 and 6. Thehde
with separated laser spots, varying the pulse §ri&1g  gg|ectivity of “P1” and “P2 spots” corresponds he t

and keeping the step size constant at |40 Confocal depth required for a P1 scribe and a P2 scribe,
microscopy was used to measure the ablation respectively.
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El“ﬁffewdmm"dm shape of pillars, due to quick cooling down of the
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Figure 2: Optical microscope pictures of 1064 nm ns
laser ablated spots (“affected area”, “P2 spotsl' ‘&1l
spots”) on the ECN amorphous silicon stack sample.
The pulse energy increases from spot 1 to 6. Thewh
area on spots 2 and 3 corresponds to the backatpnta
and the blue area on spots 4, 5 and 6 to the barrie
layer.

To confirm and quantify the observations regardhey
depth of the different spots, these craters hawen be
analyzed with confocal microscopy, measuring their
depth and the different diameters. Figure 3 shdws t
three dimensional height distribution, coded inséal
colors, of the spots 1, 2 and 5, from confocal scan
When comparing the optical image of a low pulse
energy laser spot (spot 1 in Figure 2) with itsfooal

3D profile (see Figure 3), we can assert that théew
points on the optical picture correspond to thekbac
contact and the brown ones to peaks of molten end r
solidified silicon, due to laser irradiation. Tagiinto
account linear absorption processes in the difteren
individual layers, neglecting the absorption in [Tadd
considering that the amorphous silicon layer ishhig
transparent at a wavelength of 1064 nm [3], werassu
that the laser beam is rather absorbed by thersilve
layer underneath the ZnO, silicon and ITO. Thewefor
the peaks visible on the 3D image from confocal
measurement of spot 1 (Figure 3) are thought to
illustrate the ablation mechanism with a pulse gper
below the ablation threshold for a P2 spot: theeras
irradiation heated and melted the back contact riahte
through the silicon and ITO layers, but was not
energetic enough to effectively remove the silieoil
ITO. These two layers could have been expanded an
pushed up by the back contact, and then froze avith

Figure 3: Three dimensional height distributioonfr
confocal scan of spots 1, 2 and 5 (number of tlassp
corresponding to Figure 2).

Employing enough pulse energy allows us to obt&in P
spots displaying the rear contact surface, astititex]
by spot 2 in Figure 2 and 3. The depth of the cnates
measured to be 450 nm, which corresponds
approximately to the thickness of the silicon am@®|
layers. The heating from the laser pulse could have
expanded the back contact (ZnO and Ag layers), lwhic
was then locally melting, evaporating and liftinff o
the silicon and ITO layers. It has to be mentiotieat
the influence of the ZnO layer in this processtil s
not fully clear, as it should be transparent to ldser
wavelength. In addition, some pillars of silicomdae
bserved at the edges of the spot, showing tHatdhi
he beam with Gaussian power density distribution
were not energetic enough to remove the silicoris Th
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observation confirms the ablation mechanism progose = "affected area" on full stack
above for a laser pulse with too low energy. = "P2spots" on full stack
100+ = "P1spots" on full stack

90+ Spot 4 "
80 ‘ -

704
60+
504
404
30

When the pulse energy is further increased, sbes t
depth of the crater resulting in a “P1 spot” whish
approximately 600 nm deep, with the blue Sb@rrier
layer visible at the center of the spot (see spat 5
Figure 2 and 3). On the 3D image, the rear coritast
been ablated in the middle of the spot, but sowried

of this layer are still connected to its surroumgdifhis
indicates a more explosive ablation behavior of the
rear contact, and it suggests that the ZnO anchper$ 0
could have been broken and opened by vapor pressure Peak Fluence (J/cm?)
developed at the interface between the silver &ed t

barrier layer. Heating and expansion of the 100 nm
thin metal layer could also lead to removal of thar
contact (which includes 80 nm of ZnO on top of the
silver layer) from the barrier layer. In order tavie a
better understanding of this process, single neand
laser pulses have been applied on samples without
silicon and ITO layers, but only with back contact
(ZnO and Ag layers) sputtered on top of the barrier
layer and steel substrate. Optical and confocaliessu
showed that some flakes and cracks were preséme at
edges of the spots, especially at pulse energg ¢los
the ablation threshold, meaning that it is probadbly
high pressure ablation process.

o @p=122 cm?

T =157 Jlem?

Ablated spot diameter dgp [um]

T

Figure 4: Ablation diametersufn) versus peak fluence
(J/cnf). The red lines indicate the peak fluences
applied for spot 1 (“affected area”), spot 2 (“Pand
spot 4 (“P1”). The spots humbers correspond torigu
2.

The peak fluence ablation threshold found for “P2
spots” is 1.22 J/cfnand the threshold for “P1 spots” is
1.57 J/crf, allowing a process window of 0.35 Jfcm
between a P2 and a P1 spot. However, a reasonable
opening size displaying 20 to 30n of back contact is
needed for a stable “P2 scribe” process, thudiices

its process window. Indeed, the peak fluence needed
for a larger opening displaying back contact insesa
with the size of the spot diameter, and is gettluger

to the ablation threshold of a “P1” spot. Addititpa

the Gaussian profile is another issue, considehapit

Summarizing the results from the microscopy stuydies
it is expected that the investigated near IR nerlas
ablation of amorphous silicon and ITO layers,
necessary for a P2 scribe, results from heatinthef | oV
metal from the rear contact underneath, which énth IS Probably difficult to choose a pulse energy venere
expanding and pushing up the silicon and ITO. The full Gaussian profile lies in the process window in

ablation of the ZnO/Ag layer (for a P1 scribe) itwes terms of average flugnce. Furthermore, the _overlap
a more explosive process where the rear contact is"€€ded to pass from single separated spots torfiags
broken by vapor pressure. reduce the process window even further.

2) Ablation thresholds 3) Lines

, we employed As discussed ab0\_/e, the expansionlof the back.«nonta
could be responsible for the ablation mechanism of
“P2 spots” on full stacks. In order to remove eamtir
lines of silicon and ITO layers from the rear catta
(P2) and of all three layers from the barrier laget)

at a laser wavelength of 1064 nm, the depth hdmeto
controlled by the laser parameters, adjusting the
combination of pulse energy and overlap.

Following the method described in [5]
the different ablation diameters measured with the
confocal microscope, to determine the experimental
focal beam diameterdwhich was then used to
convert the pulse energypEnto peak fluence ¢
(equation (1)). Figure 4 illustrates the ablated
diameters g, of “affected area”, “P1” and “P2” spots
on full stack sample versus peak laser fluencehef
near IR nanosecond laser. By extrapolating thésedi
zero, we find the different peak fluence ablation
thresholds, which are indicated in the graph (Fegur.

As the peak fluence ablation thresholds for P1 R2ad
single laser spots with the near IR ns laser aeadl
close to each other, it becomes difficult to obt&an

P2 scribes, without damage and holes in the back
contact displaying the barrier layer, and withoebus

of silicon. Therefore, the process window for aadle
removal of the silicon and ITO layers from the back
contact is narrow, as can be observed in Figure 5,
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where only slightly too large or too little pulseesgy
or spot overlap results in either local removalttoé

# 0.41 J/crh

R

back contact at the overlap areas, or silicon reingi i g T O by R
in the scribe. The three lines displayed in thigufe =4 E,?i_*g*”"t-':i A -
were scribed using an overlap of 60%, and a fluence gt
difference of 0.12 J/cfnbetween them. The optimum

P2 scribe can be found in the middle of the pigGture
with minor damage to the rear contact, and withyonl e s SSs ot Smu ettt s
little debris of silicon. 0.53 J/erm

A P = s il = 7, o ey

ek DD gt e S N T e

¥ 11,17 Jicrh L
0.65 J/cr

Figure 6: Three fluence levels to achieve a PIrlase

kol ﬂ ,ﬁﬁﬁ b+ 1.29 J/crf
scribe, at 92% overlap for the line on the top, &4t

3*_? y B ,3 > 1.41 J/crh overlap for the two scribes below, obtained with a
P o g 1064 nm ns pulsed laser. From top to bottom, tlzd pe

fluence was increased by steps of 0.12 3/cm

Figure 5: Three fluence levels to achieve a Pbecqt
60% overlap, with a 1064 nm ns pulsed laser. Fragm t

to bottom, the peak fluence was increased by stBps |, the following part, the laser parameters usedtfe
0.12 J/crh scribe in the middle in Figure 6 have been tested i
functional solar cells. Despite the visually appesl
scribe (see Figure 6), short-circuiting of the dwdls
Seen observed after scribing a P1 with the near IR
nanosecond laser, which is illustrated by the Ibvwes

4) Thin-film silicon solar cells

window for P1 scribes in terms of depth selectivity
with the near IR nanosecond laser. This is illdstfan

Figure 6 where the fluence difference between theIn Figure 7.
three scribes is the same as the one used betWveen t _
P2 scribes in Figure 5. But they all meet optical gﬁg;'sﬁesrcsﬂcg:%"gﬁfl
requirements for P1, i.e. showing a clean surfdd¢he _
barrier layer (blue area in the middle of the s&yib
without any pieces of back contact connecting the ~ ]
opposite sides of the scribe. ; E

>

=

c

Z o Vd

w

06 -04 -02 00 02 04 06 08 10 12
Voltage (V)

Figure 7: I-V curves under illumination before and
after laser scribing a P1 line with the near |IRaser.

This figure shows that laser scribing a P1 on a-thi
film silicon solar cell induced a significant drap
open circuit voltage (¥c), decreasing from around
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0.8V to 0.2 V; and for a negative voltage, the entiis
not blocked anymore. Therefore, the solar cellasan
fully functional diode anymore, but became nearty a
ohmic resistance, which is drastically limiting the
efficiency of the cell after laser scribing.

In order to understand the origin of the shuntifhthe
cells, confocal microscopy was used to study the P1
laser scribe. The confocal scan is illustrated igufe

8, where the shunting could be explained by reaadt
displaced back contact material projected ontoRhe
scribe walls, due to the thermal character of the
ablation by nanosecond laser pulses.

‘ Areas

with possible short circuit |

Figure 8: Possible shunt between back contact and
front contact. Image from confocal microscopy.

For a similar process on CulnSe2-based solar cells,
connection between the front and rear contactstadue
residues of back contact material projected on® th
walls of the laser ablated scribe are identified by
Hermann et al. [8], to be a cause of shunting efrth
photovoltaic device.

5) Scribing with a near IR picosecond laser

To find a solution for minimizing the degradatioh o
the photo-electrical properties of the solar cétle
interaction of shorter near IR laser pulses (damatn
picoseconds) with the ECN full stack sample hasibee
investigated. The diameters of the craters obtafoed
different peak fluences are displayed in FigureA@.
ablation threshold of 1.3 J/énhas been found for a
“P2 spot” and 4.06 J/chfor a “P1 spot”, providing a
process window of 2.76 J/énbetween a “P2" and a
“P1” spot, which is eight times larger than witheth
nanosecond laser. This indicates a clear advarghage
the near IR ps laser compared to the ns lasewialip

= "affected area”
= "P2spots" on full stack

40 = "P1spots" on full stack
3 354 A
—_ L A
8 30- LR
T 254 g L
g 20 - " Qhp=13 Jiem?
8 -
2 151 .
@ 10, : ®p=4.06 J/cm?
E 5 ]
5] e
o
<

0 T T T T T
000510152025303540455,05,56,0
Peak fluence (J/cmz)

Figure 9: Ablation diametersgufn) versus peak fluence
(J/cnf), for near IR ps laser spots.

Indeed, comparing the graphs of ablated spot diersiet
versus peak fluence for near IR nanosecond lasgs sp
with near IR picosecond spots, displayed in Figlire
and 9 respectively, it can be easily observed tinat
process window between a “P1” and a “P2” spot is
much larger using the ps laser, compared to the ns
laser.

However, the rear contact of “P2 spots” obtainethwi
the near IR ps laser was not as clean as the ones
obtained with the ns laser. Indeed, a lot of debfis
silicon was visible on the surface of the ZnO layasrd
several cracks of the back contact could be obderve
on the optical and confocal images. An example of a
“P2 spot” is given in Figure 10.

§555"S

BEESREREEEENSE

]

024
02
o.

o.

o
o
0

865

a much broader process window for a depth selective

P2 scribe.

Figure 10: Optical and confocal images of a “P2’5po
scribed with the near IR ps laser.
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Unexpectedly, when overlapping the pulses, cleB2er = before laser scribing a P1
lines, with a broad process window were obtaineth wi ; = after laser scribing a P1
the near IR ps laser compared to the ns P2 sciiibes.
the case of high laser power densities occurring fo
ultrashort pulses, non linear absorption was prigbab
taking place in the amorphous silicon layer. Themef

less heating of the rear contact may have occwvittd
picosecond pulses and could be a reason for the
broader process window. An explanation of the dean
P2 scribe could be that the silicon layer is not
completely removed with one single spot (also
indicated by the debris in Figure 10), and the
subsequent spot cleans the back contact surface by

Current Density (a.u.)
o
o

\

removing the layer residue and/or debris in a sgcon -05 0.0 05 1.0

laser irradiation. An example of a clean P2 sciibe Voltage (V)

shown in Figure 11, where a fluence of 2.76 3/and

an overlap of 33% were used. Figure 12: I-V curves under illumination before and

after laser scribing a P1 line with the near IRgs®r.

Conclusion

For the development of thin-film silicon modules on
steel foil substrates, depth selective laser suyibs
required for the monolithic series interconnectiai
cells.

This single process step after applying all funwiio
layers of the cell is investigated for near infealr
nanosecond and picosecond lasers. It is obsenad th
for separated ns laser spots, heating of the siayar
from the rear contact might cause an expansiohisf t
layer and from there on, it might push up the silic
and ITO layers. This “P2 spot” ablation mechanism i
The same exercise of laser scribing a P2 or aneloly ~ different from the “P1 spot” ablation process where
a functional solar cell has also been conductedHer ~ high vapor pressure is probably breaking and ejgcti
ps laser. The I-V curves under illumination befarel ~ the ZnO and Ag layers.

after the laser step can almost be overlaid, ashean
observed in Figure 12.

Figure 11: Confocal image of a P2 scribe obtaingd w
a near IR ps laser, at a fluence of 2.76 3/and an
overlap of 33%.

It is demonstrated that despite a good visual
appearance for depth selectivity and a large psoces
window, P1 scribes with near IR nanosecond laser ar
shunting the solar cell. A possible explanatiornhiat
recast of the rear contact were deposited ontediges

of the scribe. These issues with shunting of the PV
device have been minimized by scribing with shorter
laser pulses, resulting in minor losses in eleatric
performance after scribing a P1 with a near IRass!l.
Another clear advantage of this laser is the broade
process window in depth selectivity for P2 scribes,
compared to P2 scribed with the near IR ns lades T
is confirmed by calculations of the peak fluence
ablation thresholds of “P2” and “P1” spots withard

ps lasers. Additionally, a cleaner surface of taekb
contact in near IR ps P2 scribes is observed, which
could be explained by the non linear absorption of
ultrashort laser pulses in silicon.
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The comprehension of the ablation mechanisms for P1

femtosecond lasers, J. Phys. D: Appl. Phys. 39 453-

and P2 laser scribes is important to understand the460.

possible shunts of thin-film silicon solar cells steel

foil substrates. Further investigations involvirasér
scribing with other wavelengths and pulse durations
are ongoing.
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