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Laser processing is becoming an increasingly ingmbproduction tool in the manufacturing of
photovoltaic (PV) solar cells and modules, with éymptential to enable new technology genera-
tions in the near future. In this contribution, eyaes of next generation crystalline silicon and-th
film PV devices that are developed by ECN will begented. These incorporate laser processes,
ranging from a highly thermal process like lasddenng, via drilling of holes into silicon up to
precise micrometer scale selective ablation of nater thin films. The presented next generation
PV solutions enabled by laser processing are ctaiaed by an overall advantage in device per-
formance and/or substantial decrease in manufagtwost through overall optimization of the
complete concept and its production scheme. Deplbetive laser ablation is an enabler for ECN'’s
high-efficiency thin-film silicon PV approach whidtas the potential to allow a significant decrease
in production cost through roll-to-roll manufactugibased on steel foil as substrate. In case sf cry
talline silicon, the combination of laser drillecetallisation wrap-through solar cells with an inno-
vative module technology for such back-contacteldrsoells enabled a 17% module efficiency
with multicrystalline silicon solar cells, which Isted in the table of PV world record efficiensie

[1].
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1. Introduction For the area of thin-film PV, we present the coneeyul
Recent energy supply and market studies [2,3,48eagr latest results of depth selective laser scribingronolithic
on the tremendous growth scenarios for photovatéi®y/),  series interconnection enabling low-cost high-édfficy
predicting a fast increase of the share of thisrietogy in  thin-film silicon solar cells for roll-to-roll pragtction on
an overall increasing energy supply. This will leadh con-  steel foil. This concept can be extended to ang-filin
tinued double-digit growth of installed PV capaciper  technology manufactured in this way.
year worldwide, which can only be achieved withian
creasing production capacity that will grow towacdpaci- 2. Crystallinesilicon PV
ties of 50 - 160 G\Wyear over the coming decade, equiva- A conventional ‘first generation’ crystalline Sitin so-
lent to an area in the order of 100000 square kitens of lar cell is sketched in Figure 1. It is basicallglanar diode
produced PV panels per year. consisting of a p—doped silicon wafer with a negayi
The demand for lasers and laser systems by thenPV i doped area at the top from where the sunlight enterd a
dustry will increase at a probably even higher,ratethe  positively doped area at the rear. To collect teent from
assumed cost decrease for photovoltaic electrisityased the front surface, a metal grid with distance bemve¢he
on the expected development of high-efficiency sokdls  fingers of a few mm is applied. Two or three wideetal
and modules with low material consumption. This tan lines (busbars) are applied orthogonally to the gries in
achieved by advanced device concepts based oralinst order to extract the current with low electricabdes. A
silicon, which often involve innovative laser preses, and typical size of such a solar cell wafer is 156xIB6F. In
by a further development of thin-film PV conceptisat  order to fabricate a PV panel of 1-Z finom such solar
rely on laser technology for monolithic series cection  cells, they have to be connected in series. Thisbeadone
and edge deletion. In addition to this, the fastettgoment by soldering so-called tabs between the cells, eoctimy

in the field of laser technology may lead to anotignifi- the front contact (busbars) of one cell to the odahe next
cant market for retrofitting or upgrading existify pro-  cell, thus forming a ‘string’. These strings aretlier con-
duction lines. nected in series or in parallel, and then the wlaskembly

We present here a general overview of the laseis encapsulated by lamination between glass andck b
processing needs for the next generations of dliygta sheet foil, with EVA as encapsulant.
silicon wafer based solar cells and modules, amdsian = 3 mm = =

two technologies developed at ECN: metallizatiorawr

through solar cells with laser drilled vias, ané tccom- 0.2 mm‘—
panying back contact module technology including in

laminate soldering.

Figure 1. Standard ‘H-pattern’ solar cell.
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This type of solar cells and modules is the current

workhorse of PV industry, but can in principle bgroved

on the following points:

- Reduced shading losses from metallization angl &lthe
front surface

- Thinner wafers to reduce material cost, requintpw-
stress interconnection between cells

- Reduced resistance losses due to tabs

- Easier manufacturing of modules

2.1 Laser processing for next generations of crystalline
silicon PV

It is foreseen that the above mentioned pointsirfer
provement will be introduced in an evolutionary wpsss-
ing through the technology generations sketcheBigunre
2.

Figure 2. Next generations of crystalline silicon solar
cells: a) metallization wrap-through (MWT), b) etait
wrap-through (EWT) and c) interdigitated back coted
cells (IBC). The typical dimensions of a ‘unit celle. dis-
tance between positive and negative electrodésdicated.

Figure 3. Typical metallization wrap-through solar cell
with 16 vias and grid pattern optimized by ECN

For MWT, depending on the size of the solar ced #me
exact layout of the contact pattern, 16 to 100giad have
to be laser drilled with a typical throughput ofvafer per
second.

An even more advanced concept is EWT (emitter-wrap-
through) that fully eliminates all metal from theifit sur-
face of the solar cell. In the EWT solar cells, therent is
guided by the negatively doped area (emitter) atftbnt
surface towards and through vias to contact pantthe
rear. The disctance between the vias has to beeddo a
few mm due to the lower conductivity of the emitter
Therefore, 10000s of holes have to be drilled theowafer
with a throughput of 1 wafer per second. This gti#sents
a challenge for current laser systems

An even higher efficiency potential has the intgitdited-
back contact cell (IBC), which has no vias. All piogly
and negatively doped areas are placed at the fetreo
solar cell. Traditionally, this type of cell hasrily on cost-
ly lithography techniques in order to generate shb-mm
patterns for the two different types of doped ardaser
processes could be applied to realize such celis imore
economic way [5] e.g. by local opening of diffusiorasks
or by local laser doping. These processes reqairdeks
pulse energy than drilling of holes into siliconfers, but
large part of the wafers (up to 50% or more) havée
scanned with sub-mm resolution, again at a throughp
the order of 1 cell per second. Another importdrallenge
here is to minimize laser induced damage in thieosil
material.

2.2 Laser processing for metallization wrap-through

Common to all these concepts is that both electrodesolar cellsand modules

are placed at the rear, allowing advanced interection

The required vias for MWT solar cells have a diamet

schemes as presented below, which combine thetieduc of 50-500 um and are generally produced by trepanni

of resistance losses, mechanical stresses andthasmn-
active area between the individual cells in a medulhile
at the same time enabling easier, thus more ciesttivie
manufacturing.

The metallization wrap-through cell is a first stape-
ducing shading losses, by omitting the busbharfefstan-
dard cells, and instead leading all the generatadent
through thin gridlines towards laser drilled vidfiese vias
are also filled with metal, thus leading the frefgctrode to
contact points at the rear. A typical pattern @ thetalliza-
tion with 16 vias (optimized at ECN) is shown irgéiie 3.

Different drilling processes have been developewirgy
from nanosecond ablation till melt ejection proesssip to
< ms pulse length. The ablation dominated procesisl¢o
vias with slight rim formation on the side whehe tlaser
hits the wafer due to recast and melt displacenaat,very
smooth edges at the bottom of the via. For theudsed
melt ejection process the molten material is abtuex-
pelled at the bottom of the via, leaving the edgtha top
of the wafer smooth, with a clear rim at the bottom

The process of choice for the overall concept baset
tailored to the full device and module processiohesne,
taking into account the compatibility with processisteps

" Solland Solar Energy Holding BV is the owner d th
registered industrial designs Sunweb®
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before and after the laser step. Finally, optiniabf the
overall process has to lead to maximum performaamzk
yield in terms of mechanical stability as well dficency.

nected to the cells and the backsheet foil by EVviflex
heat and pressure in a vacuum laminator. The aetaa}
trical connection is made by solderiafjer the fabrication

The main advantages of MWT cells and module in-of the laminate. This is realized by local heatigthe

clude reduced shadowing at the front of the ced thuthe
lack of front contacts and tabs. Additionally ttedl€ can be
placed closer together in the module as no tabd teepass
between the front and rear of the cell. The corideaom-
ponents of the module can be wider than converitiaea
bing material because they are not limited in wiakththere
are no shadowing losses. There is also no neeouising
at the top and bottom of the module so increadiegetfec-
tive area. The cell design and module layout carintee
grated and optimised simultaneously with respeantal-
ule output and total costs. For example, the nurobeon-
tacts between the rear of the cell and the condzictom-
ponents of the module can be optimised for both ared
module efficiency.

To fully benefit from the advantages of MWT cel)
alternative module manufacturing technology canebe
ployed. At ECN, a method using a patterned condeduil
as the module substrate was developed [6], seed-ifju
The foil is similar to a standard TPT back-shedtith an
additional inner layer consisting of a conductiheet. The
conductive sheet is patterned to match the coptziots on
the rear of the back-contact cell. This resultzaiseries
interconnection of the cells on the foil. The calie placed
on the foil using a method analogous with pick-piate
technology used for SMD in the electronics industiyis
reduces cell handling to just one gentle pick-alzde step
so limiting potential damage to the cells.

Figure 4. Module concept for back-contacted solar cells
with low-resisitive pattern in backsheet foil, atmmpati-
bility with pick-and place technology for cell afiment.

The actual connection between the contact pointeeof
cell and the conductive pattern of the backshektém be
realized by in-laminate laser soldering (ILS) [7The
process sequence is depicted in Figure 5, and stensf
the application of solder material and placing e solar
cells followed by the encapsulation with a covexsgl con-

" Solland Solar Energy Holding BV is the owner d th
registered industrial designs Sunweb®

solder points by a laser, thus forming a robustttietoint
between solar cell and conductive track in the bstodet

foil.

Encapsulant

| [

Lamination
(heat&pressure)

Encapsulant

Figure5. Process sequence for in-laminate laser soldering.
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As reported recently [8], by optimization of thelao
cells, the module layout, and the overall layoutsl a
processes, ECN has obtained an efficiency of 17%of%a
full-size module with MWT solar cells based on riunifs-
talline silicon wafers and the advanced back cdntamd-
ule technology. This result is listed in the tabidPV world
record efficiencies [1] and has been obtained witdrcon-
nections by conductive adhesives, but the comparelBk-
trical quality of solder joints obtained by ILS g&sts the
possibility to obtain similar results also with ILS

3. Thin-film silicon PV
Thin film amorphous/microcrystalline silicon tandem

solar cells (so-called ‘micromorph cells’) are anegging
PV technology as a cheap alternative to the mauwtional
wafer-based crystalline silicon solar cells sirfoeytcan be
produced using low-cost manufacturing methods. e+
rent advantage of thin-film PV technology is theliabto
directly produce series interconnected moduleshenstib-
strate by laser structuring the PV active layets stripes
(leaving the substrate as carrier intact) whichraomolith-
ically series interconnected during the further icev
processing. Recently, many production lines fon-fiim
silicon PV modules based on glass substrates hesente
operational. Production capacity is expanded waddvas
turn-key fabrication equipment for this technolagyavail-
able on the market, including the laser scribinglgaand
processes. However, the applied interconnectiongases
require three separate deposition steps (for TGl@prs
layers, and rear contact, respectively), each oichvlis
followed by a laser scribing step in atmospherd.[Ibis
implies several handling steps of the glass suestrand

further reduce the substrate handling during theufe-
turing, in the ECN concept first all solar cell ¢éag are de-
posited, and then the monolithic series intercotioeds
realized in one single process step by three degltéttive
laser scribes (P1, P2, and P3) which are subsdyitied
by insulating and electrically conductive inks, §égure 6.

Insulation-..__~ Ag grid
A— :

Front TCO

Active Si layers
(1-2 pm)

Insulating barrier layer (SiO,)

Stainless steel foil substrate

Figure 6. Thin-film silicon PV Module concept on
electrically insulated steel foil substrate.

P1 has the function to separate the cells from etudr
electrically. Thus, all the layers of the full célave to be
ablated here, including the back contact. The nchial-
lenge is to have no remaining bridges of the bamktact
between two adjacent cells in the scribe, whileitisailat-
ing layer should be unaffected. The laser scribesP2e-
cessary for the actual connection of the front @onof one
cell to the back contact of the adjacent cell. Téisibe
should remove all silicon layers, but leave the g
back contact unaffected. The insulating scribe B8 in
principle be obtained with the same process as\R2de-
scribe below the current status of process devedoprior

pump-down cycles for the vacuum deposition equigmendepth selective laser scribing towards fully inetgd mo-

both adding considerably to the manufacturing cost.
Therefore, an important further decrease in pradoct
cost is expected when moving to high-throughpulttosl
roll (R2R) production, where handling is limited toils
carrying kilometers of substrate foil which is fust

nolithic modules.

3.1 Depth-selective laser ablation for high-efficiency
thin-film silicon PV modules on flexible substrates

Laser scribing experiments have been performed with

processed to PV laminates in more compact productionanosecond pulsed diode pumped solid- state YA€rdas

tools requiring less floor space. Besides, roltgth-produc-
tion of thin film Si solar cells has several funtteelvantag-
es over batch-type reactor systems, for instaneepor-
tunity to make lightweight and flexible productdeXible
and lightweight PV modules gear up to building gnsted
PV: the most important market for PV in densely yajed,
developed countries [11, 12].

However, in contrast to production lines based lasgy
substrates, no standard equipment is currentlylablaifor
R2R production of thin-film silicon solar cells antbdules.
For the series interconnection, no standard conbepgt
emerged yet, although some manufacturers are wpikin
proprietary solutions.

To overcome these limitations, ECN is currently elev
oping the technology and setting up a pilot linetfe pro-
duction of low-cost and high-efficiency tandem satalls
based on microcrystalline and amorphous silicorsteel
foil substrates [13]. To allow monolithic serieserconnec-
tion on these electrically conducting substratesinaulat-
ing barrier layer is required. On top of this bardayer, a
sputtered back contact is applied, followed by PECAM
the silicon layers and the front TCO sputteringoider to

mainly at 355 nm and 1064 nm, equipped with galgach
scanners to guide the laser over the substratefiingsin

locally isolated spots, or, when overlapping subsed
spots, in continuous lines. Besides the direct patars
scanner speed, laser frequency and the pump diodent,

the output power could also be directly controlled an
external attenuator.

To gain more insight into the selectivity of thdadimn
process, the ablation thresholds of the differagets in-
volved have been determined. Then, the laser paeasne
have been systematically varied, yielding a pulsergy /
spot overlap matrix. Also multi-pass scribing, (2more
scribing lines on top of each other) has been iyated.

The resulting laser spots and scribes have been ana

lysed by optical microscopy, confocal microscopgMs
and EDX. The samples for laser processing considtéue
layer stack (or part of the stack) as shown in Fgd and
were fabricated by spray-coating of a thermallyiryiSiQ,
based sol-gel lacquer on stainless steel foil satest, fol-
lowed by magnetron sputtering of Ag and ZnO:Al lasye
Then, amorphous and microcrystalline Si layers vaen@o-
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sited by PECVD. As front TCO, 80 nm of ITO have hee
applied by RF magnetron sputtering. 25
From conceptual considerations, an ideal depth-
selective ablation process would be ‘self-regufgtim
depth, e.g. because of differences in absorptiodVoan
thermo-mechanical properties of the involved layeks
good example for such a ‘self-regulating’ processthe
removal of a silicon layer from a TCO/glass sulistfa0]
with a green laser, which is practically not absarlby the
TCO, so that a clean removal of the Si from the Te&a@

20

15

& datarear contact

e simulation Hs=0.125 J/cm2
A datauc-Si

e simulation Hs=0.5 J/cm2

Ablation spot diameter [um]
=
[=)

be obtained. 0 le ‘ ‘ ‘ ‘

For the P1 scribe of the interconnection concept pr 0 2 4 6 8 10
sented here, one has to take into account thainttesti- Pulse energy [uJ]
gated laser wavelengths are absorbed very effégiivéne Figure 7. Ablation diameter versus pulse energy for the
steel substrate. Potential damage or even ablatiathe back contact and the pc-Si layer. Fitting of theseres
substrate surface is critical as it may induce dgemta the o |4s the ablation thresholds of the correspondtiygrs
insulating barrier layer. Thus, despite the higingparency for the 355 nm laser.
of the barrier layer itself, the P1 scribing praceannot be
self-regulating and has to be optimized to jusagblhe Thus, the removal of the silicon layers from thekba

back contact, with minimal exposure of the bari@er  onact at a laser wavelength of 355 nm is not I& se

and back contact to the laser radiation. _ regulating process. Only slightly too high pulserey will
_ For the P2/P3 scribes, when neglecting the absorpti |54 tg a removal of the back contact together tiehsili-
in the TCO layers, the most critical selectivityeispected ., layers. Consequently, the scribing depth hazetoon-

between the silicon layers and the Ag layer in@ek con- 564" by the laser process itself (i.e. pulsergpespot
tact. In first instance, the 355 nm wavelength @appe  \erjap “etc). The process window for a clean resho¥
most interesting for these scribes, as the sillagars show o the silicon from the back contact is ratherroa, see
very high absorption even exceeding the valuestierAg iy ,reg At only slightly too large or too little pulse ey
layer. The small optical penetration depth in sifiat this spot overlap, locally either the back contaaeimoved,
wavelength allows for careful control of the abthteateri- - i remains that bridges the scribe. Scribingninitiple

al volume per laser pulse by tuning the pulse enear  ,qqes did not improve the quality of the scribes,could
the analysis and understanding of the ablationge®the |, o increase the process window.

Gaussian intensity profile is used as an impontaoperty
of the laser pulses. Assuming a certain ablatigastiold
Hs (in J/cnf) and a diameter of the Gaussian beam in focus
dr, the resulting ablation spot will have a diametky Too
which increases with increasing laser fluence Hbiaing shallow
equation (1).

1. H i
dabl =df Eln?s (1) Optlmum

Solving this equation for the ablation thresholgd at
lows the determination of this specific parametgn/hary- Too deep
ing the pulse energy of the laser and measuringahees-
ponding ablation diameters d

Pulse overlap 78 Pulse overlap 66 %

2 Figure 8. Pulse energy / pulse overlap combinations to
J 2) achieve P2 scribes with the UV ns laser.

Hs=Hexp| - 2[M
dy
With the same 355 nm laser, a robust P1 scribebean
accomplished straightforwardly, for example in &ngr

Figure 7 shows the dependence of the ablation d&ame RN
double pass mode, as shown in Figure 9.

on the pulse energy for the back contact and theosi
layers. For the same optical configuration, we fbuahat
the ablation threshold for the back contact withsilitcon
layer on top is with a value of 0.125 Jfconly ¥4 of the
threshold for the ablation of the Si layer whichcamts to
approximately 0.5 J/cth
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single pass, 4 uJ

double pass 9 pJ

Optimum

Too deep

L
100 pm

Pulse overlap 88 %
Figure 9. Pulse energy / pulse overlap combinations to
achieve P1 scribes with the UV ns laser in single a
double pass

In search of a larger process window especiallyttier
P2 scribe, also 532 nm and 1064 nm lasers have dq@en
plied and actually all scribes (P1, P2, P3) havenbea-
lized on stacks including either amorphous or nacystal-
line silicon on top of the steel / barrier / baadatact sam-
ples [14]. In the following, we focus on the resubtained
with the 1064 nm laser. Excellent P1 and P2 scritfeke
complete stack, including ITO deposited on the (gquho
ous) silicon, were obtained as shown in Figure Ad lig-
ure 11, respectively. In both pictures, the optimsgribes
can be found in the center.

e T e B v T e i

B o

R N
| il J . {
. L = i

Figure 10. P1 scribes obtained with a 1064 nm ns
pulsed laser. From left to right the spot overlasn-
creased

e 3 et -
Figure 11. P2 scribes obtained with a 1064 nm ns
pulsed laser. From left to right the spot overlap
was increased

It has to be mentioned that also with this laske t
process window especially for the P2 scribe iseqairrow,

as can be deduced from ablation threshold expetsmen

similar to those presented for the 355 nm lasev@bbig-

ure 12 shows the ablation diameters of only thek lzan-
tact as function of the pulse energy, together i di-
ameters obtained on the ‘full stack’ samples far thvo
different ablation depths representing the P1 ghddpibes.
Also here, the risk of damaging the back contacinduP2
scribing cannot be eliminated.

100
(2@

T 80 =< A
3, AYA g
3 60 e
Q e |
E . . -
o Lo .
-g 40 ».A‘ - & spots on back contact ||
5 e,
= KB A 'P2'spots on full stack
S 20 A_-H |
© A T m 'P1'spots on full stack

0 A : : :

0.00 50.00 100.00 150.00 200.00 250.00

pulse energy [uJ]

Figure 12. Diameter of ablation versus pulse energy with
1064 nm laser.

When judging the quality of the obtained scribeedin
presented in Figure 10 and Figure 11, an imporéser-
vation is that the SiQlayer still has a very flat surface after
laser scribing of P1, indicating that there is mgn#icant
damage to this layer. This is confirmed by a clas®alysis
of the confocal microscopy results presented imfEd.3.

- - Intensity. - - - |

Depth

2 um

Figure 13. Confocal microscopy analysis of the P1
laser scribe.

The confocal microscope actually finds a strongaig
for all reflecting interfaces that are presenthe stack dur-
ing the measurement. As the gil@yer is transparent, the
surface of the steel substrate and the surfackeoiisulat-
ing layer are visible in the P1 scribe. The appeaeaof
these two peaks confirms the complete removal @ihtin-
transparent back contact, and the distance of Detmeen
the peaks indicates the unchanged thickness ahtheat-
ing layer.

An important observation for the P2 scribe is thlat
viously the back contact remains fully unaffectéglaces
where the silicon and ITO are removed. In EDX asialy
we found Zn in the P2 scribes, and a Zn/Ag ratimgara-
ble to the value outside the scribe. This indicadlted the
ZnO is still present on top of the easily visiblg layer.

A possible explanation for the initially unexpecteet
lective ablation obtained at 1064 nm is an ablati@than-
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ism governed by pressure induced ejection, whergtbs-
sure may be built up by the silicon layer itselfy.edue to
the formation of hydrogen gas as a result of hgdfis], or
by the expansion of the rear contact.

The best laser scribing parameters have also leséedt
in functional solar cells. For these experimentsirailar
approach as presented in [10] has been chosemjnscri
only part of a small test solar cell, and evalugtine de-
vice performance before and after the laser steps.

In first instance issues with short-circuiting bétsolar
cells have been observed, which could be explaimgd
recast and displaced back contact material comgetkie
front ITO and rear metal contact of the solar chil.the
meantime, a more detailed study involving also otagers
in a broader wavelength, pulse length, and beameshs-
trix has been performed, and this shunting issuddcbe
minimized. Details will be published elsewhere [16]

4. Conclusionsand outlook

Laser processing can play a crucial role in enghtie
commercial production of future generations of taljme
silicon wafer based as well as thin-film PV teclogyl. For
both technology families, the overall device andhofac-
turing concept has to be optimized with respegpedor-
mance and cost, rather than focusing on and ewaduat
only one individual (e.g. laser) processing step.

An example of such concepts for next generatios-cry
talline silicon wafer based technology are metation
wrap-through solar cells with laser drilled viaslahe ac-
companying back contact module technology whichlman
realized by laser soldering. A module efficiency 1%,
listed in the table of world records, has been iobthre-
cently with a back-contact module employing MWTIgel
at ECN. This concept is currently transferred tdustrial
mass production; laser processes for again nevnodady
generations are under investigation.

For the development of thin-film silicon modules on
steel foil, depth selective laser scribing has bdemon-
strated as one of the key enablers for this lovi-tigh-
efficiency approach. Initial issues with shuntingrh recast
of the rear contact have been minimized and fiokirscell
results with virtually no losses in electrical merhance
due to the laser process have been achieved. éntsstep,
the device concept including full monolithic serieger-
connection by laser scribing and subsequent pgntih
insulating and conductive inks will be demonstrated
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