
306

Energie & Umwelt /  

Energy & Environment

Band/ Volume 306

ISBN 978-3-95806-119-4

E
n

e
rg

ie
 &

 U
m

w
e

lt
E

n
e

rg
y
 &

 E
n

v
ir

o
n

m
e

n
t

L
a
s
e

r 
p

ro
c
e

s
s
in

g
 i
n

 t
h

in
-fi

lm
 p

h
o

to
v
o

lt
a
ic

s
B

u
g
ra

 T
u
ra

n

M
e
m

b
e
r 

o
f 

th
e
 H

e
lm

h
o

lt
z 

A
ss

o
c
ia

ti
o

n

Energie & Umwelt /  

Energy & Environment

Band/ Volume 306

ISBN 978-3-95806-119-4

Laser processing for the integrated series connection 

of thin-film silicon solar cells

Bugra Turan



Schriften des Forschungszentrums Jülich

Reihe Energie & Umwelt / Energy & Environment Band / Volume 306





Forschungszentrum Jülich GmbH

Institute of Energy and Climate Research (IEK)

Photovoltaics (IEK-5)

Laser processing for the integrated series  

connection of thin-film silicon solar cells

Bugra Turan

Schriften des Forschungszentrums Jülich

Reihe Energie & Umwelt / Energy & Environment Band / Volume 306

ISSN 1866-1793  ISBN 978-3-95806-119-4



Bibliographic information published by the Deutsche Nationalbibliothek.

The Deutsche Nationalbibliothek lists this publication in the Deutsche 

Nationalbibliografie; detailed bibliographic data are available in the 

Internet at http://dnb.d-nb.de.

Publisher and Forschungszentrum Jülich GmbH

Distributor: Zentralbibliothek

 52425 Jülich

 Tel:  +49 2461 61-5368 

 Fax:  +49 2461 61-6103

 Email:  zb-publikation@fz-juelich.de

  www.fz-juelich.de/zb

 

Cover Design: Grafische Medien, Forschungszentrum Jülich GmbH

Printer: Grafische Medien, Forschungszentrum Jülich GmbH

Copyright: Forschungszentrum Jülich 2016

Schriften des Forschungszentrums Jülich

Reihe Energie & Umwelt / Energy & Environment, Band / Volume 306

D 82 (Diss. RWTH Aachen University, 2016)

ISSN 1866-1793

ISBN 978-3-95806-119-4

The complete volume is freely available on the Internet on the Jülicher Open Access Server (JuSER)  

at www.fz-juelich.de/zb/openaccess.

Neither this book nor any part of it may be reproduced or transmitted in any form or by any 

means, electronic or mechanical, including photocopying, microfilming, and recording, or by any 

information storage and retrieval system, without permission in writing from the publisher.



Abstract
The integrated series connection of solar cells is an essential aspect for thin-film photovoltaic

technology. With a series connection a high output voltage of the module is achieved while the

output current is kept low. Thus, Ohmic losses in the contact materials are kept low as well.

In thin-film silicon solar technology the steps to create the interconnection are commonly

done by laser ablation integrated in-between the depositions of the solar cell layer materials. In

three steps laser scribing is used to selectively remove layers locally in the form of lines across

the module substrate. In a first step the front-contact is removed for electrical insulation and

cell stripe definition. Afterwards, the absorber is removed locally exposing the front-contact

beneath. Finally, the interconnection is formed when the back-contact is removed locally as

well.

The area that is needed for the interconnection of two neighboring cells is no longer active for

current generation. Depending on the technology 5–10% of active area is lost. The reduction

of this area holds an attractive potential for an increase of the module efficiency. The topic

of this thesis is the investigation of the lower geometrical limits for the dead area reduction

for substrate side laser processing of thin-film silicon solar cells. It is well-known that the

interconnection and the laser processes can have an impact on the performance of the solar

module. Therefore, the characterization of the impact on the performance is of special impor-

tance when laser processes are used that are capable of generating a reduced interconnection

width.

P1: for the front-contact insulation process it was found out that the scribe quality strongly

depends on the used laser wavelength. Ablation mechanisms that are driven by material phase

changes (scribing with 532 nm or 1064 nm) can lead to smoother scribe edges compared to

mechanisms dominated by stress-induced removal (355 nm) where non-uniform rip-off at the

edges occurs.

However, in certain processing regimes, strong ablation debris redeposition in direct vicinity

of the P1 scribe is observed when small beam spot radii (<10µm) are used. Such redeposition

has a severe impact on the solar cell performance in this region. With proper wet-chemical

cleaning the amount of redeposited debris on the front-contact and the negative impact on

the solar module can be minimized.

Parasitic shunting of two neighboring cell stripes by deposition of absorber material into the

P1 scribe increases when the scribe width is reduced. Measurements show that the overall

magnitude of the shunt is in a value range that impact on the solar module is negligible for

commonly used cell topologies.
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P2: the width reduction approach was extended for the absorber removal process (P2). To

ensure the selectivity of silicon removal without damaging of the front-contact beneath, only

532 nm was used for scribing. For this wavelength ablation is strongly assisted by mechanical

stresses generated by hydrogen diffusion from the absorber layer and/or thermal expansion of

the absorber layer.

Mechanical constraints limiting the lower scribe width are found that depend on the absorber

thickness and the laser beam spot size. Such behavior can be explained directly from linear

elastic fracture mechanics where removal of the layer is determined by the relation between

delamination at the interface and fracture of the absorber along the circumference of the spot.

It can be concluded that for substrate side laser-induced ablation thin scribe lines are only

possible for thin layers.

The parasitic series resistance formed by P2 also increases as the scribe width is decreased.

However, for processing of amorphous silicon absorbers, with a beam radius 10µm, the

minimal achievable resistance value is strongly increased. In fact, much more than what

would be expected just by the geometrical contact area reduction. This is most likely owed

to changes of the specific contact resistance due to increased debris redeposition within

the P2 scribe prior to back-contact deposition. In contrast, such effects are not observed

for processing of tandem absorber where debris redeposition is less pronounced. Here, low

series resistances, with only minor impact on the module performance, are achieved for all

investigated beam spot sizes.

P3: the back-contact insulation process (P3) is similar to P2 since the back-contact is removed

indirectly by removal of the absorber beneath. Shunting between front- and back-contact can

occur at the direct P3 scribe edges. These shunts are possibly formed due to heat generated by

sub-threshold energy intake of excess energy from the shoulders of Gaussian distribution of

the laser.

The mechanical constraints on the minimal achievable scribe widths are even stronger than

what was observed for the optimization of the P2 process. This is owed to the additional

overall thickness of the layer-stack due to the back-contact. Furthermore, for tandem solar

cell processing the scribe edges are strongly distorted by delaminated material while clean

edges are obtained for a-Si:H solar cells.

The parasitic shunting by P3 scribing increases by many orders of magnitude when a process-

ing beam radius of 10µm is used. However, just like it was observed from P2, an overall weaker

deterioration is obtained for scribing of tandem solar cells than for amorphous silicon cells. It

is possible that material modifications are more localized in the a-Si:H top-cell. Together with

the higher thickness of the tandem cells (300 nm vs. 1.4µm) the impact on the whole device is

not as pronounced.

vi



Kurzfassung
Die integrierte Serienverschaltung zur Herstellung von Solarmodulen ist ein essentieller Aspekt

von Dünnschicht-Solarmodulen. Mithilfe einer Serienverschaltung können hohe Ausgangs-

spannungen erzeugt werden, gleichzeitig wird der Ausgangsstrom niedrig gehalten. Dadurch

wird eine signifikante Senkung Ohm‘scher Verluste in den Kontaktschichten erzielt.

In der Silizium-Dünnschichttechnologie wird die Serienverschaltung mittels Laserablation

realisiert. Die einzelnen Schritte werden dabei in die Herstellungsprozesse der Solarzelle

integriert. In drei Ablationsschritten wird Material selektiv in Form von Gräben vom Substrat

entfernt ohne die darunterliegende Schicht zu beschädigen.

Zunächst wird der Frontkontakt strukturiert um eine elektrische Isolation zwischen den

einzelnen Zellstreifen zu erreichen. Anschließend wird der Absorber lokal entfernt und der

darunter liegende Frontkontakt wieder freigelegt. Im dritten und letzten Schritt wird auch der

Rückkontakt selektiv entfernt und die Serienverbindung schließlich hergestellt.

Die Fläche welche benötigt wird um zwei benachbarte Zellen miteinander zu verbinden trägt

nicht mehr zur Stromgenerierung bei. Abhängig von der Dünnschichttechnologie können die-

se Flächenverluste 5–10% der Modulfläche ausmachen. Die Verringerung dieser toten Fläche

birgt Potential zur Steigerung der Moduleffizienz. Die Reduktion und etwaige geometrische

untere Grenzen der toten Fläche mittels optimierter Laserprozesse für die Bearbeitung von

Silizium-Dünnschicht-Solarmodulen von der Substratseite ist das Thema dieser Arbeit. Der

negative Einfluss der Serienverbindung selbst und der Laserprozesse auf das Solarmodul

ist bekannt. Daher ist die Charakterisierung möglicher Beeinflussungen der Performance

insbesondere wichtig für Laserprozesse die es ermöglichen verkleinerte Verschaltungslinien

zu erzeugen.

P1: Bei der Strukturierung des Frontkontakts (P1) zeigen sich Unterschiede bei der Qualität

des Grabens abhängig von der zur Bearbeitung verwendeten Wellenlänge. Ablationsmecha-

nismen die getrieben sind durch Phasenübergänge (Prozessierung mit 532 nm und 1064 nm)

können weichere Grabenkanten erzeugen im Gegensatz zu Mechanismen die vorwiegend

getragen werden durch mechanische Spannungen (Bearbeitung mit 355 nm). Hierbei kann

das Abrissverhalten der Schicht zu undefinierten Grabenkanten führen.

Für bestimmte Prozessparameter, im Zusammenhang mit Laser-Spotradien unter 10µm, wird

eine verstärkte Beeinflussung des verbliebenen Frontkontakts in direkter Umgebung des Gra-

bens beobachtet. Diese Beeinflussung kann zurückgeführt werden auf massive Redeposition

von Ablationsresten. Diese haben dann einen negativen Einfluss auf die Solarzelle in direkter

Umgebung des Grabens. Jedoch ist es möglich mit einer entsprechenden nasschemischen

Nachbehandlung den Einfluss zu minimieren.
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Die Stärke des parasitären Parallelwiderstands, welcher sich nach der Absorberdeposition im

P1 Graben zwischen zwei benachbarten Zellstreifen ausbildet, nimmt mit Verkleinerung des

Grabens zu. Jedoch ist die spezifische Höhe des Widerstands so hoch, dass der Einfluss für

üblicherweise eingesetzte Zelltopologien zu vernachlässigen ist.

P2: Die Reduktion der Verschaltungsbreite wurde auf den zweiten Prozess zur Strukturierung

des Absorbers (P2) ausgeweitet. Hierbei gilt es eine Beschädigung des freigelegten Frontkon-

takts möglichst zu vermeiden. Daher ist es von Vorteil einen Laser mit der Wellenlänge von

532 nm einzusetzen. Mit 532 nm ist die Ablation dominiert von einer mechanisch induzierten

Entfernung des Absorbermaterials. Die Kräfte können dabei entweder durch thermische Ex-

pansion des Absorbers entsteht und/oder durch Gasdruck einer Blase die durch Diffusion von

Wasserstoff an der Grenzfläche Frontkontakt/Absorber entsteht.

Es wurden untere Grenzen für die minimale Grabenbreite gefunden. Sie hängen stark vom

Laser-Spotradius und Schichtdicke des Absorbers ab. Eine solche Abhängigkeit zwischen

Ablationsverhalten und Geometrie lässt sich direkt aus der Bruchmechanik zwischen Dela-

mination und Bruch entlang des Umfangs des Absorbers beschreiben. Zusammenfassend

lässt sich sagen, dass für die P2 Bearbeitung durch die Substratseite sehr dünne Gräben nur

möglich sind für dünne Absorberschichten.

Der parasitäre Serienwiderstand, welcher sich durch P2 nach der Rückkontaktdeposition

ausbildet, steigt an für verkleinerte Grabenbreiten. Jedoch zeigt sich bei der Bearbeitung von

amorphem Silizium mit einem Laser-Spotradius von 10µm, dass der Widerstand weitaus

höher ansteigt als von rein geometrischen Überlegungen angenommen. Dies lässt sich zurück-

führen auf eine erhöhte Redeposition von Ablationsresten auf den freigelegten Frontkontakt.

Es ist bekannt, dass Redeposition der Hauptgrund für die Ausbildung eines parasitären Kon-

taktwiderstands ist. Solche Effekte werden für die Bearbeitung von Tandemabsorbern nicht

beobachtet wo die Redeposition weniger stark ausgeprägt ist. Hierbei werden niedrige Kon-

taktwiderstände mit einer vernachlässigbaren Beeinflussung der Moduleigenschaften für alle

untersuchten Laser-Spotradien erreicht.

P3: Der Strukturierungsprozess P3 ist sehr ähnlich zum Prozess P2 da der Rückkontakt bei

P3 indirekt durch Ablation des Absorbers entfernt wird. Ein parasitärer Parallelwiderstand

zwischen Front- und Rückkontakt am Rand des Ablationsgrabens kann durch zusätzliche

Wärmeeinwirkung aufgrund der Gauß-Verteilung des Lasers entstehen.

Wie vermutet ergeben sich noch stärkere Einschränkungen bei der minimalen Grabenbreite

durch die erhöhte Gesamtschichtdicke des Systems aus Absorber und Rückkontakt. Des

Weiteren, ergeben bei der Bearbeitung von Tandemsolarzellen starke Unregelmäßigkeiten am

Grabenrand. Im Gegenteil dazu werden bei der Bearbeitung von Solarzellen aus amorphem

Silizium saubere Grabenkanten beobachtet ohne besondere Flitterbildung.

Der eingangs erwähnte negative Einfluss auf die elektrischen Eigenschaften ist erhöht für

verringerte Laser-Spotradien. Jedoch, wie schon bei P2 beobachtet, ist die Beschädigung bei

der Bearbeitung von Tandemsolarzellen weitaus geringer als für Zellen aus amorphem Silizium.

Der parasitäre Parallelwiderstand kann sich um mehrere Größenordnungen verringern wenn

ein Laser-Spotradius von 10µm verwendet wird. Es ist möglich, dass bei Tandemsolarzellen

die Schädigung lokalisiert ist auf die Top-Zelle aus amorphem Silizium da hier ein Großteil der
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Laserenergie absorbiert wird. Zusammen mit der höheren Absorberdicke (300 nm vs. 1.4µm)

folgt ein geringerer Einfluss auf die elektrischen Eigenschaften des Gesamtdevices.
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1 Introduction

Climate change, rising costs of fossil energy, and safety concerns for nuclear energy lead to a

significant expansion of renewable energy sources. The share of renewable energies on the

overall electrical power generation in Germany massively increased in the last decade. In re-

cent years, governmental incentives boosted the installation of photovoltaic power generation

with solar cells. This increased demand lead to a significant solar module cost reduction and

cell efficiency increase.

Today, bulk silicon wafer solar cells account for a vast majority of the worlds photovoltaic cell

production with record cell efficiencies up to 25% [1]. Although struggling with lower cell

efficiencies, thin-film solar technology constitutes an attractive alternative to wafer-based

solar cells. Due to production processes that allow depositions on substrates with areas of up

to 5.7 m2 [2] lower $/W values compared to wafer solar cells can be achieved.

One important difference of thin-film solar cells to wafer cells is how the solar module is

formed. Within one module, for bulk silicon solar cells each individual wafer is usually

connected in series by metal strings connecting the cathode of one cell with the anode of the

next cell. In contrast to this, for most thin-film solar cell technologies the series connection of

the individual cells is integrated monolithically within the deposition process.

Laser ablation is dominantly used for the realization of the solar cell series connection in most

thin-film technologies. Due to the thin contact layer materials (thickness nm–µm) the series

connection is from utter importance to reduce Ohmic losses.

Three patterning or scribing steps are required for the formation of the interconnection. The

processes are integrated in-between the deposition steps of the solar cell. After the first contact

layer (front-contact) is deposited laser scribing is used to selectively remove the contact layer

for the definition of individual cell stripes (P1). Subsequently, after deposition of the solar

cell absorber a second scribe line next to the first P1 scribe removes the absorber exposing

the underlying contact layer (P2). In a last step, after deposition of the second contact layer

(back-contact) a third scribe line is placed next to the P2 scribe removing the second contact

layer selectively without damaging of the first contact layer beneath (P3).
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However, the area needed for the interconnection processes P1–P3 with the margin in-between

the scribes is no longer active for current generation. This loss factor can be significant with

5–10% area lost depending on the thin-film solar technology. Yet, in literature not much

research is found on the reduction of this lost area.

The main purpose of P1 laser scribing of the first contact layer (or front-contact) is the elec-

trical insulation and definition of the solar cell stripes. The material is removed down to the

substrate. After absorber deposition a parasitic conductivity is formed between two neighbor-

ing front-contact stripes within the P1 scribe. This parasitic conductivity is influenced by the

dimensions of the P1 scribe line. Especially with respect to the reduction of lost area impact

on the solar modules performance is possible when the scribe width is reduced.

In Chapter 5 the front-contact removal process P1 will be investigated with regards to the

electrical and morphological properties of the scribes. It was found out that significant ablation

debris redeposition on the remaining front-contact in vicinity of P1 scribe edge can occur with

negative impact on the solar cell in this region. However, processing impact can be minimized

when proper wet-chemical cleaning after processing is carried out.

For the absorber removal process P2 the selective ablation without damaging of the front-con-

tact material beneath is required. The P2 scribe exposes the front-contact so that after

back-contact deposition the interconnection between two neighboring cells is formed. The

whole solar module current needs to flow from the back-contact of one cell, through this P2

scribe, to the front-contact of the next cell. Due to non-ideal laser processes a barrier layer can

be formed leading to a parasitic series resistance. Again, with respect to the width reduction of

this scribe, the series resistance is influenced by the contact area as well.

Chapter 6 is dedicated to the investigation of the P2 process. It will be shown that severe con-

straints on the lower scribe width limit are found. Due to the dominant ablation mechanisms

driving this process thin scribe lines are only possible for thin absorber layers. For processing

of certain absorber materials, impact of the laser beam spot size on the contact resistance can

be found as well.

The back-contact insulation process P3 is required for the final definition of the individual

cell stripes of the solar module. The process is similar to P2 since the back-contact is removed

indirectly by removal of the absorber below. However, damaging of the front-contact should

be avoided because the whole cell current needs to flow through the exposed front-contact

TCO. The main challenge for P3 processing is the minimization of the impact on active solar

cell material in direct vicinity to the scribe edges. Electrical shunting between front- and

back-contact can occur due to excess heat generated by the laser beam in the scribe edges

leading to module deterioration.

In Chapter 7 the back-contact insulation process P3 will be characterized with laser beams

of different spot sizes. For structuring, similar constraints on the minimal achievable scribe

widths as for absorber removal P2 are expected. Beside the constraints on the minimal

2
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achievable P3 scribe width impact of processing with decreasing laser beam spot sizes on the

degree of shunting is of interest.

Due to the additional back-contact large differences of the scribe edge quality between a-Si:H

and tandem solar cell processing were found, especially for scribing with a laser spot size

of 10µm. A clean edge without flaking is achieved for a-Si:H while a significant amount of

delaminated material is observed for tandem solar cells.

The degree of shunting increases drastically for a-Si:H solar cells when the laser spot size is

decreased. In contrast, for tandem solar cells only minor changes of shunting are observed as

a function of the beam spot size.

3





2 Fundamentals

The first chapter gives a basic introduction into the solar cell material systems and different

device topologies that were in focus of this work. The main solar cell parameters that are

determining the performance will be briefly defined. Subsequently, the need for an integrated

series connection of solar cells will be motivated and its realization will be introduced. For

the integrated series connection possible loss mechanisms will be identified and their impact

on the solar module will be calculated. A potential way for the optimization of the integrated

series connection will be presented at the end of this chapter.

2.1 Solar cells

Thin-film silicon solar cells often have a drift-dominated transport of the generated carriers.

This is different for crystalline solar cells which have a current flow dominated by carrier

diffusion. Differences in the carrier collection gives rise to very different requirements on cell

dimensions, optical and electrical layer properties. Some of these differences can be seen in

Figure 2.1 showing a schematic sketch of a crystalline silicon wafer solar cell and a thin-film

silicon solar cell. The most obvious difference between both technologies is the much lower

thickness of the thin-film device in Figure 2.1(b). Therefore, the glass substrate constitutes

the main mechanical support of the thin-film cell. The second difference can be seen from

the current flow path. The doped layers in the case of the thin-film solar cell only have a

very low in-plane conductivity. This is the reason why besides the metal back-contact an

additional window layer, usually a transparent conductive oxide (TCO), is required for the

current transport on the front side.

A detailed sketch of thin-film silicon solar cells can be seen in Figure 2.2. In general, solar cells

in thin-film technology can be realized in two different layer-stack topologies. One is called

substrate configuration while the other is called superstrate configuration (Figure 2.2) with

distinct differences [3]. The major difference is the direction of incidence of sun light whether

it is irradiating through the substrate or not. In superstrate configuration the substrate needs

to be transparent while in substrate configuration it can be opaque (for example steel or plastic

foils [4]). Besides these optical requirements on the substrate there are also demands on the

5



Chapter 2. Fundamentals

Figure 2.1: Schematic sketch of the cell topologies of two different solar cell technologies with
carrier generation and transport. Each sketch shows: a) A crystalline bulk silicon cell. b) A
thin-film cell in superstrate configuration. Dimensions are not to scale.

mechanical properties. The main purpose of the substrate is the mechanical support of the

thin functional solar cell layers with thicknesses in the micrometer scale. The nomenclature of

p-i-n and n-i-p solar cell originates from the order of layer deposition of the solar cell [5].

Most of the discussed fundamentals also apply for bulk silicon solar cells or other thin-film

technologies. Nevertheless, the main focus lies on thin-film silicon solar cells since this

technology will be investigated in the present work.

From here on p-i-n thin-film silicon solar cells in superstrate topology will be set as the

standard topology for all investigations (Figure 2.2(b)). Please note that, although superstrate

topology was set as standard, the superstrate will be referred to as the substrate of the solar

cell. Onto the substrate different layers are deposited successively and in the following the

function of each layer will be presented.

The front-contact: the first layer deposited onto the substrate is usually a transparent con-

ductive oxide (TCO). The front-contact TCO layer has to be electrically conductive since it

is in contact with the absorber where the carriers are generated. At the same time it has to

be transparent because the sun light passes through this layer into the absorber. Commonly

used materials are metal oxides like tin dioxide (SnO2) doped with indium or fluorine and zinc

oxide (ZnO) doped with aluminum, gallium or boron. A nice overview of the broad spectrum

of different TCOs and their applicability in solar cells is given in a review by Gordon [6].

The front-contact needs to exhibit a rough surface texture because, besides of being trans-

parent, there are additional optical requirements. Due to the rather thin absorber layers it

is necessary to create a texture with different feature sizes. A surface texture enhances the

light in-coupling into the absorber as well as elongates the light path in the absorber. This

is equivalent with an increase of the effective optical absorber thickness [7]. These textures

are either created intrinsically by the deposition process (for example SnO2:F by CVD [8]
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2.1. Solar cells

Figure 2.2: Schematic sketch of the layer-stacks of two a-Si:H/µc-Si:H thin-film silicon tandem
solar cell in: a) Superstrate configuration. b) Substrate configuration. Dimensions are not to
scale.

and ZnO:B by low pressure CVD [9]) or by wet-chemical etching after deposition (sputtered

ZnO:Al [10]). The thickness of the front-contact can vary depending on the required optical

and electrical properties. For fluorine-doped tin dioxide and sputtered ZnO:Al (before etching)

thicknesses are commonly 700–800 nm. For ZnO:B thicknesses between 1.5–2µm are typical.

The absorber: in the subsequently deposited layer-stack the charge carriers are generated

from sunlight. The absorber is deposited upon the textured front-contact. The absorber

stack consists of a p-doped silicon layer followed by an intrinsic silicon layer and finally an

n-doped silicon layer. These layers are typically deposited by Plasma Enhanced Chemical

Vapor Deposition (PECVD) [11, 12]. It is also common to stack two p-i-n junctions on top

of each other and have them connected in series. Thus, it is possible to absorb light with

two absorbers that exhibit different optical band gaps [13, 14]. For single junction cells

hydrogenated amorphous silicon (a-Si:H) is a allotropic form of silicon and commonly used as

an absorber material [15].

In the so-called tandem or micromorph solar cells, on top of the amorphous silicon solar cell

an absorber with a smaller band gap like microcrystalline silicon (µc-Si:H) is deposited [16]. In

this way an a-Si:H/µc-Si:H double-junction solar cell (see Figure 2.2) is created. A tandem of

these two absorbers is advantageous since it reduced thermalization and transmission losses

compared to a single junction device. The band gap of the a-Si:H cell is around Eg=1.75 eV

whereas µc-Si:H has a band gap of Eg=1.1 eV. Since these two cells are connected in series,

the same current density will flow through both of them. The intrinsic layer thicknesses are

adjusted accordingly to achieve same photo current generation in both cells [17]. The a-Si:H

intrinsic layer thickness is in the range of 150–250 nm whereas the layer thickness for µc-Si:H

is typically 1–3µm. There are concepts with more than two junctions but current matching

between all absorbers increases the deposition complexity significantly [18].

The thin heavily doped layers need to be as thin as possible due to the high parasitic light

absorption by additional defects in the material introduced by the dopant [19]. The function
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of the doped layers is to establish an electric field across the intrinsic layer where the light is

absorbed and charge carriers are created (p-i-n solar cell [20]). The carriers are then separated

by the electric field and drift towards the contacts with the average drift length Ldrift=µτE . The

parameters µ and τ are the carrier mobility and lifetime, respectively. This is necessary due

to the low diffusion length in thin-film silicon solar cells. If transport would only be based

on diffusion high recombination losses would prevail (for reasonable absorber thicknesses).

There are additional constraints limiting the absorber thicknesses since a-Si:H solar cells suffer

from light-induced degradation. For details refer to the Staebler-Wronski-Effect (SWE) [21].

For µc-Si:H solar cells economical factors like the deposition time and material consumption

are further limiting the absorber thickness which limits the maximal reasonable thickness.

The back-contact: the last layer-stack that is deposited on top of the absorber layers consists

of a TCO and/or metal layer. The functional purpose of the back-contact is the electrical

connection of the absorber. Since the sun light is irradiating from the substrate side (thus

through the front-contact) there is no need for this layer to be transparent. In fact, the

back-contact should be highly reflective elongating the path of sunlight that was not absorbed

by the absorber. Silver and aluminum are commonly used metal back-contact layers due to

their good electrical conductivity and optical reflectivity [22]. Due to parasitic absorption by

surface plasmon excitation in the metal, an additional thin TCO layer in front of the metal

can help to lower these losses [23, 24]. Another approach is the use of a highly conductive

TCO at the back-contact together with a dielectric mirror. In the simplest case this could be

white paint (TiO2 particles) [25]. The overall thickness for the back-contact is in the range of

300–400 nm for metal-based topologies and 1.5–2µm for a back-contact based on TCO and

dielectrics.

For a more thorough introduction into the thin-film silicon solar cell technology please refer

to the literature in [26, 27, 28].

2.1.1 The electrical solar cell properties

A thin-film silicon solar cell can be modeled by an electrical equivalent circuit with lumped

components. Figure 2.3 shows a commonly used one-diode equivalent circuit of a solar

cell [29]. There are more sophisticated models with multiple diodes and/or additional current

sources [30]. However, for the proper representation of the basic electrical behavior of the solar

cell such models are not necessary. If not specifically defined differently, all area dependent

values are referred to 1 cm2 cell area. The series resistance Rs represents the Ohmic losses in

the contact materials as well as contact resistances and series resistances of the absorber layer.

The values for Rs are usually below 10Ω.

Another path of possible power losses is represented by the parallel resistance Rp. In general,

this resistance represents losses by shunting of the solar cell. The value for Rp is in the range of

103–106
Ω.
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Figure 2.3: One diode equivalent circuit of a thin-film silicon solar cell with lumped elements.
The resistances Rs and Rp represent the series and parallel resistance, respectively. An ideal
current source represents the generated photo current Iph under illumination. An ideal diode
is used to model the exponential p-i-n behavior of the solar cell with the corresponding current
Id.

The diode in Figure 2.3 reassembles the behavior p-i-n diode of the solar cell. The current-volt-

age relation is given in Equation 2.1.

Id(Vd) = I0

•

exp

µ
Vd

nVT

¶

−1

‚

(2.1)

When n=1 the equation equals the Shockley ideal diode equation with I0 as the reverse bias

saturation current, Vd as the voltage across the diode, ideality factor n, and the thermal voltage

VT=kT /q . For amorphous silicon solar cells I0 is in the range of 10-13–10-11 A. The ideality

factor is determined by the relative contributions of surface recombination at the contacts

(n → 1) and recombination in the intrinsic absorber (n → 2).

The ideal current source with the current Iph is proportional to the incident light intensity and

represents the photo current of the solar cell. There is a voltage dependence of Iph as well [31]

but it is not of importance for the description of the solar cell behavior at this point.

The overall current-voltage characteristics of the equivalent circuit can be found with the

Kirchoff point and loop rules (Equation 2.2).

I + Iph = Id + IRp and V =VRs +Vd (2.2)

With these equations the current-voltage function can be written as,

I (V ) = I0

•

exp

µ
V −RsI (V )

nVT

¶

−1

‚

+
V −RsI (V )

Rp
− Iph. (2.3)

Equation 2.3 is transcendental since there is no algebraic function to describe the current I .
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Figure 2.4: Measured dark I −V curve of an amorphous silicon solar cell (a-Si:H) with different
regimes I to III of Ohmic and exponential behavior. Dashed line represents a linear regression
of the diode behavior in regime II.

Under dark conditions: the I −V characteristics exhibits different regimes where behavior

of certain elements from the equivalent circuit can be separated. Under dark conditions the

photo current source Iph from the lumped elements model is set to zero. Figure 2.4 shows the

I −V curve of an amorphous silicon solar cell measured under dark conditions. The absolute

value of the current flow is plotted in a logarithmic scale. This is helpful to identify different

regimes with exponential or Ohmic behavior. Regime I shows Ohmic behavior for both positive

and negative voltages. For this case the equivalent circuit can be simplified by removing the

diode. The remaining Ohmic elements lead to the following I −V characteristics,

Idark(Vdark) ≈
Vdark

Rs +Rp
. (2.4)

Generally, series resistance values of Rs are many orders of magnitude lower than the parallel

resistance Rp. Equation 2.4 can therefore be simplified even further to,

Idark(Vdark) ≈
Vdark

Rp
. (2.5)

Hence, it is possible to determine shunting behavior of Rp from I −V characteristics under

dark conditions in regime I.

In regime II a linear behavior is obtained which corresponds to an exponential I −V character-

istic since the current is plotted logarithmically. The diode is biased in forward direction in

this voltage regime. The overall current flow is determined by the diode characteristics. This is
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owed to the much higher conductance of the diode in comparison to the parallel resistance

Rp. Equation 2.3 can be simplified to,

Idark(Vdark) ≈ I0exp

µ
Vdark

nVT

¶

. (2.6)

If Equation 2.6 is plotted logarithmically, like shown in Figure 2.4, the ideality factor n can be

derived from the slope of a linear regression in this regime. The intercept with the y-axis will

yield the saturation current coefficient I0.

In regime III there is a deviation from the linear behavior observed. The conductance of the

diode is very high and the I −V characteristics are influenced by the series resistance Rs. In

this regime Equation 2.3 can be simplified to,

Idark(Vdark) ≈ I0exp

µ
Vdark −RsIdark(V )

nVT

¶

. (2.7)

The slope of the approximate function in Equation 2.7 is proportional to the inverse of the

series resistance Rs. The derivative of Equation 2.7 is defined as,

dIdark(Vdark)

dVdark
≈

1

Rs +
nVT

Idark(V )

≈
1

Rs

µ

for Rs ≫
nVT

Idark(V )

¶

. (2.8)

Equation 2.8 is proportional to the inverse of the series resistance Rs.

Under illumination: the previous assumption of Iph=0 is no longer valid under illumination

since charge carriers are generated and contribute to the current source in Figure 2.3. For this

case Figure 2.5 shows the I −V characteristics of the solar cell under AM1.5 illumination. This

is equivalent with the typical sun light spectrum and intensity when passing 1.5 times the air

mass of the atmosphere (=48◦ angle of incidence). The plot in Figure 2.5 has certain points

that are specifically named and give information on the solar cell performance that are helpful

for evaluation.

Under short-circuit conditions the voltage across the solar cell is zero (Vsuns=0). The majority

of the generated photo current will flow through the series resistance Rs. There is almost no

current flow through the diode since biasing by Rs is small for typical series resistance/photo

current values. Furthermore, current flow through the parallel resistance will be low as well

due the large differences of the resistances (parallel circuity at the current divider). Rp is many

orders of magnitude larger than Rs. Therefore, the current flow under short-circuit conditions

is almost equal to Iph and is usually called Isc.

The other important value is the voltage under open-circuit conditions. Under these con-

ditions no current is flowing out of the solar cell (Isuns=0). There is no voltage drop across

the series resistance Rs and it can be neglected. The generated photo current is split by the

diode and the parallel resistance (Iph=Idiode + IRp ). The open-circuit voltage Voc is primarily

correlated with the band gap of the solar cell (more specifically the built in voltage Vbi) [32].
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Figure 2.5: Measured I −V curve under AM1.5 illumination of an amorphous silicon solar cell
(a-Si:H). Shaded area corresponds to the generated power of the solar cell in the maximum
power point (MPP).

At both points Isc and Voc the respective voltage or current is zero leading to no power output

of the solar cell (P =V I ). The operating point where the voltage/current product is maximized

is called the maximum power point (MPP) with the respective voltage VMPP and current IMPP.

The efficiency η of the solar cell is then defined as,

η=
IMPPVMPP

PAM1.5
. (2.9)

The value of PAM1.5 in Equation 2.9 is the incident power. A useful measure for the parasitic

losses of the solar cell is the fill-factor. It is defined as followed,

F F =
IMPPVMPP

IscVoc
. (2.10)

The fill-factor is usually between 60–80% and very important for the identification of shunting

problems as well as high series resistances of the solar cell.

Figure 2.6 shows two parametric plots of a solar cell modeled in SPICE [33] according to the

equivalent circuit from Figure 2.3. When the series resistance is varied (Figure 2.6(a)) the

graphs show that the resistance has a big influence on the maximum power point (MPP)

as well as on the fill-factor (F F ). However, the value of Voc is not affected since there is no

voltage drop across Rs under open circuit conditions. For very high series resistances Isc can

be affected because of increasing current flow through diode that is biased by the voltage drop

across Rs.
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Figure 2.6: Parametric plots of calculated I −V curves under illumination (Iph=15 mA) and

ideal diode (Vj=0.75 V, n=1). Plots show: a) Sweep of different series resistance values for Rs

and fixed value of Rp=10 kΩ. b) Sweep of different parallel resistance values for Rp and fixed

value of Rs=1Ω.
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In contrast to this, when Rp is varied (Figure 2.6(b)) not only the MPP, FF, and Isc are affected,

but the open circuit voltage Voc is highly influenced as well.

If the parallel resistance Rp is very large it can be neglected in the equivalent circuit. Thus, it is

possible to correlate the differential resistance from the inverse slope of the I −V curve under

open circuit conditions to the series resistance Rs,

dI

dV

fl
fl
fl
V =Voc

= Roc
−1 ≈ Rs

−1. (2.11)

(2.12)

The same is valid for the shunting resistance Rp if the series resistance can be neglected. The

inverse slope of the I −V curve under short-circuit conditions is correlated to the parallel

resistance Rp,

dI

dV

fl
fl
fl
V =0

= Rsc
−1 ≈ Rp

−1. (2.13)

(2.14)

Both values Roc and Rsc can be related to the series and parallel resistances from the dark I −V

curve but are not the same [34]. Furthermore, for thin-film silicon solar cell the value of the

parallel resistance depends on the illumination level [35].

2.2 The monolithic series connection

In the previous section it was shown that the series resistance of the solar cell can have a

detrimental impact on the cells performance. These series resistance losses are partly owed to

Ohmic losses in the contact materials. There is always a trade-off between transparency and

electrical conductivity in the front-contact material for the commonly used TCO materials. For

reasonable high optical transparency typical sheet resistances are in the range of 5–10Ω [6].

One advantage of thin-film solar technology over wafer-based solar cells is the possibility

to deposit the cells onto large substrates of up to 5.7 m2 [2]. The generated current scales

proportional with the aperture area of the cell. Typical current values in the MPP are approx.

10–15 mA for 1 cm2 cell areas. Scaling of such currents to large substrate areas would results in

a very large current flow in the contact materials. Especially in the front-contact this would

result in high Ohmic losses since the sheet resistance of this layer is rather high. The losses

would make the solar cell unusable for power generation.

The solution to this problem is the series connection of solar cells to increase the overall output

voltage while maintaining a low current. When the current is kept low Ohmic losses will be low

as well. For crystalline silicon all solar cells on one module substrate are connected in series

and/or parallel with additional process steps by soldering the contact grids accordingly [36].
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As mentioned above in all thin-film solar technologies the cell is deposited onto the whole

substrate in one cycle. Therefore, a solar cell series connection that is made monolithically on

the same substrate integrated in the module production process is favorable [37]. This way, a

great degree of freedom for the output voltage/current parameters of the module is achieved

while at the same time power losses are kept low.

In the following the realization of the integrated series connection for thin-film silicon solar

modules will be introduced. Each interconnection process will be reviewed with estimations

of further implications on the solar modules performance.

2.2.1 Realization of the interconnection

Figure 2.7 shows a sketch of an interconnected thin-film silicon solar module in superstrate

configuration. A typical wafer silicon solar module is given for comparison as well. Although

the dimensions from the sketches are not to scale, it is a fact that the minimal distances

between two neighboring silicon wafers are limited by the metal grids connecting the cathode

from one cell with the anode of the next cell (cf. Figure 2.7(b)). The series connection is usually

done manually by soldering the interconnection strings to the cell grids. In contrast, for

thin-film silicon solar modules the interconnection is integrated into the deposition process.

In thin-film technology the overall cell area is divided into many smaller cells which are

connected in series by the interconnection labeled as the dead area width wd in Figure 2.7(a).

The output voltage is multiplied by the number of cells connected in series. The overall

current is defined by the area of one cell since they are connected all in series. The series

connection is realized by connecting the front-contact of one cell with the back-contact of

the neighboring cell. For better visualization the interconnection is shown in Figure 2.8 in

more detail. Figure 2.8 shows that three process steps, with removal of individual functional

layers, are required for the interconnection of neighboring solar cell stripes. The layer removal

is done in the manner of scribe lines across the whole module area perpendicular to the

series connection. For thin-film silicon modules this is commonly done precisely by laser

ablation [37, 38]. However, for certain technologies like CIGS or sometimes CdTe mechanical

scribing with needles is used as well [39, 40]. But recently, laser scribing with ultra short pulsed

lasers shows promising results for all-laser interconnected CIGS modules [41, 42].

In the literature and industry the processes are called P1–P3 and their electrical functions can

be described as followed.

The interconnection processes: the process P1 is required for the division of the front-con-

tact layer to create individual cell stripes of front-contact material which are all electrically

insulated from each other. A high insulation resistance is required between two neighboring

separated front-contact stripes.

Next to the P1 scribe another scribing process P2 is required for the interconnection of the

back-contact from one cell with the front-contact of the next cell. After back-contact deposi-
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Figure 2.7: Comparison of schematic sketches for the realization of solar modules with two
different approaches. Sketches show: a) Typical thin-film silicon solar module in superstrate
configuration with interconnections for the integrated series connections of the individual
cell stripes. The area required for each interconnection is labeled as the dead area width wd

whereas the active cell area is illustrated by wa. b) Exemplary configuration of a crystalline
silicon wafer solar module with series and parallel connections of wafers by metal grids/strings.
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Figure 2.8: Magnified sketch of a thin-film silicon solar module in superstrate configuration
with interconnections for the integrated series connections of the individual cells. The indi-
vidual processes for the interconnection are labeled with P1–P3. The area required for each
interconnection is labeled as the dead area width wd whereas the active cell area is illustrated
by wa. The current flow through the cell stripes is depicted by the black arrows.

tion the actual interconnection is formed. A low series resistance of the contact between the

two adjacent cells is desired.

Lastly, a third scribing process called P3 is required for the electrical insulation of the back-con-

tact just like for the front-contact process P1. With this step each solar cell stripe is defined

and the series connection is formed.

A closer look to Figure 2.8 shows that the laser scribing processes are done at different steps

of the module deposition process. This is necessary for the proper electrical insulation and

interconnection between the layers.

Figure 2.9 illustrates how the series connection is integrated in-between the layer deposition

steps. In this example all laser processing is done through the transparent substrate side.

Processing from the substrate side has major advantages but also certain disadvantages over

processing from the film side which will be discussed in detail later on. For thin-film silicon

solar modules in superstrate configuration processing is generally done from the substrate

side and all processing in this thesis is done from this side.

Figure 2.9 shows how each laser scribing process is integrated in the solar cell deposition

process. The use of an appropriate laser processing wavelength for every individual scribing

step ensures a selective layer removal. The layer is removed without damaging the layer

underneath. The integration in-between the deposition steps is necessary to assure the

electrical insulation (steps b) and c) in Figure 2.9) and layer opening (step d) in Figure 2.9).

2.2.2 Modeling of interconnection losses

The selection of the optimal geometries for the interconnection depends on the electrical

properties of the solar cell along with the contact material properties. A simple model in-

troduced by Gupta et al. [43] can be used to calculate the optimal active cell stripe width
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Figure 2.9: Sketch of the monolithic series connection process chain for thin-film silicon solar
module in superstrate configuration integrated in-between the solar module layer deposition
steps. Laser scribing is done through the substrate side with 355 nm processing wavelength
for P1 (step (c)) and 532 nm for P2 and P3 (steps (e) and (g)).
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wa depending on the cell parameters. Thus, modules with minimal additional losses due

to the interconnection are achieved. Additional losses means in this context difference in

performance of the single solar cell and the interconnected solar module. For this, the single

solar cell is scaled to the module area but without any Ohmic losses in the contact materials.

These module loss mechanisms need to be introduced in the following before the calculations

for optimal module geometries can be made.

Loss of active area: the most obvious losses are created by the reduction of active area due

to the the interconnection of the neighboring cells. The required region is often called dead

area, depicted by the dead area width wd in Figure 2.8, since it is no longer contributing to

the power generation of the solar module. Each different loss mechanism can be accounted

for by fractional functions. These are setting the output power lost due to the specific loss

mechanism in relation with the power which would be created without losses. For the area

losses fd the following equation can be defined,

fd =
Pd

Pmax
. (2.15)

This equation sets the power lost Pd in relation with the ideal power generated Pmax. Both can

be written out as,

Pd =VMPP JMPPwdl and Pmax =VMPP JMPP (wd +wa) l (2.16)

with the solar cells voltage VMPP and current density JMPP in the MPP, the dead area width wd,

and active cell width wa. The value of l is the length of the module perpendicular to the series

connection. Substitution into the definition of fd eventually results in the following equation,

fd =
VMPP JMPPwdl

VMPP JMPP (wd +wa) l
=

wd

wd +wa
(2.17)

which is simply the dead area fraction of the module.

Ohmic losses in the front-contact: the second important loss factor that accounts for the

resistive losses in the front-contact can be defined by the following equation,

fFC =
PFC

Pmax
. (2.18)

Like before, the power lost in the front-contact PFC and the maximum power Pmax are set in

relation. The Ohmic losses in the front-contact depend on the current in the front-contact,

which is not constant along the cell stripe. The current at any given distance x off the cell

stripes edge can be expressed by,

IFC = JMPP A = JMPPl x. (2.19)

19



Chapter 2. Fundamentals

The current density JMPP is multiplied with the area A spanned by the distance x and the cell

stripe length l . The front-contact resistance RFC can be expressed for an infinitesimal width

increase dx,

rFC = RSH
dx

l
(2.20)

with the front-contact sheet resistance RSH=ρFC/t (layer thickness t). Both expressions are

combined to calculate the front-contact losses PFC,

PFC = IFC
2RFC =

Z wa

0

•

(JMPPxl )2 RSH

l

‚

dx =
RSH

3
JMPP

2wa
3l . (2.21)

Together with the maximal power Pmax the front-contact loss fraction fFC is obtained,

fFC =
RSH

3

JMPP

VMPP

wa
3

wa +wd
. (2.22)

The front-contact losses strongly increase when the active cell stripe width wa is increased

whereas the dead area fraction fd decreases when the cell stripe width is increased.

For the sake of completeness it shall be mentioned here that, of course, similar Ohmic losses

are present in the back-contact as well. But due to the high conductivity of the back-contact

material the losses are negligible (for the typical cell stripe widths) and module geometries are

dominated by the front-contact properties.

The overall loss fraction is derived by the sum of both loss fractions. In Figure 2.10 graphs are

shown with each loss fraction and the sum. The fractional losses are plotted as a function of

the active cell stripe width wa. For the dead area width a commonly used value of wd=300µm

was assumed [44]. The opposing behavior of the dead area losses fd and front-contact losses

fFC will lead to a certain optimal cell stripe width wa,opt. At the optimum the rel. module losses

are minimized (minimum of sum f = fd + fFC). However, even at the optimum, with the given

interconnection/solar cell parameters, the output power of the module will decreased. Approx.

rel. 5% compared to the theoretical maximum power is lost.

Reduction of module losses: one approach to lower the module losses at the optimum cell

stripe width wa,opt is the reduction of the dead area loss fraction fd. In the sample calculations

a typical interconnection width of wd=300µm was used. Figure 2.11 shows the overall module

losses parameterized for different wd between the standard 300µm down to 50µm. A reduc-

tion of the overall module losses from rel. 5% down to less than 2% is predicted when wd is

decreased from 300µm down to 50µm. This attractive potential of possible loss reductions

gives the motivation for this work.

These inherent losses due to the interconnection do not incorporate any impact of the laser

processing on the active solar cell. However, each laser process that is required for the realiza-

tion of the interconnection can have an impact on the solar modules electrical and optical

properties. Deterioration the module efficiency due to non-optimized laser scribing was
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Figure 2.10: Calculated tandem solar module loss fractions due to the integrated series con-
nection plotted vs. the active cell stripe width wa. The star marks the optimal cell stripe width
wa,opt where the overall loss fraction f is minimized. Tandem solar cell input parameters are:
JMPP=9.7 mA/cm2, VMPP=1.11 V, RSH=8Ω, and wd=300µm.

Figure 2.11: Calculated tandem solar module overall loss fraction due to the integrated series
connection plotted vs. the active cell stripe width wa parameterized for different intercon-
nection widths wd. The stars mark the optimal cell stripe width wa,opt where the overall
loss fraction f is minimized. Tandem solar cell input parameters are: JMPP=9.7 mA/cm2,
VMPP=1.11 V, and RSH=8Ω.
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already shown by Haas [45, 46]. These additional loss mechanisms are also dependent on the

geometrical scribe width and will be investigated in the main part of the thesis.

In the following, a small introduction into the topic of laser material processing will be given.

Laser sources, optics, and the scribing system can have a big influence on the resulting laser

processing properties and certain limiting constraints.
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3 Laser material processing

In the previous section it was pointed out that the integrated series connection of thin-film sil-

icon solar modules is realized by selective laser ablation of the individual solar cell layers. This

chapter gives a broad introduction into the laser material processing of thin-films. Especially

the mechanisms and systems that are relevant for the laser ablation of solar cell layer materials

will be discussed. The laser sources used for this work will be introduced. Basic properties of

the optical systems, together with the structuring system, will define first constraints on the

possible processing dimensions.

3.1 Laser sources

For laser material processing, sources with very different laser pulse durations are used de-

pending on the specific process. Besides continuous-wave (CW) mode operation, sources with

almost every time scale are commercially available. The time scales span from the nanosec-

ond regime to picosecond lasers down to femtosecond sources which are already adopted in

certain industrial environments with 24/7 operations [47, 48]. The pulse duration can have an

influence on the ablation properties [49, 50] for almost every type of material. Generally, it can

be said that shorter pulse durations tend to have lower damaging influence on the processed

material [51].

It is not surprising that ultra-short pulsed (USP) lasers are much more cost intensive than

for example laser sources in the nanosecond regime. Complex architectures are required to

generate pulses below 100 ps. All laser processing in this work was done with nanosecond

laser sources which are the industry standard due to their good cost/process efficiency ratio.

All relevant laser parameters of the three laser sources used for this thesis are given in Table 3.1.

The base architecture of all three laser sources is the same. They are all nanosecond Q-switched

lasers with diode-pumped Nd:YVO4 crystals. The base output wavelength of this type of laser

is 1064 nm (NIR). With subsequent second and third harmonic generation (SHG and THG) the

wavelengths of 532 nm (VIS) and 355 nm (UV) are generated.
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Chapter 3. Laser material processing

Table 3.1: Overview of the laser properties of the laser sources used for material processing.
*Maximum values for the relevant operation region used for this work.

Model/Name ROFIN Powerline
RSM 10 E

ROFIN Powerline
RSY 20 E / SHG II

ROFIN Powerline
RSY 20 E / THG

Wavelength λ 1064 nm 532 nm 355 nm
Average power Pavg 6 W at 20 kHz 1.3 W at 20 kHz 0.8 W at 15 kHz
Laser crystal Nd:YVO4 Nd:YVO4 Nd:YVO4

Pump source diode-pumped diode-pumped diode-pumped
Beam mode TEM00 TEM00 TEM00

Beam quality M2 < 1.3 < 1.5 < 1.5
Pulse duration τp 10 ns at 20 kHz 10 ns at 20 kHz 6 ns at 15 kHz
Frequency fPRF 0 - 200 kHz 15 - 200 kHz 15 - 100 kHz
*Peak power Pp 75 kW at 5 kHz 7.2 kW at 10 kHz 8.8 kW at 15 kHz
*Pulse energy Ep 400µJ at 10 kHz 75µJ at 10 kHz 53µJ at 15 kHz

Since no cavity dumping [52] is used for these lasers a proper characterization of the whole

operating area is required. Without this feature multiple parameters of the laser are affected

by the pump diode current and frequency which are the main adjustment parameters of the

laser. These parameters are the pulse duration, pulse energy, pulse-to-pulse stability, and even

the temporal pulse shape.

The laser output power: the relation between diode pump current Id and average power

Pavg is important for laser processing since Id is the main control parameter. A thermopile

sensor is used for the measurement of the output power. These sensors measure the average

power by the temperature increase of the absorber which is measured by the Seebeck-Effect.

It is therefore important that the reference temperature of the sensor is fixed and no heat

accumulation occurs that would disturb the measurement. One approach to ensure this is to

make short duration measurements for instance 10 s beam illumination followed by a waiting

period until the reference point is reached again. The definition of 10 s illumination time was

made because transient behavior of the measured power showed linear behavior up until this

point. For longer periods an exponential rise is observed. The sensor is capable of measuring

an output power of up to 30 W. When a low power regime is measured substantial noise can be

present. Therefore, the deviation of the measured values are estimated by ±10% especially in

the low power regime.

Figure 3.1 shows selected pump current vs. average power curves for the 1064 nm and 532 nm

laser sources. There is a fairly linear behavior between current and output power for both

lasers. However, for the laser with 532 nm (Figure 3.1(b)) above a certain pump diode current

the power is rapidly decreasing. This regime is outside the safe operating area (SOA) of the laser

and the identification of this transition point is important since it depends on the used pulse

repetition frequency. Furthermore, the frequency has an impact on the slope of the relation as

well as on the maximal values. The average output power increases with increasing frequencies.

This behavior is typical for diode-pumped Q-switch lasers [53]. For higher frequencies the

effect saturates.
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3.1. Laser sources

Figure 3.1: Average output power of the laser sources plotted vs. the pump diode current for

different pulse repetition frequencies. Plots show: a) 1064 nm. b) 532 nm. A thermopile sensor

was used and each point was measured with a 10 s beam illumination time with subsequent

relaxation period to avoid heat accumulation.

τ τ

Figure 3.2: Parameterized pulse duration of the laser sources plotted vs. the pump diode

current for different pulse repetition frequencies. Plots show: a) 1064 nm. b) 532 nm. The

pulse width is defined by the FWHM averaged over 2000 measurements.

The laser pulse duration: the temporal shape of nanosecond laser pulses can be measured

with a fast photo diode and a high bandwidth oscilloscope. The typical pulse duration was

measured across the whole operating area of the lasers. For the 1064 nm and 532 nm lasers the

pulse durations tend to increase for low pump diode currents. Figure 3.2 shows exemplary

the results of the pulse duration measurements as a function of the pump diode current

parameterized for different frequencies. There is a strong pump current dependency of the

pulse duration for the 1064 nm laser source (Figure 3.2(a)). The duration varies between 50 ns

and 10 ns in the minimum. There is also a generally higher pulse duration observed when

the frequency is increased. These large differences of the duration can have an impact on

the ablation behavior of the material [54] and need to be considered when the processing

operating point is selected.
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Chapter 3. Laser material processing

In contrast, variation of the duration for the 532 nm laser (Figure 3.2(b)) is not as pronounced

as for the 1064 nm laser. However, the same behavior of a general increase of the duration as a

function of frequency is found here as well. It is possible that for this laser the operating point

can have an impact on the ablation behavior as well.

The dependencies of the output power and pulse duration on the input parameters pump

diode current and pulse repetition frequency was only shown for the 1064 nm and 532 nm. The

355 nm laser is operating at a fixed frequency and current value because the stable operation

area of this laser is rather small. However, the desired pulse energy can be set by a motorized

beam attenuator which consists of a rotating polarizer and a Glan-Taylor prism. The rotation

of the polarizer angle leads to a sinusoidal output power dependence. This setup is convenient

since with this approach it is possible to adjust the pulse energy independent of all other

parameters. On the downside additional space is required and extra costs hinders the use of

this setup for all three laser sources. Due to the fixed operation point (15 kHz and 29 A) of the

355 nm laser the output power can be varied from about 20 mW to 800 mW with a fixed pulse

duration of 6 ns.

The relevant optical laser parameters will be briefly introduced in the following.

3.2 Optic basics

All three laser sources exhibit a Gaussian intensity distribution at the output. The raw beam

radius of Gaussian laser beams is commonly defined by the radius where the beam intensity is

lowered by 86% of the maximal intensity at the center of the beam (1/e2). Other definitions

include FWHM, 2nd Moment, and Knife-Edge methods [55].

Different optical elements within the laser beam path can be used to adjust the beam diameter

and beam divergence. The beam diameter can easily be measured by a CCD camera with a

sufficiently large aperture. But focusing of the laser beam is required to reach the intensities

necessary for the laser ablation of the material. It is therefore reasonable to measure the laser

beam directly in the focal plane of the objective. The characterization of the lasers and the

different optical systems was done with a MicroSpot Monitor from PRIMES™.

Figure 3.3 shows a compilation of the beam intensity distribution in the focal plane of all

three lasers with the different lens systems used in this work. Focusing is possible without

any large distortion of the Gaussian shape of the laser beam. However, for both lens systems

of the laser with a wavelength of 355 nm (Figure 3.3(a) and (b)) there are some deviations of

the background at the outer rim of the spot. It is possible that the beam attenuation setup is

responsible for this behavior. There are also more severe distortions at the outer rim of the

beam for the 1064 nm laser (Figure 3.3(f) and (g)). In general, ellipticity of the laser spots is

low, especially for the 532 nm laser with all three different optics (Figure 3.3(c) to (e)). It was

also found out that the beam shape and spot size rarely depend on the operating point of the

laser. Additional beam profile measurements spanning over the relevant parameter spectrum

lead to deviations of the spot size that are between 4% and 15%.

26



3.2. Optic basics

Figure 3.3: Laser beam intensity distribution in the focal plane measured with a beam profiler
for different wavelengths and optical lens systems. Upper row: a) and b) belong to the 355 nm
laser. Middle row: c) and e) shows the results of three different focusing optics for the 532 nm
laser. Lower row: f) and g) shows the 1064 nm laser. Absolute dimension in microns.
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Chapter 3. Laser material processing

The focusing optics with a focal length of f=108.3 mm and 300 mm serve as the reference optics

for standard processing. With these focusing optics scribing behavior is well-known and a

broad spectrum of solar cell materials can be processed. The choice of the particular focal

lengths of the higher focusing optics (f=48 mm and 56 nm) was made due to additional optical

constraints.

Depth of focus: in general, much smaller spot sizes are possible with further higher focusing

optics. Under the assumption of an ideal laser beam an approximate relation between focal

length and spot size in focus can be found from Gaussian beam optics [56] with the following

equation,

2ω0 =
4λf

πD
. (3.1)

Here, λ is the wavelength of the laser, f is the focal length of the objective, and D is beam

diameter at the input aperture of the objective. It is possible to change the focal length

and/or raw beam diameter to create smaller spot sizes. Unfortunately, as the fraction of f/D is

decreased the depth-of-focus (DOF) is decreased as well. The Gaussian beam radius changes

(converges and diverges) along the beam propagation axis. The DOF is defined as the depth

along this axis where the beam radius decreases/increases above/below a certain value, for

instance
p

2 times the minimal spot radius ω0. For this example the DOF is defined as,

DOF =
8λ

π

µ
f

D

¶ 2

. (3.2)

The equation is fairly similar to the previous equation with the definition of the spot size.

However, the f/D fraction is squared leading to a much more severe influence on the DOF

when the fraction is decreased.

The example definition of the DOF is commonly used for the description of the beam spreading

along the beam axis. Generally, the beam spot size along this axis is defined as [56],

2ω(z) = 2ω0

s

1+
µ

λz

πω0
2

¶ 2

= 2ω0

s

1+
µ

z

zR

¶ 2

with, zR =
πω0

2

λ
. (3.3)

The parameter zR is called the Rayleigh length and describes the direct relation between the

spot radius and depth-of-focus (DOF) which is commonly used in literature [56]. As in the

example definition before, zR describes the depth along the propagation axis z where the

beam radius is
p

2 times larger than the radius at the focus ω0.

Laser beam caustic: the laser beam propagation properties are important to characterize the

specific optical/laser system. The used beam profiler is also capable of measuring the caustic

and calculate the Rayleigh length zR. Figure 3.4 shows a plot with the propagation curves of the

laser/optics setups from Figure 3.3. As expected, a dramatic decrease of the DOF is observed

even for this intermediate degree of focusing. Table 3.2 shows all important optical beam

parameters extracted from the caustic measurements. The decrease of the Rayleigh length

28



3.2. Optic basics

Figure 3.4: Evolution of laser beam radius ω0 (decay to 1/e2 of the peak intensity) measured
vs. the distance from the focal point along the propagation axis z. The plots show: In blue
355 nm with f=108.3 mm (filled squares) and f=48 mm (empty squares). In green 532 nm with
f=300 mm (filled circles), f=116 mm (empty circles), and f=56 mm (half-empty circles). In red
1064 nm with f=300 mm (filled triangles) and f=56 mm (empty triangles). The solid, dashed
and dotted lines are non-linear curve fits of Equation 3.3.

Table 3.2: Overview of the laser parameters extracted from the caustic measurements of all
laser/optics setups from Figure 3.3 and Figure 3.4.

Wavelength λ, focal
length f

Radius in
focus ω0

Rayleigh
length zR

Raw beam
diameter D

Beam
quality M2

Divergence
angle θ

355 nm, 108.3 mm 19.3µm 2.3 mm 1.4 mm 1.4 16.8 mrad
355 nm, 48 mm 8.0µm 0.4 mm 1.4 mm 1.3 37.5 mrad
532 nm, 300 mm 58.7µm 14.7 mm 1.9 mm 1.4 7.9 mrad
532 nm, 116 mm 20.1µm 1.9 mm 1.9 mm 1.2 20.8 mrad
532 nm, 56 mm 10.5µm 0.5 mm 1.9 mm 1.4 45.3 mrad
1064 nm, 300 mm 48.0µm 5.3 mm 6.3 mm 1.3 18.1 mrad
1064 nm, 56 mm 8.1µm 0.2 mm 6.3 mm 1.2 103.7 mrad
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Chapter 3. Laser material processing

can be quite dramatic for the higher focusing optics. All developed optimized processes in

this work have the attempt to be industrially relevant with existing systems and materials. It

would not be reasonable to use even higher focusing/beam diameter with a zR below 0.2 mm.

Substrate thickness tolerances and roughness of the machine axes could distort the effective

substrate/optics distance and therefore change the laser spot size. Please note that from here

on for simplicity reasons the radii of 58.7µm, 20.1µm, and 10.5µm will be referred to as 60µm,

20µm, and 10µm.

Circumvention of DOF limitations: new approaches that can possibly increase the DOF for

highly focused laser beams can be found in literature. One interesting approach is the use of

non-diffracting beams like Gauss-Bessel beams [57] generated by self-interference created by

an axicon. With this type of laser beam it is possible to generate beam spot sizes (the main lobe

of the beam or airy disk) comparable with the corresponding normal focusing lens systems.

The main difference is a DOF which is ten to twenty times higher [58, 59, 60].

Top-Hat laser beams: a short description of laser beams with a flat plateau intensity distribu-

tion and their propagation properties will be given. Different approaches are used to generate

a circular or rectangular laser beam intensity distribution with a flat plateau [61]. However,

the laser beam spot size is always 1.5-2x larger than the diffraction-limited Gaussian laser

beam [62]. Furthermore, changes of the beam shape along the propagation axis occur as well

(shown for super Gaussian beams by Parent et al. [63]).

In the next section a description of the structuring system where the laser sources and optics

are integrated will be given.

3.3 Laser structuring system

All laser sources are integrated into a commercial laser patterning system with fast linear

translational stages (X −Y direction) providing velocities up to 1000 mm/s. The holder can

take substrates with sizes of up to 40 cm by 40 cm. The laser beam is directed on the substrate

via flying optics and focusing is done with the lens systems attached to a motorized axis (Z

direction). The Z -axis also holds a camera system for mark recognition of patterns on the

sample. The patterns are used for detection of angular and spatial misalignment of the sample.

The substrate holder is placed on a fourth rotational axis that is used for angular compensation

of the sample.

As indicated earlier, high focusing with a Rayleigh length larger than 0.2 mm was chosen as

a lower limit due to possible distortions of the lens/sample distance. Such distortions can

originate from substrate thickness tolerances, warp, waviness or bending depending on where

the substrate is clamped. An additional source of distortion is the roughness of the axes.

Displacement measurements of the Y -axis (portal axis) of the structuring systems revealed a

maximal deviation <60µm along the travel length and should not add too much additional

distortion to the optics/sample distance.
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3.3. Laser structuring system

In conclusion, the decision for a certain spot size for optimized processing of narrow scribes is

not only constrained by the optical systems. It is rather influenced by the whole setup of laser,

optics, substrate, material and scribing machine [64].

Substrate side vs. film side: in this work all laser processing was done through the substrate

side. It is also possible to process the sample from the film side just by turning the substrate

upside down. A particle suction system will remove coarse debris from both sides of the

sample. There are many reasons for and against the processing from the substrate side as well

as for and against scribing from the film side [65]. However, most industrial scribing systems

for the series connection of thin-film silicon solar modules in superstrate configuration do the

scribing from the substrate side.

Advantages are: higher energy efficiency of the ablation process, no laser/plasma interaction

or shadowing [66, 67], much lower degree of particle redeposition on the sample or the optics

(depending on the optical setup). Furthermore, a high selectivity of the layer removal is given

for large differences of the layers absorption coefficients.

However, the biggest down side for this processing setup is the high dependency on absolute

clearness of the substrate. Even small scratches or glass corrosion can deflect the laser beam

which would result in discontinuous lines. Of course, opaque and flexible substrates with low

transmission cannot be processed from the substrate side [68].

3.3.1 Laser processing parameters

As described earlier, power measurements as well as precise knowledge of the laser spot size in

focus are important process parameters. Both values are used to calculate the so-called peak

fluence Fp. It is commonly used to describe the laser intensity for pulsed laser (in contrast to

this for CW lasers the power density or intensity is commonly used). The temporal and spatial

laser intensity is defined as [69],

I (r, z = 0, t ) = I0exp

µ
−2r 2

ω0
2

¶

exp

µ

−4ln(2)
t 2

τp
2

¶

. (3.4)

Here, I0 is the peak intensity of the laser beam, ω0 and τp are the beam radius in focus and

laser pulse duration, respectively. The spatial beam radius ω0 is commonly defined at 1/e2 of

the maximal intensity. In contrast, the temporal pulse duration is usually given by the FWHM,

hence the conversion factor of 4ln(2). The spatial pulse fluence distribution is derived from

the temporal integral of Equation 3.4,

F (r, z = 0) =
Z ∞

−∞
I (r, z = 0, t )dt = Fpexp

µ
−2r 2

ω0
2

¶

. (3.5)

31



Chapter 3. Laser material processing

Figure 3.5: Parameter definition for the calculation of the laser pulse overlap. Shown is the
n–th and n+1–th pulse with beam radius ω0 and velocity v . The distance between two spots is
depicted by the length l .

The value Fp is defined as the peak fluence and is related with the pulse energy as followed,

Ep =
Z 2π

0

Z ∞

0
F (r )dφr dr (3.6)

=
Z ∞

0
F (r )2πr dr (3.7)

=
Z ∞

0
Fpexp

µ
−2r 2

ω0
2

¶

2πr dr (3.8)

=
πω0

2Fp

2
. (3.9)

Equation 3.9 can be also written as,

Fp =
2Ep

πω0
2

. (3.10)

The factor two is often forgotten in literature but is important for Gaussian shaped laser beams.

For Top-Hat shaped and super Gaussian beams the peak fluence is derived differently.

The pulse overlap: when scribe lines or area processes are specified, the pulse overlap char-

acterizes, together with the peak fluence, the effective laser illumination of the material.

Figure 3.5 illustrates the parameters necessary for the definition of the pulse overlap. The

distance l between two consecutive laser spots is defined as l=v/ fPRF with v as the laser feed

velocity and fPRF as the pulse repetition frequency. The overlap ov is defined as,

ov = 1−
l

2ω0
= 1−

v

2ω0 fPRF
. (3.11)

In most cases, the three process parameters of pulse duration, peak fluence, and pulse overlap

are sufficient to describe a specific laser scribing process. However, in reality additional effects

like thermal diffusion or a spot size dependence of the ablation behavior can have an impact

on the laser process [70].
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ω

Figure 3.6: Schematic sketch of the spatial pulse fluence distribution plotted with different peak

fluences Fp. The threshold fluence Fth denotes the minimal fluence necessary for processing

of the material. The diameter D is the resulting ablation crater (or processing diameter) for

the specific peak fluence.

3.3.2 Material laser ablation properties

In the previous section the important laser processing parameters were defined. It would be

helpful to characterize the ablation behavior in the same manner with one value that describes

how the material behaves for a certain peak fluence. A commonly used procedure in the

literature was first proposed by Liu [69]. Originally the method was used to determine the

threshold of amorphization for laser processing of crystalline silicon wafers. Figure 3.6 shows

a schematic plot of the spatial pulse fluence distribution from Equation 3.5. To describe the

relation between the ablation crater diameter D and the used peak fluence Fp Equation 3.5

can be rewritten to,

D2
= 2ω0

2ln

(

Fp

Fth

)

or (3.12)

= 2ω0
2

[

ln

(

2Ep

πω0
2

)

− ln(Fth)

]

(3.13)

= 2ω0
2
[

ln
(

Ep

)

− ln(Eth)
]

. (3.14)

Equation 3.14 shows that due to the Gaussian shape of the laser beam it is possible to reproduce

the Gaussian fluence distribution. A requirement is a processing behavior of the material

with a constant threshold fluence Fth=2E th/πω2
0 (with E th as the threshold energy). When the

squared ablation crater diameter D2 is plotted as a function of the natural logarithm of the

peak fluence Fp=2Ep/πω0
2 (or Ep) a linear behavior is expected.
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ω

Figure 3.7: Example of a Liu-Plot for substrate side processing of SnO2:F with a wavelength of

355 nm and a beam spot radius of ω0=19.3µm. A linear regression is inserted with a dotted

line. Extracted parameters are: ω0,Liu=16.6±0.06µm and Fth=0.52±0.03 Jcm-2. Processing was

done through the substrate side. Normalization factor E0 is 1 J.

An example of such evaluation according to the method proposed by Liu is shown in Figure 3.7.

The graph shows the squared single spot crater diameter plotted against the natural logarithm

of the laser pulse energy. Front-contact TCO material (SnO2:F) was used for processing from

the substrate side with a laser wavelength of 355 nm. The slope of the linear regression

equals 2ω0
2 and gives a good estimate of the actual laser beam spot size on the sample.

For the example given in Figure 3.7 the laser beam spot radius ω0 measured with a beam

profiler was 19.3µm whereas the extracted value is ω0,Liu=16.6µm. In the original reference a

maximal deviation in the range of 20% is stated for processing from the film side. Therefore,

good agreement between both values leads to conclude that processing of material is done

approximately in focus.

The second parameter, for characterization of the material properties, is the value extracted

from the extrapolation of the linear regression with the x-axis (extrapolation to D2
→ 0). This

value is a measure for the amount of laser pulse energy that is required for the ablation of a

given crater diameter and is called threshold energy Eth [69]. An increase of this material/pro-

cess parameter would lead to a shift along the x-axis, ergo an increased energy is required to

achieve a similar crater diameter. From the example a value of Fth=0.52±0.03 Jcm-2 is extracted

which is in good agreement with values from literature for a similar setup [71, 72].

Changes of the slope that are observed in the Liu-Plot can indicate a change of ablation behav-

ior. A change of behavior can be caused by, for example, nonlinear effects like multi-photon

absorption at high peak intensities [73, 74]. However, distortions of laser beam shape at a high

power operating regime can be a reason as well [75].
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For substrate side processing a certain behavior is observed in the Liu-Plot. In reality, an

arbitrary downscaling of the ablation diameter to the threshold fluence is not possible. A

certain minimal necessary fluence is required for full ablation of the material. Below this

so-called onset fluence or energy only bulging and blistering of the layer is observed. It is

always higher than the threshold fluence and further details on this behavior will be given

later on.

3.3.3 Determination of the processing beam spot size

Careful determination whether processing is done in focus or not is an additional application

of the Liu method. Especially when higher focusing optics are used, with a rather small

Rayleigh length, processing is sensitive on the z value of the axis. If the slope, derived from the

linear regression of the Liu-Plot, is plotted as a function of optics/sample distance z a relation

corresponding to the caustic of the beam is observed.

Figure 3.8 show the results for the determination of the focal point, exemplary for the higher

focusing optics of the 532 nm laser (see 3.2). It can be seen that the DOF is in good correlation

with the measurements from the beam profiler in Figure 3.4. Unfortunately, even though

many measurement points are taken, large deviations can be seen for certain optics/sample

distances. This is partly owed to the characterization method that is used for the determination

of the ablation crater diameter.

In Figure 3.9 the evaluation procedure is shown and the difficulties involved with this approach

that are also relevant for the accuracy of the extracted threshold energies/fluences. An open

source software called ImageJ was used for image processing of the optical microscopy picture

of the laser ablation craters [76].

First a batch of microscope images is loaded into the software. In a next step the images are

converted into 8 Bit grayscale images. Then a grayscale color threshold is adjusted for proper

detection of the crater diameters. The threshold images are used for edge detection of the

individual craters. The edge is finally fitted to ellipses and the major diameter is used for the

evaluation. Each measurement set usually consists of 5–10 craters per processing parameter.

One important detail can be seen in Figure 3.9 when looking at the threshold step. The area

that determines the ablation crater is highly dependent on the set contrast threshold. Although,

batch processing will use the same threshold for the whole series of images, an offset created

by this threshold directly translates into the threshold fluence Fth which is a possible error

source. The slope extracted from the Liu-Plot is not affected by this evaluation procedure as

long as the threshold is constant throughout the whole set of images.

Another possible error source is observed for certain material/laser combinations when

changes of the ablation behavior occur. Changes of the crater edge morphology translate into

jumps and offsets of the detected diameter. It is necessary to adjust the image processing

threshold in these regimes or measure every crater manually. An example of such changes of
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Figure 3.8: Results of focus sweep via Liu-Plot processing of amorphous silicon (a-Si:H) ma-

terial for different focusing optics of the 532 nm laser. Focal lengths are: a) f=300 mm. b)

f=116 mm. c) f=56 mm. Each point the graph corresponds to the slope of the linear regression

of a Liu-Plot at the specific optics/sample distance. Each Liu-Plot made for six different pulse

energies and each squared crater diameter determined by the average major axis diameter of

three different laser spots via an elliptical curve fit (one point for f=300 mm).
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Figure 3.9: Image processing approach for ablation crater diameter determination shown

exemplary for processing of SnO2:F TCO material with 532 nm, Ep=5.7µJ, and a focal length of

f=56 mm. Fit parameters are the crater area in µm2 and diameter of the major axis of the fit

ellipse in µm.

Figure 3.10: Optical microscopy images for single crater ablation of ZnO:Al TCO material

processed with 532 nm. Parameters are: a) Low peak fluence regime. b) High fluence regime.

Distinct differences of the crater edge morphology between both regimes are observed.

the crater edge morphology is shown in Figure 3.10. A change of ablation behavior between

a low and high peak fluence regime for processing of ZnO:Al TCO material with 532 nm lead

to differences of the crater edge morphology. The crooked edge for the low peak fluence

regime (cf. Figure 3.10(a)) will yield a different crater diameter than the sharp crater edge in

Figure 3.10(b).
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4 Characterization methods

This chapter is dedicated to the characterization of the laser processed materials and/or the

solar cells properties affected by the nearby laser scribes. Various spatially resolved methods

and setups were used in this thesis. Alongside with these methods, special test-structures are

introduced, that offer simplified evaluation of the macroscopic electrical properties of the

laser scribes. Therefore, deterioration of performance by the laser processes can be identified

without the implementation into fully processed solar modules. Thus, allowing a separation

of interfering effects.

But first, for the investigation of the laser ablation mechanisms a simple procedure for the

qualitative evaluation will be introduced in the next section. This method can be applied for

each scribing process P1 to P3 (and therefore processing of the different materials).

4.1 Ablation mechanisms

To understand the driving mechanisms behind laser ablation it is important to get insight into

the laser ablation behavior. The behavior can be strongly affected by the material and laser

wavelength combinations used for the processes P1 to P3. A qualitative approach to get an

idea of the maximal temperatures or material phase changes is the evaluation of the ablated

material.

A simple setup is shown in Figure 4.1 that is used for the collection of the ablated material. Two

spacers are placed on the film side of the sample with a thickness of 2–3 mm. On these spacers

a transparent adhesive tape is used for capturing the laser ablation debris that was accelerated

from the laser scribe. After processing, the debris captured with the tape can be evaluated

with an optical microscope. It is possible to conduct this experiment for each process P1 to P3

since the contrast between debris and the tape is high under the optical microscope.

It is further possible to remove the tape and attach it upside down to a glass slide for the evalu-

ation with a scanning electron microscope (SEM). Unfortunately, for this case it is necessary

to use a vacuum compatible tape (for instance Kapton tape from DuPont). However, it is
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Chapter 4. Characterization methods

Figure 4.1: Schematic sketch of the sample setup used for the collection of ablated material
debris. The number of deposited layers corresponds to the specific process under investigation
(only glass and front-contact for P1, additional absorber for P2, and whole layer-stack for P3).
Sketches show: a) Side view with illumination direction through the substrate. b) Top view
with scribing direction for single spot ablation.
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not transparent enough for pre-evaluation with the optical microscope. To avoid electrical

charging of the polyimide tape in the SEM a thin 1–2 nm thick iridium layer is sputtered onto

the tape.

From the size, shape, and number of the debris particles it is then possible to differentiate

between different ablation driving processes and regimes. From the contrast of the particles it

is also possible to relate each particle to the different layer materials.

This method is more suitable for higher focused beams. The divergence of the laser beam

needs to be sufficiently large so that no heating/damaging of the tape by the laser beam occurs.

4.2 Conductivity Atomic Force Microscopy

The first spatially resolved measurement technique that is primarily used for the electrical

characterization of the front-contact material is the conductivity Atomic Force Microscopy

(c-AFM) [77]. Figure 4.2 shows the setup of the c-AFM measurement system. The front view

in Figure 4.2(a) shows the AFM cantilever and tip hinged at a piezo scanner in Z direction

for control of the cantilever deflection/contact force. The deflection is measured by laser

interference on the highly reflective back side of the cantilever. The impinging laser beam

is reflected and interferes destructive or constructive depending on the deflection of the

cantilever. This leads to an intensity modulation of the reflected laser beam. The top view in

Figure 4.2(b) shows the scanning routine of the AFM measurement. Each line is scanned in

forward and backward direction. Thus, two separate topography scans are obtained which

should show no differences if the control parameters are set properly (PI coefficients).

In contrast to pure topography scanning, an electrically conductive AFM tip is used which is in

mechanical contact with the sample surface [78]. The sample is contacted with a conductive

silver tape and biased with a DC voltage between -10 V and 10 V. The AFM tip is electrically

grounded acting as the back electrode for the current flow. The overall current flow is domi-

nated by the conductivity of the material at the direct tip/surface contact. This is owed to the

small current flow through the sample and current constriction near the direct tip/sample

surface. Hence, different distances to the ground electrode through the front-contact material

do not distort the measurement.

A logarithmic current/voltage amplifier is used for current detection because of their large

measurement range [79]. The minimal detectable current flow is approx. 1 nA. This lower limit

is perfectly sufficient for the AFM tip and front-contact material combinations that were under

investigation. There are further approaches that make use of Lock-In amplification to improve

the signal to noise ratio [80].

There is a large variety of conductive AFM tips and cantilever geometries available on the

market. But only a few of them are suitable for contact mode measurements that require long

cantilever lengths. A long cantilever is equivalent with a low spring constant (0.01–2 N/m) for

gentle scanning of the surface with a small contact force in the range of 1–2 nN. Sometimes
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Figure 4.2: Sample setup for the c-AFM measurement system that is used for the electrical
characterization of the front-contact material after P1 processing near the laser scribe edge.
View are: a) The distance measurement of the cantilever with the help of the interference
of a laser beam with the back surface of the tip and current measurement circuity with volt-
age source VDC. b) The geometry of grounding via silver tape and the scan direction of the
cantilever. Each line is scanned in forward and backward direction.
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4.2. Conductivity Atomic Force Microscopy

Figure 4.3: Typical c-AFM measurement at the laser scribe edge (P1) of SnO2:F front-contact

material processed a 355 nm laser. Plots show: a) Topography. b) Current flow map. The red cir-

cle marks the spots top compare geometrical effects of the topography with the corresponding

current flow at the same spot.

higher forces (µN) are also applied, for instance, when the sample surface is covered with an

non-conducting oxide layer [81].

The conductive AFM tip often consists of structured crystalline silicon, that defines the tip

shape. Subsequently the bare tip is coated with conductive material like Gold, Silver, Platinum,

or Chromium [82]. There are also tips that are coated by metal alloys like Platinum with Iridium

(PtIr5, for example PPP-ContPt from Nanosensors). Furthermore, diamond-coated tips that

are doped with boron (CDT-CONTR from Nanosensors) are also commonly used [83].

It is understandable that the coated conductive AFM tip radius is always higher than the

radius of the bare silicon tip. The bare tip radius is typically in the range of 10–30 nm. When a

conductive coating is deposited a radius of 30 nm is the lower limit of commercially available

AFM tips. However, tips coated with the boron-doped diamond exhibit a much larger tip

radius between 100 nm and 200 nm.

For the measurements done for this work all experiments were conducted with boron-doped

diamond coated AFM tips. A sub-100 nm resolution is not absolutely necessary and the higher

mechanical durability compared to AFM tips coated with PtIr5 is much more advantageous.

Figure 4.3 shows a typical c-AFM measurement of SnO2:F front-contact TCO material near

the scribe edge created with 355 nm. There are distinct differences of the topography and the

current flow, particularly in the direct vicinity of the scribe. More importantly, geometrical

effects can have a huge impact on the specific current flow that is measured. Generally, the
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measured c-AFM current flow is dominated by the resistivity of the material that is scanned.

However, it also depends on the contact force of the tip and the effective contact area between

AFM tip and sample surface [84, 85]. Quantitative conclusions of the resistivity are only

reasonable for very smooth surfaces so that there are no changes of the contact force and area

during scanning.

For the region marked with the red circle in Figure 4.3 it can be seen that the corresponding

current flow in this region is below the detection limit of the current amplifier. Differences of

the conductivity at these points (more of these artifacts can be found in the measurement) are

unlikely. It is possible that this drop in current flow is due to a decreased tip/sample contact

area. Another explanation for the artifacts could be deviations of the contact force by the

control loop caused by steep slope changes of the topography.

In literature the influence of the sample geometry on the measurement is well known for

potential or capacitance measuring non-contact methods. These methods usually also require

very smooth surfaces. Cross-talk from deviations of the interaction area by a rough topography

can be quite high [86]. There are approaches for signal correction [87] that can maybe also

applied for c-AFM by modeling of the tip/sample contact [88]. But these were not applied in

the scope of this thesis.

4.3 Laser Beam Induced Current

For the determination of possible impact from laser processes on the actual solar cell per-

formance Laser Beam Induced Current (LBIC) measurements on fully processed cells were

carried out [89]. Figure 4.4 shows simplified front and top view sketches of the measurement

setup that was used. The measurement laser beam is directed through a focusing microscope

onto the sample surface from the substrate side. The sample movement is controlled by a

X −Y translational stage. The excitation is done with a Helium-Neon (HeNe) cw laser source

with a wavelength of 633 nm exhibiting a TEM00 mode output. The average power of the

laser is adjusted with neutral a density filter. Focusing is done with a 20x/0.4NA microscope

objective leading to a spot diameter of approx. 3µm on the sample. However, due to illumina-

tion through the substrate side and light scattering at the roughed front-contact material the

effective spot size is slightly larger. The average power is adjusted to 60 nW and an intensity of

8.45 kW/m2 is estimated. With this intensity a good signal-to-noise ratio is ensured with low

distortion by the temperature increase during the measurement for all investigated types of

solar cells.

The reference back-contact systems consisting of ZnO:Al/Ag/ZnO:Al is used. Hence, illumina-

tion of the sample is done through the substrate side.

For the current measurement the laser beam is first modulated with a chopper with a rotation

frequency of 214 Hz to create the signal for the Lock-In amplifier [84]. The solar cell is contacted

electrically with adhesive silver tape at the front- and back-contact. The current measurement
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4.3. Laser Beam Induced Current

Figure 4.4: Laser Beam Induced Current (LBIC) measurement setup sketch. The laser beam of
a 633 nm HeNe laser source is focused and illuminates the sample from the substrate side with
an average intensity of 8.45 kW/m2. The views show: a) The solar cell is contacted at the front-
and back-contact and the generated photo current is measured with a Lock-In Amplifier under
short-circuit conditions. b) Top view shows the scan direction of a single line scan across the
P1 scribe processed within the solar cell. A laser beam spot size of approx. 3µm is used for the
measurement.

45



Chapter 4. Characterization methods

under short-circuit conditions is done directly with the Lock-In amplifier (type SR830 from

Standford Instruments).

Scanning of the sample is done with a step size of 500 nm and two seconds relaxation time for

the mechanical system before the next point is measured (see Figure 4.4(b)). Due to the long

measurement times with such high resolution only single line scans are reasonable without

mechanical drift. Each line is scanned across the laser scribe under test with a pre-evaluation

of the scribe edge positions with the optical microscope.
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5 Front-contact structuring process P1

The first step to realize the series connection of thin-film solar modules, in p-i-n superstrate

configuration, is the front-contact removal process (P1) for individual cell stripe definition (cf.

Figure 2.9). The P1 process and the geometrical scribe width minimization is the matter of

investigation of this chapter.

To allow for geometrical scribe width minimization first, the material ablation behavior of two

commonly used transparent conductive oxide materials (TCO) was characterized for different

laser processing wavelengths. These two TCOs were sputtered aluminum-doped zinc oxide

(ZnO:Al) and fluorine-doped tin dioxide (SnO2:F) (deposited by CVD).

In the second part, possible driving mechanisms behind laser ablation in dependence of the

wavelength are introduced and discussed. Afterwards, extent and origin of visual changes of

the front-contact material in direct adjacency to the scribe lines were characterized. The visual

changes lead to a negative impact on the solar cell properties. Additionally, characterization

was done with and without wet-chemical post-treatment (etching or cleaning of the TCO

layer). Finally, impact on electrical properties from width-reduced scribes was calculated and

results of process implementation in a-Si:H/µc-Si:H tandem solar modules will be shown.

5.1 Material ablation behavior

The first section presents the results of the front-contact laser structuring behavior of ZnO:Al

and SnO2:F TCO material. Processing was done by laser sources with the wavelengths of

355 nm, 532 nm, and 1064 nm. Single spot ablation from the substrate side was used for the

determination of the relationship between crater dimensions and illuminating laser pulse

energy.

The Liu method was used to characterize material properties, processing windows, and laser

beam parameters. This was possible since all laser sources exhibit a spatial Gaussian intensity

distribution (cf. Section 3.3) [69]. Please refer to Section 3.3.2 where the evaluation of the

experimental data is described.
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The Liu-Plots for processing of both TCO materials with three different laser wavelengths are

shown in Figure 5.1. A comparison of the intercept with the x-axis shows the thresholds for

processing of both TCO materials. When 355 nm is used the thresholds are at least one order

of magnitude lower than for processing with 532 nm and 1064 nm. For a better overview, all

extracted values are listed in Table 5.1. A comparison of measured beam spot radii from the

Table 5.1: Overview of extracted values from Liu-Plots in Figure 5.1 for processing of ZnO:Al
and SnO2:F TCO material with laser wavelengths of 355 nm, 532 nm, and 1064 nm.

Material Wavelength λ Beam profiler
spot radius ω0

Extracted spot
radius ω0,Liu

Threshold
fluence F th

SnO2:F 355 nm 8.0µm 11.2±0.3µm 0.38±0.12 Jcm-2

SnO2:F 532 nm 10.5µm 7.1±0.3µm 3.63±0.33 Jcm-2

SnO2:F 1064 nm 8.1µm 6.6±0.4µm 3.60±0.51 Jcm-2

ZnO:Al 355 nm 8.0µm 9.2±0.3µm 0.25±0.05 Jcm-2

ZnO:Al 532 nm 10.5µm 14.3–17.7µm 4.08–6.11 Jcm-2

ZnO:Al 1064 nm 8.1µm 8.4±0.3µm 3.67±0.41 Jcm-2

beam profiler with extracted values from the Liu-Plots shows some differences. It should be

noted that the thickness of the substrate for the SnO2:F TCO material and ZnO:Al TCO material

were different (3 mm and 1.1 mm) and irradiation was done through the substrate. Even though

the distance between optical system and sample were adjusted accordingly, differences of the

beam spot radius on the material surface are possible. All extracted laser beam radii are more

or less within the 20% accuracy margin proposed in the original reference [69].

One exception is observed for ZnO:Al processing with 532 nm where the extracted value of

ω0,Liu=14.3–17.7µm is significantly higher than what was measured by the beam profiler. The

difference between both radii can be accounted to changes of the crater morphology as a

function of the laser pulse energy. There is a jump between a low pulse energy regime and a

high pulse energy regime with a similar slope within each regime (compare linear regressions

in Figure 5.1(b)).

The observed jump is mainly attributed to the method of crater evaluation. The evaluation

depends on the color threshold that is set for the crater edge detection. Refer to Section 3.3.2

for a detailed description of the evaluation process. If the ablation behavior changes the

threshold changes as well leading to an offset of the crater diameter between different regimes.

The uncertainty of crater evaluation is also the reason why there are gaps in the Liu-Plot

for ZnO:Al processing with 355 nm (compare value range of ln(E p/E 0) between 0.6 and 1 in

Figure 5.1(a)). A clear diameter could not be defined due to non-circular ablation craters in

certain pulse energy regimes.

Non-uniformity and low control of the crater edge morphology is unfavorable for a clean

scribe line definition. It is a first sign that 355 nm, in combination with small beam spot sizes,

is not ideal for front-contact structuring. Especially for TCO material that shows a highly brittle

fracture behavior (critical strain <1% [90]).

48



5.1. Material ablation behavior

Figure 5.1: Squared single spot crater diameter vs. natural log. of laser pulse energy for
processing of SnO2:F (filled symbols) and ZnO:Al (empty symbols) front-contact material.
Processing parameters are: a) 355 nm and ω0=8.0µm. b) 532 nm and 10.5µm. c) 1064 nm
and 8.1µm. Dotted lines represent linear regressions for each measurement set. Substrate
thickness for SnO2:F is approx. 3 mm and 1.1 mm for ZnO:Al. Processing was done through
the substrate side.
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Large differences of the threshold fluences between 355 nm and 532 nm/1064 nm are found

for both TCO material systems. A much lower peak fluence is required when processing is

done with 355 nm. Furthermore, for processing of SnO2:F there are no big differences in the

threshold fluences between processing with 532 nm and 1064 nm. However, when comparing

those two wavelengths for processing on ZnO:Al the threshold for 532 nm is higher. In the

literature some similar measurements were found for processing 532 nm and 1064 nm. In

general, the values for F th differ quite substantially to the present results [91, 92].

Just by considering the extracted threshold fluences it follows that ablation efficiency is the

highest for processing with 355 nm. It is important to know where differences of the threshold

fluence originate from. It seems that especially the processing wavelength has a high influence

on the ablation efficiency as well as the process quality. In the next section the mechanisms

behind laser ablation of TCO material were investigated.

5.2 Mechanisms driving laser ablation processes

Investigations of the material ablation behavior showed that there are distinct differences of

the threshold fluences depending on which processing wavelength is used. Insight into the

driving ablation mechanisms is required.

In general, pulsed laser ablation with pulse durations in the nanosecond regime can have dif-

ferent physical mechanisms dominating material removal [93]. In the following, the different

mechanisms will be briefly introduced and their applicability to interpret the results for TCO

ablation will be compared.

Vapor-Stress Induced Laser Ablation: mechanical forces generated by the gas pressure of

evaporated material can be a significant driving mechanism behind laser ablation [94, 95, 96,

97].

In the simplest case, the material which is ought to be ablated is deposited onto a substrate

which is highly transparent for the used laser wavelength. In contrast, the layer itself is highly

absorbing. Thus, when illumination with the laser is done through the substrate the highest

absorption of the laser pulse energy is at the substrate/layer interface region. The material is

heated, melted, and finally evaporated in a rather small volume at the interface. Mechanical

work is done by the expansion of the gas bubble or blister. This leads to high mechanical

stresses in the remaining, mostly solid, layer material. Above a certain yield or critical stress in

the layer the gas bubble breaks and the layer material above is accelerated and removed. The

ablation energy efficiency can be quite high for vapor-stress induced ablation since a phase

change takes only place for a small fraction of material.

Thermal-Stress Induced Laser Ablation: another possible mechanically-assisted ablation

mechanism is supported by stresses generated from thermal expansion. Many different modes

of stresses and strains are potential mechanisms of removal depending on the thermal material

properties and layer-stack topology. These are:
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• High differences of the thermal expansion coefficient (CTE) between different layers

that are in contact. Large mechanical stresses can form upon uniform temperature

increase [98].

• Large temperature gradients within individual layers can create high mechanical stresses

as well. A strong spatial gradient in temperature is possible when laser heating of the

material is non-uniform due to, for example, a high optical absorption coefficient [99].

• Since optical absorption between substrate and the layers on top can be very different

large temperature differences between the layers can occur. Consequently, depending

on the thermal expansion coefficients of the involved material, large thermal stresses

can build up.

Just like ablation assisted by gas pressure, mechanisms dominated by thermal-stress can be

very energy efficient since no material is objected to any phase transitions [100].

Classical laser ablation: thermal heating, melting, and evaporation is the most common type

of laser ablation. The optical energy is absorbed and transferred into thermal heating with

subsequent melting and finally evaporation of the layer material. Compared to the two prior

described mechanisms, ablation efficiency is the lowest when classical ablation behavior is

dominating. This is owed to the absence of any mechanically-assisted force removing the layer

material. The layer is removed by a complete phase change into the vapor phase [101].

The ablation behavior of many material systems which are all irradiated from the film side can

be described by classical ablation mechanisms. Good agreement between experiment and

model simulations can be found [102, 103]. However, there was no extensive research found

for laser ablation from the substrate side.

Correlation to the present results: a comparison of the different domination ablation mecha-

nisms with the experimental findings can be done. For this, the optical absorption of the laser

pulse energy according to the Lambert-Beer law is assumed. Furthermore, for laser processing

with pulse durations in the nanosecond regime, it is reasonable to assume a direct correla-

tion between optical absorption and thermal heating of the TCO material. The absorption

coefficient detected with low intensity illumination was evaluated for the laser processing

wavelengths 355 nm, 532 nm, and 1064 nm.

Figure 5.2 shows transmission and reflectance measurements of both TCO materials for all

laser processing wavelengths. In Figure 5.2 as-sputtered flat ZnO:Al exhibits significant fringes

due to the interferences at the interfaces [104]. For SnO2:F these interferences are almost

leveled out due to the rough surface texture. Table 5.2 shows a summary of the calculated

absorption coefficients from the spectra in Figure 5.2 for the processing wavelengths. The

highest absorption coefficients are observed for 355 nm on both material systems. Direct

absorption is dominant in the wavelength regime close to the optical band gap. For a wave-

length of 532 nm the absorption is decreased more for ZnO:Al than for SnO2:F. Both materials

are highly transparent in the visible wavelength region (VIS) and only defect absorption is

51



Chapter 5. Front-contact structuring process P1

λ

Figure 5.2: Transmission and reflectance spectra for both, as-sputtered flat ZnO:Al, and SnO2:F

TCO material. The inset lines mark the corresponding values at the three relevant laser

processing wavelengths. The thickness of both front-contact materials was measured to be

approx. 800 nm.

Table 5.2: Overview of calculated absorptions coefficients from the spectra in Figure 5.2 for

wavelengths of 355 nm, 532 nm, and 1064 nm.

Material Evaluation wavelength

λ

Absorption

coefficient α

Optical penetration

depth δ

SnO2:F 355 nm 4886 cm-1 2.1µm

SnO2:F 532 nm 1266 cm-1 7.9µm

SnO2:F 1064 nm 1926 cm-1 5.2µm

ZnO:Al 355 nm 9442 cm-1 1.1µm

ZnO:Al 532 nm 220 cm-1 45.5µm

ZnO:Al 1064 nm 2366 cm-1 4.2µm
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present [105]. In the near infrared region (NIR) at 1064 nm absorption is increased due to the

free carrier absorption [106].

For both materials the absorption coefficient for 355 nm is much higher than for 532 nm or

1064 nm. A higher fraction of the incoming laser pulse energy is absorbed throughout the

TCO layer. Large differences of the absorption coefficient could explain the differences of the

threshold fluences that were observed from the Liu-Plots (cf. Table 5.1).

However, there are discrepancies between the threshold fluence Fth and the optical absorption

coefficient α observed for processing of ZnO:Al. On the one hand, processing with 532 nm

(4.08–6.11 Jcm-2) and 1064 nm (3.67±0.41 Jcm-2) leads to small differences of Fth. On the other

hand, the difference of α between 532 nm and 1064 nm (220 cm-1 vs. 2366 cm-1) is significant.

Thermal laser annealing of ZnO:Al is known to have an impact on the free carrier absorp-

tion [107, 108] decreasing the absorption coefficient for 1064 nm. For processing with 1064 nm

on ZnO:Al a transient annealing could be one reason for the discrepancy between processing

behavior and optical measurements.

Quite different values of the optical penetration depths δ are obtained between the processing

wavelengths and TCO materials. Yet, the lowest value of 1.1µm is the only value comparable

with the layer thickness of 800 nm. The high optical penetration lengths would mean that

heating of the layer is almost homogeneous throughout the thickness layer.

In general, the changes in ablation behavior cannot be completely explained by the different

optical properties of the TCOs for most material/wavelength combinations. To investigate

whether this can be explained by different ablation mechanisms further experiments were

carried out.

Ablation debris recollection: during laser processing of SnO2:F, ablation material was col-

lected as described in Section 4.1. The ablation debris particle number, size, and especially the

shape can give information on the ablation mechanisms. Figure 5.3 shows optical microscopy

images of ablation debris collected from processing. The particle size drastically decreases

when the processing wavelength of 355 nm in Figure 5.3(a) is changed to 532 nm (Figure 5.3(b))

and 1064 nm (Figure 5.3(c)). Besides the change of particle size between different processing

parameters there is also a change in shape observed.

When processing is done with 355 nm most particles exhibit an angular shape as well as sharp,

pointed edges. Debris collected from processing with 532 nm show sharp, pointed edges as

well, but with a smaller average particle size compared to 355 nm. Processing with 1064 nm

leads to more spherically shaped particles. However, a small fraction of particles with sharp

edges and angular shape can be found here as well.

For a better visualization of the different particle shapes, both processes from Figure 5.3(a) and

Figure 5.3(c) are shown with higher magnification in Figure 5.4. The clearly spherically shaped

particles for processing with 1064 nm (red circles in Figure 5.4(b)) indicate that debris from
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Figure 5.3: Optical microscopy images of ablation debris captured from SnO2:F front-contact

material processing. The used parameters are: a) λ=355 nm and Fp=1.74 Jcm-2. b) λ=532 nm

and Fp=2.43 Jcm-2. c) λ=1064 nm and Fp=4.50 J/cm-2. The distance between adhesive tape

and TCO layer is approx. 2–3 mm.
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Figure 5.4: Magnified view of optical microscopy images of ablation debris captured from
SnO2:F front-contact material processing. Parameters: a) λ=355 nm and Fp=1.74 Jcm-2. b)
λ=1064 nm and Fp=4.50 Jcm-2.
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ablation is in fact resolidified molten material. In the contrary, no signs of molten material can

be found in for processing with 355 nm in Figure 5.4(a).

These results were confirmed as well for processing of ZnO:Al. It shows that there can be

fundamental differences between the dominating ablation mechanisms depending on the

used laser wavelength and/or parameters.

Ablation with 355 nm is highly assisted by mechanical forces while it is less pronounced for

532 nm. For processing with 1064 nm a transition to a predominantly classic thermal ablation

regime is observed. The remaining question is whether classical, vapor-stress or thermal-stress

induced ablation is the driving mechanism behind ablation with 355 nm.

Thermal heating behavior: in a first step simple calculations were made to estimate if evapo-

ration of the whole TCO layer occurs during processing with a wavelength of 355 nm. Experi-

mental data of the ablated volume and used laser pulse energy was required and extracted

from the corresponding Liu-Plot. Together with thermal properties of the processed TCO a

calculation of the required energy for evaporation of said volume was carried out.

The optical properties are not considered and absorption of the complete pulse energy is

assumed. Thus, the energy is used for heating of the material volume. The Equation 5.1

describes the required phase change energy (compare [94]),

Esv =
π

4
D2tρ

£
cp (Tv −Tamb)+∆fH

0 +∆fusH
⁄

. (5.1)

Where Esv is the required energy for a phase transition from solid to vapor, D2 is the squared

crater diameter, t the layer thickness, ρ the density, and cp the heat capacity at constant

pressure. Furthermore, boiling and ambient temperatures are given by Tv and Tamb. Since

both materials sublime above their melting temperature only the enthalpy of formation ∆fH
0

and enthalpy of fusion ∆fusH are required. Table 5.3 lists an overview of the material properties

for bulk ZnO and SnO2 from literature used for these calculations. For the calculation, the

Table 5.3: Overview of material properties used for calculations according to Equation 5.1 of
full phase transitions of ZnO and SnO2.

Material Property Value Original Ref.

ZnO Density ρ 5704 kg/m3 [109]
ZnO Heat capacity cp 505 J/K kg [110]
ZnO Boiling temperature Tv 2223 K [111]
ZnO Enthalpy of fusion ∆fusH 860 kJ/kg [112]
ZnO Enthalpy of formation ∆fH

0 4305 kJ/kg [112]
SnO2 Density ρ 7020 kg/m3 [113]
SnO2 Heat capacity cp 354 J/K kg [113]
SnO2 Boiling temperature Tv 2203 K [113]
SnO2 Enthalpy of fusion ∆fusH 155 kJ/kg [112]
SnO2 Enthalpy of formation ∆fH

0 3833 kJ/kg [112]
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experimental crater diameter and corresponding pulse energy close to experimental values

where debris experiments indicate clear mechanical behavior (cf. Figure 5.4(a)) are used. The

theoretical energy required for a complete phase change is derived for a volume calculated

from the crater diameter and layer thickness. A comparison between the calculated and

experimental energies is listed in Table 5.4. The calculated values from Table 5.4 indicate

Table 5.4: Comparison between experimental and calculated energies required for removal
of material volume of ZnO and SnO2. *Calculations were made with material parameters of
undoped crystalline ZnO and SnO2.

Material Wavelength λ Experimental
pulse energy Ep

Crater diameter D *Calculated
energy Esv

ZnO:Al 355 nm 0.70µJ 11.0µm 2.74µJ
SnO2:F 355 nm 1.40µJ 12.4µm 3.10µJ

that for processing with 355 nm the required energy Esv is significantly higher than the raw

experimental pulse energy value. Even with the rough assumption of complete absorption by

neglecting the optical properties the energy is not sufficient for classical ablation.

In a second step, vapor-stress induced ablation by a differential phase transition is consid-

ered as a possible reason for ablation. The prior calculated values of Esv are compared with

the required energy density for a differential phase transition at the TCO/substrate interface

considering decaying absorption. The absorption coefficient for 355 nm is used for the calcula-

tions. The amount of energy absorbed in the depth z can be defined by the following equation,

E(z) = Ep
£
1−exp(−αz)

⁄
. (5.2)

Here, Ep is the pulse energy and α as the absorption coefficient. Furthermore, the derivative

of Equation 5.2 can be calculated to obtain the pulse energy density in z direction,

dE(z)

dz
= Epαexp(−αz) . (5.3)

The maximum of Equation 5.3 can be found for z=0 which is simply Epα. Furthermore,

the energy density calculated divided by the layer thickness Esv/t can be evaluated as well.

Table 5.5 shows a comparison of both values. The comparison of the maximal apparent

Table 5.5: Comparison between experimental and calculated energy density for the values
derived from Table 5.4.

Material Wavelength λ Required energy
density Esv/t

Maximal energy
density Epα

ZnO:Al 355 nm 3.43 J/m 0.66 J/m
SnO2:F 355 nm 3.88 J/m 0.68 J/m

(Epα) with the calculated required energy density (Esv/t ) shows significant differences. This

leads to conclude that in fact vapor-stress induced ablation is not the driving mechanism
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behind ablation with 355 nm. Under the assumption of a constant absorption coefficient

thermal-stress is most probably the dominating ablation mechanism.

Please note that absorption coefficients detected under low light intensity illumination were

used for these calculations. Further phase transition calculations showed that for processing

with 532 nm and 1064 nm the required energy densities cannot be reached as well. Therefore

it is possible that optical properties are not transferable to describe the transient properties

during nanosecond laser ablation. It is possible that the absorption coefficient is influenced by

the temperature [114, 115] and/or illumination intensity due to multi-photon absorption [116].

In a next step, results from single spot ablation behavior were used for the realization of

optimized P1 scribe line processes with a reduced scribe width. Origins for limitations were

identified and will be discussed. It will be shown that a scribe width well-below 10µm is

achievable for every processing setup.

5.3 Geometrical scribe width optimization

From the Liu-Plots of each TCO material and processing wavelength combination it could

already be seen that crater diameters well-below the optical laser beam spot size are achievable.

A crater diameter below the beam spot size is only possible due to the Gaussian intensity

distribution of the laser beam. Figure 5.5 shows the different approaches that were used to

find the optimal front-contact structuring parameters for processing of SnO2:F and ZnO:Al

TCO material.

Approaches for scribe width reduction: in principle there are two main ways to reduce the

width of laser scribed lines when using laser beams with a spatial Gaussian intensity distribu-

tion. Figure 5.5 shows schematically the pulse fluence distribution F (r, z) of the focused laser

beam on the sample surface. The peak fluence Fp is defined as, Fp=2Ep/πω0
2 with Ep as the

laser pulse energy and ω0 as the laser beam radius in focus. The width wP1 of the laser scribe is

defined where the pulse fluence is above the ablation threshold fluence Fth (see Figure 5.5(a)).

Ablation only occurs where F (r, z) is higher than Fth.

One path to decrease the scribe width wP1 is to adjust the laser pulse energy so that the peak

of the fluence distribution is closer to Fth (Figure 5.5(b) curve 2). A scribe width well-below the

beam spot diameter 2ω0 can be achieved.

However, this simple method is limited by the fact that with peak fluences close to Fth small

material inhomogeneity across the sample can lead to variations of the effective threshold flu-

ence. This can be represented simplified by dFth in Figure 5.5(b). Furthermore, pulse-to-pulse

deviations of Ep can have an influence on the effective pulse fluence on the sample surface

causing processing instabilities.

The second way is to use stronger focusing optics and change the fluence distribution to

obtain a steeper slope and a smaller beam spot radius ω0 (curve (3) in Figure 5.5). Again, with
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ω

Figure 5.5: Schematic plot of the pulse fluence distribution of a laser beam in focus with a

Gaussian intensity distribution. Plots show: a) The shaded area marks the sub-threshold laser

energy. Above the threshold fluence Fth ablation occurs and the scribe width is defined by the

width wP1. b) Influence of stronger focused beams and deviations of the threshold fluence

Fth over the sample area (dFth and shaded box). The curves (1)–(4) represent different laser

beam radii ω0 and peak fluences Fp in accordance with the two different width reduction

approaches.
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Figure 5.6: Optical microscope images of width reduction process for substrate side scribing
of ZnO:Al TCO material with 355 nm. Parameters are: a) Standard process Fp=1.72 Jcm-2 and
ω0=19.3µm. b) Lower pulse energy Fp=0.68 Jcm-2 and ω0=19.3µm. c) Stronger focusing
Fp=8.26 Jcm-2 and ω0=8.0µm. d) Stronger focusing and optimized pulse energy Fp=0.68 Jcm-2

and ω0=8.0µm.

an adjustment of the peak fluence close to Fth reduced scribe widths wP1 can be achieved

(curve (4) in Figure 5.5).

Indeed, the use of stronger focusing optics has certain drawbacks as well. Due to the decrease

of depth-of-focus (DOF) the process is sensitive against variations of the distance between

focusing optics and sample surface.

Both paths have advantages and disadvantages. The optimal trade-off is depending on the

whole system setup consisting of the material, optics, and mechanical machine properties.

In this work a combination of both approaches was chosen and the beam spot radius ω0 was

lowered from 19.3µm to 8.0µm for 355 nm, from 58.7µm to 10.5µm for 532 nm and from

48.0µm to 8.1µm for 1064 nm. A measure of the process stability needs to account for every

deviation of the scribing machine in the Z -plane like flatness of the axes or substrate waviness

[64]. A Z -axis sweep can be used to evaluate the optical process depth (cf. Section 3.3.3). For

all three wavelengths with stronger focusing the processing depth was measured to be at least

±0.2 mm allowing a stable operation with the scribing tool.

The results of both approaches are shown in Figure 5.6 for substrate side processing of ZnO:Al

TCO material with a wavelength of 355 nm. The achieved scribe widths wP1 are in good

correlation to the behavior of the schematic examples from Figure 5.5. With optimized laser

parameters and a beam spot radius of 8.0µm a width reduction of wP1 from 35µm down

to 12µm can be realized. A high electrical insulation between two adjacent cell stripes is

obtained as well. Optimized laser parameters mean not only a minimized geometrical scribe

width but also a clean edge definition without flakes evaluated visually by optical microscopy.

The width reduction process was done for both TCO material systems ZnO:Al and SnO2:F with

the three laser wavelengths 355 nm, 532 nm, and 1064 nm.

Optimized scribe lines: a display of the achieved minimal scribe widths wP1 is shown in

Figure 5.7. All lines were processed without subsequent substrate cleaning for SnO2:F TCO

material or wet-chemical etching of the ZnO:Al samples. The minimal achievable scribe widths

wP1 are all in a similar range and well-below 10µm. The colored circle above each scribe is

an illustration of the theoretical laser beam spot size for the individual process. Except for
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Figure 5.7: Optical microscope images of achieved minimal P1 scribe widths for substrate

side scribing of ZnO:Al and SnO2:F TCO material without etching or cleaning. Parameters

are: a) Fp=0.70 Jcm-2. b) Fp=2.44 Jcm-2. c) Fp=10.20 Jcm-2. d) Fp=0.64 Jcm-2. e) Fp=8.0 Jcm-2. f )

Fp=11.6 Jcm-2. The circle inset in each image represents the beam spot size in focus.

processing with 1064 nm the realized width is only slightly below the spot size. Surprisingly the

lowest stable scribe widths are achieved for processing with the largest spot radius of 10.5µm

with 532 nm (Figure 5.7(b) and Figure 5.7(e)). However, the scribe edges are not as well-defined

as for processing with 355 nm.

A comparison between the optimized processing parameters between the different wave-

lengths is difficult. Multiple factors like process stability, overlap, and focal length are all

important for determining the optimized process parameters. For example, due to the used

wavelength, raw beam diameter, and focal length rather large differences of the depth-of-focus

(DOF) can occur. It is possible that due to a limited DOF an increased peak fluences is required

to obtain a stable scribe line (cf. Section 3.2).

In terms of ablation and energy efficiency 355 nm might be suited best for processing due to

the significantly lower threshold fluence (cf. Table 5.1). However, if thin scribe lines are re-

quired it could be more reasonable to use 532 nm for processing. For this wavelength ablation

is driven by thermal evaporation (classic behavior) instead of stress-induced ablation. Me-

chanically-assisted removal can exhibit an non-uniform scribe edge morphology (cf. missing

data points in Figure 5.1).

However, the results from Figure 5.7 also show that for processing with 355 nm scribe lines

with a clean scribe edge were achieved for SnO2:F as well as for ZnO:Al.

Nonetheless, for certain TCO materials a much higher dependence of the materials fracture

behavior on the used processing wavelength was observed. A different type of SnO2:F TCO

material was processed with 355 nm as well as with 532 nm to compare the distinct differences

in ablation behavior. Figure 5.8 shows optical microscopy images of optimized scribes for

both wavelengths. For processing with 355 nm (Figure 5.8(a)) it is not possible to create thin

scribes well-below the spot size without a highly non-uniform edge and flake formation. In
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Figure 5.8: Optical microscope images of achieved minimal P1 scribe widths for substrate

side scribing of SnO2:F TCO material from the Asahi Glass Company (type VU). Parameters: a)

355 nm and ω0=8.0µm. b) 532 nm and ω0=10.5µm.

contrast, processing with 532 nm creates a smooth scribe edge and very narrow scribe lines.

One process is driven by mechanically-assisted ablation, where rip-off behavior at the edge is

determined by the materials fracture behavior [117]. The other process is dominated by phase

changes and is easily controllable by the laser pulse energy.

These differences of lower scribe width limitations were found for other types of TCO material

as well (not shown here, ZnO:B TCO material with 1.5µm layer thickness). In conclusion,

knowledge of the possible mechanisms that are driving ablation, for a given material/pro-

cessing wavelength combination is crucial for evaluation and optimization of the scribing

process.

Another look on Figure 5.7 shows that, except for processing with 355 nm, the front-contact

material close to the scribe edge shows color changes. There are brighter or darker regions,

as well as splatters from the ablation for processing of ZnO:Al with 1064 nm. In the following

these changes and their impact will be discussed in detail.

5.4 Near scribe edge material modifications

Laser processing for both TCO materials lead to visible material changes in the direct vicinity

of the scribe edge. In literature, these effects are often referred to as heat-affected zones (HAZ).

A HAZ can originate from the sub-threshold energy intake into the non-ablated material (for

example shown in Figure 5.5(a)). The fraction of the pulse energy that is absorbed below

the threshold dissipates thermally and can change the films electrical and/or optical prop-

erties [118]. Recent works from Canteli et al. showed changes of the TCO microstructure by

Raman spectroscopy near the scribe edge which can originate from heat-affected zone forma-

tion [119, 72]. It is important to know whether these optical changes have an impact on the

electrical and/or optical properties. It would be counterproductive if the geometrical scribe

width is optimized to narrow lines but the remaining material aside is highly deteriorated

leading to an effective increase of the dead area losses.
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Figure 5.9: Optical microscope images for processing parameters with a high degree of visual

changes of the TCO material near the scribe edge. Parameters: a) SnO2:F processed with

532 nm and Fp=3.1 Jcm-2. b) ZnO:Al processed with 1064 nm and Fp=10.7 Jcm-2.

Figure 5.10: Conductive Atomic Force Microscopy measurement of SnO2:F TCO material

processed with 532 nm and optimized laser parameters. Plots shown in: a) Topography. b)

Current map. The dashed and solid lines mark the position where averaged line scans were

further evaluated.

Figure 5.9 shows exemplary optical microscope images of two scribes on SnO2:F and ZnO:Al

TCO material. Both parameters were chosen so that the scribe edge material exhibits a high

amount of visible changes. An extent of up to 50µm into the adjacent TCO material is observed.

The optical microscopy image in Figure 5.9(a) shows a darkened region in vicinity of the scribe

line while a brighter region is observed for processing of ZnO:Al in Figure 5.9(b). The extent of

visual changes are approx. 20–30µm into the remaining material aside the scribe.

Electrical properties: to determine the influence of these modifications on the electrical

properties c-AFM measurements were carried out close at the scribe edge, with the setup

described in Section 4.2. The tip was biased with a DC voltage of +2 V and a contact force of

2 nN was applied. Two parameter sets were compared for each TCO material system and each

processing wavelength. One parameter set was chosen to show minimal scribe widths and

minimal visible changes (optimized parameters equal to the parameters from Figure 5.7). The

second parameter set was chosen to create scribe lines with a high amount of visible changes

(referred to as non-ideal or non-optimized).

Topography and current map from c-AFM measurements of a scribe line processed with

532 nm and optimized parameters on SnO2:F are shown in Figure 5.10. Here, no visible

changes were observed with the optical microscope. Nonetheless, when comparing the

position of the scribe edge in the topography with the current map a region near the edge with

a strongly decreased current flow is observed. At a distance of about 15µm off the edge the
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Figure 5.11: Conductive Atomic Force Microscopy line scans of SnO2:F processed with opti-
mized parameters and different wavelengths (see Figure 5.10). Solid lines represent current
flow for 355 nm (blue), 532 nm (green), and 1064 nm (red). Dashed lines correspond to the
topography profile. The current line scans are averaged across ±3µm along the scribe for
better visualization.

current flow recovers to the reference value of the sample. A lowered current flow is observed

homogeneously along the scribe line. Both measurements in forward and backward direction

showed no differences. Therefore, current flow changes due to a non-ideal force/distance

control loop at the scribe edge (steep height change) can be ruled out. One remark is important

to mention for these measurements. The current flow reduction at certain points (see red

circle in Figure 5.10) is most likely due to a topography effect (see Section 4.2). The current

flow is sensitive to the contact area variations between sample surface and tip. Slight changes

of the tip-surface contact area can result in huge differences of the local contact resistance

and therefore current flow.

To compare the influence of the processing wavelengths line scans perpendicular to the laser

scribe were evaluated (see solid and dashed line in Figure 5.10). Figure 5.11 shows a plot of

several line scans of the current flow as well as topography profiles for processing of SnO2:F

with the different wavelengths and optimized laser parameters. The smallest lateral extent

of the region with lowered current flow is observed for processing with 355 nm. For 532 nm

the extent is almost twice as wide. The highest influence on the current flow can be seen

for scribing with 1064 nm. At a distance of more than 25µm from the edge a measurable

current increase is first observed. A larger scan field revealed the same gradual increase in

current flow with increasing distance similar to both other processing wavelengths. A gradual

increase or recovering of the current flow can be described by thermally induced changes of

the front-contact material originating from sub-threshold energy intake.

The second parameter set (non-ideal) for processing of SnO2:F material with a high amount of

visible changes near the scribe edge, was measured with c-AFM as well. Here, for all processed

samples no current flow above the noise level of the measurement setup was detected. No
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Figure 5.12: Conductive Atomic Force Microscopy measurement of ZnO:Al TCO material,

before post-treatment, processed with 532 nm and optimized parameters. Plots shown in: a)

Topography. b) Current map.

current flow was observed within a 50×50µm2 scan field for any processing wavelength. It

is possible that there is a larger extent of electrically impaired material present for these

processing parameters.

Measurements with c-AFM for experiments on ZnO:Al TCO material with 532 nm and the

optimized parameter set showed a slightly different behavior. The current flow shown in

Figure 5.12 for processing with 532 nm reveals a different shape and distribution compared to

processing of SnO2:F material with 532 nm. In direct vicinity of the scribe edge no reduction

of the current flow is detected. Just at about 5µm off the edge a lowered current flow is

observed. The observed behavior seems to be in contradiction with thermal deterioration

of the edge-adjacent material due to heat-affected zone formation. Due to the Gaussian

distribution of the laser beam the effects on the material would most likely be monotonous.

An increase of current flow with increasing distance from the scribe edge, similar to processing

of SnO2:F, is expected. Furthermore, there is some residual current flow within the scribe line

observed.

Another surprising detail is the highly decreased current flow on top of the melt bulges at

the scribe edge. There were only slight differences between forward and backward direction

detected. Therefore, attribution of these findings to geometry artifacts is unlikely due to the

size and extent of the bulges in comparison to the tip radius of 100 nm–200 nm. Perhaps

problems of the control loop for the contact force could describe the observed behavior. If the

contact force is decreased the correlated current flow is decreased as well. However, at certain

points that seem to be cracks on the bulges, a significant current flow is measured. Either the

contact area/force is increased in these cracks or the materials conductivity is only affected on

the surface.

Changes of the contact force by the control loop can be also seen in the lower part of the current

flow map. A higher overall current flow is observed (stronger signal on the front-contact

surface). However, the offset in current flow has no influence on the spatial distribution.

For comparison between the different processing wavelengths for ZnO:Al line scans were

evaluated as well. Figure 5.13 shows the current flow and topography plotted as a function of

the perpendicular distance to the scribe. The same effect of spatial offset for the region with

lowered current flow is observed for processing with 1064 nm as seen in Figure 5.12. Although,
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Figure 5.13: Conductive Atomic Force Microscopy line scans of ZnO:Al processed with opti-
mized parameters and different wavelengths. Solid lines represent current flow for 355 nm
(blue), 532 nm (green), and 1064 nm (red). Dashed lines correspond to the topography profile.
The current line scans are averaged across ±3µm along the scribe for better visualization.

the offset of about 30µm is higher and its extent of 20µm is larger. Only for processing

with 355 nm the same gradual increase, as for SnO:F, of the current flow as a function of the

distance from the scribe edge is observed. The differences in maximal current flow between

the different processing wavelengths could be explained by different effective contact forces

or tip wear. This is evident since all three scribe lines were prepared on the same sample in

direct vicinity. The topography shows that only for processing with 355 nm no bulging at the

scribe edge is observed.

The non-ideal parameter set for processing of ZnO:Al was measured as well. Just as for SnO2:F

for all scribing wavelengths no current flow could be detected by the c-AFM system. A large

extent of the affected area in vicinity of the scribe line could explain the strongly decreased

current flow.

The c-AFM measurements were carried out to determine the electrical properties of the

non-ablated TCO material near the scribe since it is regarded as active cell area. A spatial extent

of deteriorated material in the range of the non-minimized scribe width would contradict with

the optimization procedure. But, as seen by comparing c-AFM topography and current maps,

these measurements can have artifacts from geometry as well as from a non-ideal control loop

for the contact force. Although, quantification of front-contact electrical properties near the

scribes is difficult to make from the measured current values, negative impact on the TCO

material quality is without any doubt.

Local solar cell properties: Laser Beam Induced Current measurements (LBIC) were con-

ducted to characterize the direct impact on the solar cell level. The setup described in Sec-

tion 4.3 was used for the measurement of scribe lines prepared on both TCO material systems
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Figure 5.14: Laser Beam Induced Current line scans across the P1 laser scribe of an amorphous
silicon (a-Si:H) solar cell on SnO2:F TCO material processed with various laser wavelengths and
optimized (empty symbols) or non-ideal (filled symbols) laser parameters. Scan direction is
according to sketch from Figure 4.4. Different symbols correspond to processing with 355 nm
(circles), 532 nm (triangles), and 1064 nm (squares). The shaded area represents the maximum
physical scribe width.

and both laser parameter sets (non-ideal/optimized). For processing on SnO2:F an a-Si:H p-i-n

solar cell was deposited whereas a µc-Si:H cell was prepared for processing of ZnO:Al [12].

The current density under short-circuit condition was measured as a function of distance

to the scribe line. Figure 5.14 shows the results of line scans across P1 scribe lines prepared

with each wavelength/parameter set combination, first for a-Si:H solar cells on SnO2:F TCO.

Depending on the used processing wavelength and parameters there is a large region near

the P1 scribe line where no current generation is detected at all. In this region the solar cell is

strongly deteriorated. Only for processing with optimized parameters and 355 nm or 532 nm a

constant current density up to the physical scribe edge, with a steep decrease, is observed. No

severe impact on the cell properties is expected for these parameters. The fact that current

flow within the scribe does not always reach the same minimal signal value is most likely due

to the width of the optimized scribe lines of about 10µm. The diameter of the measuring laser

beam is approx. 3µm and light scattering within the scribe is possible.

The biggest differences between optimized and non-ideal parameters are observed for 355 nm

and 532 nm. Whereas, the extent of deterioration is severe for both processing parameters

when scribing is done with 1064 nm. The extent into the active solar cell for the optimized

parameters is in good agreement with the extent of lowered current observed from the c-AFM

measurements. Unfortunately, the current decrease in the affected region cannot be cor-

related distinctively to an increase of the series resistance in the front-contact. The LBIC
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Figure 5.15: Laser Beam Induced Current line scans across the P1 laser scribe of a micro-
crystalline silicon (µc-Si:H) solar cell on ZnO:Al TCO material processed with various laser
wavelengths and optimized (empty symbols) or non-ideal (filled symbols) laser parameters.
Scan direction is according to sketch from Figure 4.4. Different symbols correspond to pro-
cessing with 355 nm (circles), 532 nm (triangles), and 1064 nm (squares). The shaded area
represents the maximum physical scribe width.

measurements were conducted only under short-circuit conditions (cf. Figure 2.6). Shunting

or changes of the optical properties could be an origin for deterioration as well. In any case,

high deterioration is apparent leading to increased losses in the nominal active solar cell.

For processing of µc-Si:H on ZnO:Al a similar behavior was observed. Figure 5.15 shows the

LBIC line scans for processing of ZnO:Al. For the optimized parameters of processing with

355 nm and 532 nm there is no impact on the current generation in adjacency to the scribe

observed. Only for 532 nm directly at the edge a slight dip in current flow is visible that could

be assigned to the results from c-AFM. The optimized parameter set of 1064 nm shows a larger

extent.

It should be noted that for processing with 355 nm and 532 nm and optimized parameters the

current signal did not vanish within the scribe line. Light scattering of the measuring laser

beam (spot size ≈3µm) at the scribe edge in combination with a low scribe width (≈10µm) is

one possible reason for this behavior.

In general, processing with non-ideal parameters leads to a large region with severe impact

on the current generation for all scribing wavelengths. Please note that the reference current

value for non-ideal processing with 532 nm is shifted. This shift is owed to the fact that this

process parameter was prepared and measured in a separate solar cell.
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A closer look at the shape of the non-ideal/532 nm curve (green filled triangles in Figure 5.15)

reveals that recovering of the current generation to the reference value is abrupt with a high

slope which also exhibits an overshoot. Again, such behavior is not easily explained by thermal

deterioration of the front-contact material and different effects could prevail.

Surface morphology: Scanning Electron Microscopy was carried out near the P1 scribe edge

for further investigations of the surface morphology. Figure 5.16 shows exemplary the sample

surface of SnO2:F TCO after processing with 532 nm and optimized parameters at various

distances from the scribe edge. Figure 5.16(a) shows that the scribe exhibits a smooth edge

due to melting of the TCO material at the scribe edge. There is a massive amount of surface

redeposition of ablated material on the front-contact close to the edge observed as well as on

the substrate within the scribe. The magnified view in Figure 5.16(b) in direct vicinity of the

edge indicates that the front-contact surface coverage by the particles is quite high building an

almost continuous layer. The degree of redeposition reduces with increasing distance from the

scribe (see Figure 5.16(c)). This is in accordance with c-AFM and LBIC measurements leading

to conclude that redeposition plays an important role in the deterioration of front-contact

material by laser processing. SEM investigations on SnO2:F processed with 355 nm and

1064 nm showed a degree of debris redeposition in agreement with the extent determined

with c-AFM and LBIC.

SEM images of a scribe line on ZnO:Al TCO processed with 532 nm and optimized parameters

can be seen in Figure 5.17. The melt bulges at the scribe edge that were also observed by

optical microscopy and from the topography map (c-AFM) are clearly visible. Furthermore,

cracks that could be seen by geometry artifacts in the c-AFM current flow map are revealed as

well (compare Figure 5.12). The cracks partly extend down to the substrate surface within the

scribe which could mean that damaging of the substrate occurs.

A magnified view of the surface in direct proximity to the edge can be seen in Figure 5.17(b).

Interestingly the amount of debris redeposition is decreased in this region which is in ac-

cordance with the c-AFM measurement in Figure 5.12. One possible explanation for such a

particle distribution is shadowing by the melt bulge of the scribe edge screening the surface

from debris particles. Debris redeposition on the TCO surface with the offset in accordance

with the c-AFM current map can be seen in Figure 5.17(c). Although the coverage is lower than

for processing of SnO2:F in Figure 5.16(b).

The same bulging of the scribe edge can be seen for processing with 1064 nm. Whereas, there

is a very steep edge observed for processing with 355 nm (compare topography plotted in

Figure 5.13). The absence of any bulging at the edge could explain why there is no spatial

offset in current flow measured for processing with 355 nm.

For non-ideal parameters, investigations by SEM of the surface morphology showed an even

higher amount of debris redeposition with a spatial extent that was in agreement with the

LBIC measurements. The surface coverage was very high and is shown in Figure 5.18 in a

magnified view for comparison to the optimized parameters. All images were taken on the

TCO surface in the direct vicinity of the P1 scribe. There are no large differences of debris
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Figure 5.16: Scanning Electron Microscopy images of SnO2:F TCO processed with 532 nm and
optimized parameters at different distances from the scribe edge. Views are: a) Within scribe.
b) Surface close to the scribe edge. c) Surface approx. 200µm off scribe edge.
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Figure 5.17: Scanning Electron Microscopy images of ZnO:Al TCO processed with 532 nm and

optimized parameters at different distances from the scribe edge. Views are: a) Overview of

scribe line. b) Surface at the direct scribe edge. c) Surface approx. 10µm off scribe edge.
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Figure 5.18: SEM images of non-ideal parameter set for ZnO:Al and SnO2:F. Compilation shows

the TCO surface in direct vicinity of the scribe edge. Left column (SnO2:F): a) 355 nm. c)

532 nm. e) 1064 nm. Right column (ZnO:Al): b) 355 nm. d) 532 nm. f) 1064 nm.
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coverage or particle size observed between the different processing wavelengths for SnO2:F

material. In general, the redeposition is quite strong. In contrast, due to the flat surface of

as-sputtered ZnO:Al the debris particles built an almost continuous layer covering the whole

surface (right row in Figure 5.18). Especially for processing with 355 nm in Figure 5.18(b) the

sample surface after processing is rather flat (∆RMS from AFM between 9–18 nm for ZnO:Al

and 45–49 nm for SnO2:F). Therefore, it is possible that absence of current flow ( c-AFM) is

not owed to geometry effects by debris redeposition. It is more likely that the region near the

scribe edge shows an increased series resistance owed to non-conducting debris redeposition,

thermal material changes of the whole layer beneath, or both.

To investigate the reasons for deterioration further investigations of all measurements were

repeated with a wet-chemical surface treatment after processing. It is important to clarify

whether redeposition of debris on the surface or material changes throughout the whole TCO

layer are responsible for deterioration measured by c-AFM and LBIC.

5.4.1 Post-scribe cleaning

Both material systems were characterized with and without subsequent wet-chemical cleaning

or etching treatment after laser processing. For optimal light in-coupling and light trapping a

rather rough surface texture between front-contact and absorber is required. Sputtered ZnO:Al

TCO material exhibits a flat surface after deposition. It is usually etched for 30–40 s in 0.5%

HCl solution to create the desired texture. Here, to distinguish between surface dominated

effects and changes within the whole layer, P1 experiments on ZnO:Al TCO were done with

only 10 s etching. Profile measurements of the topography revealed that a 10 s etching step

decreases the initial thickness of 800 nm by approx. 100 nm. However, optical properties can

already be modified by the developing texture [10]. Fluorine-doped tin dioxide (SnO2:F) TCO

material created by Chemical Vapor Deposition (CVD) exhibits a rough surface texture so

that no etching is required. Instead, SnO2:F was treated with the commercial cleaning agent

DeContam™ in solution with deionized water. The substrate was then treated in an ultrasonic

bath for 3 hours at 60–70◦C before it was dried with nitrogen.

Electrical properties: the c-AFM measurements were repeated on ZnO:Al and SnO2:F samples

with wet-chemical treatment to investigate the influence of the surface residuals. Figure 5.19

shows topography and current maps for both treatment methods exemplary for 532 nm

processing and optimized parameters. There is no current flow reduction or gradient apparent

perpendicular to the scribe line. Furthermore, for every other parameter set no reduction of

the current flow was observed. Even for non-ideal parameters, where no current flow was

detected at all before the treatment, no reduction was observed. Some geometry artifacts are

still observed especially at the direct scribe edge. High slopes and steep changes of the AFM

tip height set point lead to deviations at these points. LBIC measurements were also repeated

to see if a recovery of the solar cell properties is observed as well.

Local solar cell properties: LBIC line scans across a P1 scribe of an a-Si:H solar cell on

SnO2:F with wet-chemical treatment prior to cell deposition are shown in Figure 5.20. A
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Figure 5.19: Conductive Atomic Force Microscopy measurements of ZnO:Al and SnO2:F TCO

material processed with 532 nm and optimized parameters with a subsequent wet-chemical

surface treatment. Plots shown in: a) Topography (SnO2:F). b) Current map (SnO2:F). c)

Topography (ZnO:Al). d) Current map (ZnO:Al).

steep change of the current generation near the scribe edge lead to conclude that no cell

deterioration from the laser processing is present, for all parameters, non-ideal as well as

optimized. The only difference of the lateral width where the current begins to decrease is

attributed to the different scribe widths. The same results were obtained for the µc-Si:H solar

cells on ZnO:Al with the 10 s etching treatment in 0.5% HCl solution before cell deposition. The

LBIC measurements for these wavelength/parameters combinations are plotted in Figure 5.21.

Just like for processing of SnO2:F no changes of the current generation is observed up to the

scribe edge. Both, optimized and non-ideal parameters show no differences. The measured

curves are not as constant or smooth as the curves from Figure 5.20. The developing surface

texture by the etching step is responsible for such behavior. The texture feature sizes are in

the same range as the measurement laser beam spot size. The current shift of both curves for

processing with 355 nm is attributed to the fact that both these parameters had to be measured

in another solar cell.

Surface morphology: for both post-treatment processes SEM images indicate the complete

removal of the surface residuals. Figure 5.22 shows two images of SnO2:F processing with

532 nm and wet-chemical post-treatment. The cleaning process is capable of complete re-

moval of redeposited ablation material from the sample surface. Furthermore, in fact there

is a region with a heat-affected zone close to the scribe edge. It is indicated by the lack of

texture of the material due to melting and resolidification. The c-AFM measurement shows

no lowered current flow in the corresponding region (see Figure 5.19). There is no reason to

expect strong deterioration of the electrical material properties due to melting. The same

results were observed for the melted scribe edge region of SnO2:F processed with 1064 nm

and non-ideal parameters (not shown). At least SnO2:F TCO material is insensitive against

sub-threshold energy intake at the direct scribe edge and strong deterioration of the TCO due

to melting is unlikely.
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Figure 5.20: Laser Beam Induced Current line scans across the P1 laser scribe of an amorphous
silicon (a-Si:H) solar cell on SnO2:F TCO material processed with various laser wavelengths and
optimized (empty symbols) and non-ideal (filled symbols) laser parameters with subsequent
wet-chemical treatment after laser processing. Different symbols correspond to processing
with 355 nm (circles), 532 nm (triangles), and 1064 nm (squares). The shaded area represents
the maximum physical scribe width.

The post-treatment indicates that the observed material modifications originate from rede-

posited ablation debris. There are no signs for changes of the electrical properties throughout

the whole layer by the formation of heat-affected zones. The differences of debris redeposi-

tion for processing with 532 nm and 1064 nm compared to 355 nm can be explained by the

individual dominant ablation mechanism.

As it was found out in Section 5.1 and Section 5.2 for processing with 355 nm, ablation is dom-

inated by stress-induced removal mechanisms. In contrast, there is a transition to classical

thermal ablation mechanisms for 532 nm and 1064 nm. In the latter case the TCO material un-

dergoes steps of an almost purely thermally driven process: heating, melting, and evaporation.

During plasma plume expansion, ejected material will predominantly be in the liquid and

gaseous phase. The processing with 355 nm will lead to ejection of large mostly solid intact

clusters of TCO material.

The spatial evolution of laser produced plasma (LPP), particle velocities, size distribution, and

the capability of the particle suction system to remove these particles are quite different for

both ablation mechanisms. Changes of the spatial particle distribution could explain the dif-

ferences observed between the different processing wavelengths. For the non-ideal parameter

set a shift from mechanically-assisted ablation for 355 nm processing to a dominantly thermal

ablation behavior could explain the extent of deterioration. In this regime, deterioration was

not very different to 532 nm and 1064 nm processing (cf. Figure 5.14).
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Figure 5.21: Laser Beam Induced Current line scans across the P1 laser scribe of an micro-
crystalline silicon (µc-Si:H) solar cell on ZnO:Al TCO material processed with various laser
wavelengths and optimized (empty symbols) and non-ideal (filled symbols) laser parameters
with subsequent 10 s etching in 0.5% HCl solution after laser processing. Different symbols
correspond to processing with 355 nm (circles), 532 nm (triangles), and 1064 nm (squares).
The shaded area represents the maximum physical scribe width.

Figure 5.22: Scanning Electron Microscopy images near the scribe edge of SnO2:F TCO pro-
cessed with 532 nm and optimized parameters after wet-chemical cleaning process. Views are:
a) Close to the scribe edge. b) Surface near the scribe edge. The absence of texture at the very
edge of the scribe indicates melting and resolidification of the TCO.
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Figure 5.23: Optical microscope images of achieved minimal P1 scribe widths for substrate

side scribing of ZnO:Al and SnO2:F TCO material. Post-treatment parameters: 40 s etching in

0.5% HCl solution for ZnO:Al and wet-chemical cleaning for SnO2:F. Processing parameters:

a) Fp=0.70 Jcm-2. b) Fp=2.44 Jcm-2. c) Fp=10.20 Jcm-2. d) Fp=0.64 Jcm-2. e) Fp=8.0 Jcm-2. f )

Fp=11.60 Jcm-2.

Processing with larger beam spot sizes (standard setup) showed that increase of redeposition

in vicinity to the scribes is more pronounced for smaller beam spot sizes. It is possible that the

shape of the ablation plume distribution is influenced by the laser beam spot size. A change of

the plasma plume depending on the beam spot size could explain the increased redeposition

in adjacency to the scribe. In literature, modeling of Pulsed Laser Deposition (PLD) indicates

that highly focused laser beams exhibit to a strong angular spread of the particle plume [120].

A high angular spread leads to an almost spherical evolution of ablated material [121, 122].

Hence, the trajectories of the ablation debris for processing with 532 nm and 1064 nm can be

described by PLD geometry behavior. For processing with 355 nm due to the particles large

size, which are mostly in the solid phase, redeposition and the extent of material influence is

less pronounced.

Optimized scribes with post-treatment: a compilation of optical microscope images with

optimized P1 scribe lines, this time obtained with wet-chemical post-treatment, is shown

in Figure 5.23. For processing parameters from Figure 5.7 were used. The post-treatment

consisted of 40 s etching for ZnO:Al and wet-chemical cleaning for SnO2:F. Generally, due to

etching, processing of ZnO:Al TCO will produce smooth scribe edges and a clean surface within

the scribe. A clean surface is beneficial for the proper electrical separation of neighboring

TCO cell stripes. However, etching will increase the scribe width as well. For substrates with

SnO2:F TCO material cleaning is intended instead of etching. After wet-chemical treatment

high electrical insulation values (>1 MΩ), between individual stripes of TCO material, are

achieved for both materials and all processing wavelengths.

The next section is dedicated to the electrical properties of the optimized scribe lines in terms

of insulation capabilities after laser processing and deposition of the solar cell absorber layers.
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5.5 Impact on electrical properties

In Section 2.2.2 it was indicated that the dead area and Ohmic front-contact module losses

can be extended by losses introduced due to the non-ideal properties of the patterning scribes

(shunts for P1/P3, series resistance for P2). Losses due to the front-contact structuring P1 will

be defined and impact of scribe width reduction on the solar module performance will be

evaluated.

The electrical insulation of two neighboring stripes of front-contact is the main purpose of P1.

However, after absorber deposition silicon material is deposited into the scribe line leading to

a parasitic conductivity. In a macroscopic view the parasitic conductivity acts as an electrical

shunt or parallel resistance to the individual cell stripes. Additional parasitic components

lower the overall output power of the module.

Module losses due to P1 processes: Haas [45] showed how the model by Gupta [43] can be

extended by an additional loss fraction fP1 that describes the shunting losses due to the

front-contact insulation process P1. From the work in Ref. [45] the fraction fP1 is defined by

Equation 5.4 that sets the power lost by shunting PP1 in relation with the power generated if

no shunting would be present Pmax.

fP1 =
PP1

Pmax
=

VMPP

JMPP

1

R ′
P1wa

(5.4)

Here, VMPP and JMPP are voltage and current density in the maximum power point. The specific

shunt resistance R ′
P1=RP1l is defined by the shunt resistance RP1 and the length l perpendicular

to the interconnection. The shunting losses fraction fP1 decreases with increasing active cell

stripe width wa as well as with increasing specific resistance R ′
P1. Figure 5.24 shows sample

calculations of overall module losses plotted as a function of the active cell stripe width.

The contribution of shunting to the losses was parameterized over the specific shunting

resistance R ′
P1. For values of R ′

P1 below 50 kΩcm the impact on the overall loss fraction f

can increase significantly. The optimal cell stripe width wa,opt (active cell width at minimum

of f ) shifts towards higher values due to the steep gradient of the fP1 loss fraction. The

particular evaluation of the losses can be done if the value of R ′
P1 is known for the specific

process/topology.

Parasitic shunt resistance: if constant material properties of the deposited absorber are as-

sumed perpendicular to the scribe, a value of R ′
P1 proportional to the scribe width wP1 is

expected. The following equation can be defined,

R ′
P1 = K wP1. (5.5)

The specific shunt resistance R ′
P1 can be described by the width wP1 and a slope factor K .

The relation defined in Equation 5.5 is disadvantageous for the optimization of P1. A decrease

of wP1 would result in an decrease of R ′
P1 and therefore increase the shunting loss fraction

fP1. It is from utter importance to get insight into the value range of possible shunting to
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Figure 5.24: Calculated tandem solar module loss fractions due to the integrated series connec-
tion plotted against the active cell stripe width wa and parameterized over different shunting
resistances R ′

P1 of 50 kΩcm, 10 kΩcm, 5 kΩcm, and if no shunting is present. Tandem solar cell
input parameters are: JMPP=9.7 mA/cm2, VMPP=1.11 V, RSH=8Ω, and wd=300µm.

avoid geometrically optimized P1 scribes that cause shunting of the solar module. A contrary

behavior between gain of active area vs. stronger shunting is counterproductive for the

optimization pursuit.

For the evaluation of the value range of R ′
P1 that can be expected for typical solar cell topologies

an experimental series with different layer-stack configurations of amorphous silicon (a-Si:H)

deposited on ZnO:Al were characterized.

The topology of a-Si:H on ZnO:Al was chosen as a model system or worst-case scenario in

terms of shunting. Worst-case means that a high parasitic conductivity within the P1 scribe is

expected for a-Si:H or a-Si:H/µc-Si:H tandem solar modules in superstrate configuration on

ZnO:Al TCO material. It is a common approach to deposit highly conductive p-doped µc-Si:H

layers as contact layers. This improves the electrical interface properties between the ZnO:Al

TCO and the a-Si:H p-layer [123]. It is believed that a highly conductive contact layer at the

front-contact interface dominates the parasitic conductivity within the P1 scribe with respect

to the other subsequent layers [124].

Shunting behavior: a special test-structure was used to characterize shunting by the absorber

deposited within the P1 scribe without complete processing of a solar module. Figure 5.25

shows two sketches of the device setup and the measurement setup used for evaluation. The

sample is mounted into a vacuum chamber allowing pressures down to 10-6 mbar with the

option for annealing (typ. 160◦C, 30 min) to remove any residuals from the sample surface. It

is possible to illuminate the sample for the evaluation of the photo conductivity. The shunt

resistance is then calculated from the I −V characteristics measured from -100 V to 100 V
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Figure 5.25: Schematic sketch of the test-structure used for the evaluation of the residual
conductivity of the P1 scribe after structuring and subsequent absorber deposition. Views
show: a) Current flow is measured between the two stripes of front-contact material with the
length l . b) Insulation is provided around the structure forcing the current flow through the
absorber material within the scribe. A simple two test lead I −V measurement is used.
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Ω

Figure 5.27: Residual P1 scribe resistance plotted against the scribe width wP1 for different

µc-Si:H contact layer thicknesses plus 100 nm intrinsic a-Si:H on ZnO:Al TCO material. Mea-

surement conditions: ambient atmosphere, no thermal annealing, and (no) illumination

for 22 s deposition time while ambient illumination for the rest. Four point Kelvin-Probe

measurements were used for higher conducting samples. The test-structure length was 8 mm

and the solid lines represent linear regressions.

Hence, the separation resistance RP1 is not constant and is evaluated by a rough estimation

with the average of the whole I −V relation.

The large deviations of RP1 are also reflected in the plot as a function of the scribe width wP1.

Ideally, a linear relation between RP1 and wP1 is expected (cf. Equation 5.5) but is not observed.

However, it can also be seen that solely considering the p-doped contact layers as the crucial

layers determining the parasitic conductivity is not sufficient. The whole layers stack is of

importance for evaluation. The values for the measurement of the p-i-n a-Si:H solar cell

layer-stack are almost three orders of magnitude lower than just the contact layers. Especially

the intrinsic layer has a huge impact on the conductivity under illumination (compare 10 nm

with 300 nm).

Overall, the resistance values are high for all three configurations even considering the large

deviations of the slope. The rather small slope for the sample with the whole layer-stack

deposited is compensated by an offset of almost 1 MΩ. Offsets were also observed for the

other configurations as well. It is not clear where these offsets originate from. In theory, the

extrapolation to zero scribe width should yield a low shunting resistance only affected by the

contacts resistance.

The p-dopedµc-Si:H contact layers: in a second set of experiments the contact layer thickness

was varied. An intrinsic a-Si:H layer was deposited subsequently with a constant thickness of

100 nm. Figure 5.27 shows these results. Due to the higher conductivity of the samples with
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higher contact layer deposition times (150 s, 300 s, and 1200 s) an Electrometer could not be

used. A four point Kelvin-Probe measurement with a SourceMeter was done instead under

ambient light. For better comparison both illuminated and dark resistance values are plotted

for the low conductivity sample characterized with the standard Electrometer measurement

setup.

With increasing deposition time the parasitic conductivity within the scribe increases over

many orders of magnitude. Due to the non-linear behavior small changes of the layer thickness

can lead to strong shunting of the solar module even for standard P1 scribes. These results

show how crucial knowledge about the parasitic conductivity is. It is possible that depending

on the solar module topology narrower P1 scribe lines could increase shunting significantly.

For instance, µc-Si:H single junction solar modules in superstrate configuration or tandem

solar modules in substrate configuration both feature highly conductive µc-Si:H layers. These

layers also exhibit a higher thickness compared to the contact layers for a-Si:H on ZnO:Al [125].

For other technologies like CIGS, due to the high parasitic conductivities, ideal P1 scribe

widths up to 300µm are calculated [126].

To motivate the approach of scribe width optimization, with regards to shunting losses due to

wP1 reduction, a worst-case calculation was carried out with the results from Figure 5.26. The

slope for the whole p-i-n layer-stack was used without the offset. For consistency the module

losses were calculated for the example tandem solar cell parameters (cf. Section 2.2.2).

The value K from Equation 5.5 was replaced with a slope of 5.1 kΩ/µm multiplied with the

length l =8 mm. Finally, Equation 5.4 can be rewritten to,

fP1 =
VMPP

JMPP

1

K wP1wa
with, R ′

P1 = K wP1. (5.6)

Furthermore, the constant reference dead area fraction of 300µm needs to be split into a

constant value of wd,const=250µm (for P2, P3, and the spacing in between) and the parameter

of the P1 scribe width wP1. Figure 5.28 shows the results for the calculation of a tandem

solar module with the P1 shunting losses parametrized for different scribe widths wP1. The

predicted reduction of the overall losses is rather small. This is not surprising since the

potential of reduction from a reference value of 50µm down to 5µm does not weigh too much

into the whole dead area width. The overall width is only reduced from 300µm to 255µm. Both

subsequent scribe line widths for P2 (90µm) and P3 (100µm) have a much higher potential

for reduction as it will be shown further on.

A comparison of fd and fP1 shows that in the case of a P1 scribe line with a width of 5µm

(dashed lines in Figure 5.28) the increased shunting outweighs the increase of active area.

Actually, the overall losses would be increased. The minimal overall losses are achieved for a

P1 scribe width between 10µm and 20µm.

Of course these sample calculations serve as an example to show how such an optimization of

P1 shunting losses with experimental values could look like. A separate evaluation needs to be

done for each individual system. For instance, experimental solar module implementations
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Figure 5.28: Calculated tandem solar module loss fractions due to the integrated series con-
nection plotted against the active cell stripe width wa and parametrized for different P1 scribe
widths wP1 of 5µm, 10µm, 20µm, and reference value of 50µm. The constant part of the
interconnection width is set to wd,const=250µm. Tandem solar cell input parameters are:
JMPP=9.7 mA/cm2, VMPP=1.11 V, RSH=8Ω, and K =5.1 kΩ/µm multiplied by 8 mm.

of optimized P1 scribe lines with a width below 10µm in tandem solar modules on SnO2:F

showed no impact on the shunting or the fill-factor of the module. Most likely due to absence

of highly conductive µc-Si:H p-doped contact layers in this topology. In the following the

results of these implementations are shown.

5.6 Process implementation in solar mini modules

Solar modules with optimized P1 scribe lines were prepared. Optimized P1 scribes processed

with 532 nm and increased focusing were used for evaluation of module performances of

a-Si:H/µc-Si:H modules on SnO2:F front-contact material. Mini modules with an aperture

area of Acell=8 cm2, Amodule=64 cm2 were processed. For P1, scribe lines with the lowest

achievable width (see Figure 5.23(b)) alternating with standard scribes (wP1=40µm) were

created. Figure 5.29 shows two optical microscope images of the whole interconnection region

(Figure 5.29(a)) and magnified P1 scribe line (Figure 5.29(b)). Compared to the scribes from

the processes P2 and P3 the width of the front-contact insulation is significantly smaller.

Furthermore, spacing between the individual lines was changing due to machine limitations.

Therefore, it is not possible to observe any increase of the short-circuit current density for the

optimized approach. However, I −V characteristics of the individual cell stripes shown in

Table 5.6 exhibit no negative impact by shunting. In median, no differences in the fill-factor

(71%–72%) of the individual cell stripes are found between optimized and standard processing

parameters. The results encourage the implementation of optimized scribe lines. Not only
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Figure 5.29: Optical microscope images of the interconnection region for an a-Si:H/µc-Si:H

tandem solar module on SnO2:F with optimized P1 scribe lines. For P1 processing a wavelength

of 532 nm with a laser beam spot radius of 10.5µm and a peak fluence of Fp=2.44 Jcm-2 was

used. Standard reference parameters were used for P2 and P3 processing.

Table 5.6: AM1.5 I −V characteristics of individual cell stripes of an a-Si:H/µc-Si:H tandem

solar module on SnO2:F with optimized P1 scribe lines alternating with standard intercon-

nection processing. For the optimized P1 process a wavelengths of 532 nm with a laser beam

spot radius of 10.5µm and a peak fluence of Fp=2.44 Jcm-2 was used. For standard process-

ing a wavelength of 355 nm, 19.3µm, and Fp=1.72 Jcm-2 was used. In both cases standard

interconnection parameters were used for P2 and P3 processing.

Cell stripe

number

P1 scribe Efficiency η Fill-Factor

F F

Open-

circuit

voltage VOC

Short-

circuit

current ISC

1 Standard 10.9% 71.1% 1.376 V 88.9 mA

2 Optimized 6.8% 48.1% 1.313 V 86.3 mA

3 Standard 10.9% 71.8% 1.369 V 88.8 mA

4 Optimized 10.7% 71.0% 1.372 V 88.1 mA

5 Standard 11.0% 72.0% 1.373 V 88.6 mA

6 Optimized 10.9% 72.2% 1.374 V 87.5 mA

7 Standard 11.0% 72.6% 1.375 V 87.9 mA

8 Optimized 10.9% 72.7% 1.375 V 87.1 mA
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because of their good electrical properties and potential reduction of the overall module losses,

but also because all processing (P1–P3) could be done with 532 nm.

In the upcoming chapter the optimization process is extended for the absorber ablation

process P2.
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The scribe width optimization for the absorber removal process P2 is the topic of this chapter.

Two different absorber materials, 300 nm thick amorphous silicon (a-Si:H) and 1.4µm thick

a-Si:H/µc-Si:H absorbers were used for processing. Both types were prepared on SnO2:F TCO

material and all processing was done with 532 nm. In both cases the laser pulse energy is first

absorbed in the a-Si:H (sub-)cell since illumination was done through the substrate side.

The absorber ablation behavior was investigated in the first part by single crater ablation as a

function of the laser beam spot size and pulse energy. Subsequently, optimized scribe lines

were generated.

The characterization of the driving ablation mechanisms by collection of debris during pro-

cessing is the topic of the second part. Here also modeling of the laser ablation process

was carried out to get insight into the spatial and temporal temperature distribution during

processing.

Afterwards, impact on the electrical properties of the solar module was measured. For this,

evaluation of the series resistance that is formed at the P2 scribe after back-contact deposition

was determined. A special test procedure by the Transmission Line Method (TLM) was used

for a precise characterization.

Lastly, an extension of the Gupta model, to account for series resistance losses, was applied to

predict possible impact on the module efficiency for optimized P2 scribe lines.

6.1 Material ablation behavior

Before reduction of the scribe width was carried out the single crater ablation of the used

material systems for different beam spot radii was evaluated. The influence of the beam spot

radius on the ablation of the absorber and undesired ablation of the underlying TCO layer was

determined with the previously introduced Liu-Plots (see Section 3.3.2). Knowledge of the

single crater ablation properties is helpful to obtain insight on the lower and upper process

limits that are relevant for subsequent optimized scribe line processing.
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For absorber ablation the silicon material is removed selectively without damaging of the

underlying front-contact material. TCO material of SnO2:F exhibits a higher transparency

for 532 nm than for 355 nm or 1064 nm. Therefore, a larger process window for absorber

removal without TCO damage is expected for this wavelength. Prior experiments with 355 nm

and 1064 nm showed that absorber removal of tandem solar cells was not possible without

simultaneous TCO ablation/damaging. Especially for processing with small laser beam spot

sizes. Hence, process optimization was carried out for scribing with 532 nm due to the large

contrast of absorption coefficients between absorber and front-contact [16].

Liu-Plots: single spot ablation of a-Si:H (300 nm) and tandem (1.4µm) absorber materials

on SnO2:F TCO was carried out with different laser beam spot sizes. All ablation was done

through the substrate side and the results are shown in Figures 6.1, 6.2, and 6.3. Furthermore,

undesired ablation of the underlying TCO layer beneath the tandem absorber is plotted as well.

The ablation behavior of the TCO defines a boundary for the laser process where selective

ablation of the absorber material is possible. The intercept with the x-axis of each linear

ω

Figure 6.1: Liu-Plot of a-Si:H p-i-n solar cell absorber (filled squares) and tandem material

(empty squares) for a laser beam spot radius of 60µm. Half-filled squares correspond to TCO

damage ablation values (for tandem absorber). Dotted lines mark the onset where ablation

occurs.

regression will yield the ablation threshold energy Eth. For the specific setup this value is a

measure for the relation between energy and crater diameter.

However, for absorber processing (from the substrate side) no crater formation is observed near

Eth and ablation only occurs above a certain threshold which is greater than the extrapolated

threshold energy Eth. Below this so-called onset pulse energy Ep,on only layer bulging and

blistering is observed. The dotted lines in Figures 6.1, 6.2, and 6.3 mark the value of Ep,on.
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ω

Figure 6.2: Liu-Plot of a-Si:H p-i-n solar cell absorber (filled squares) and tandem material

(empty squares) for a laser beam spot radius of 20µm. Half-filled squares correspond to TCO

damage ablation values (for tandem absorber). Dotted lines mark the onset where ablation

occurs.

Furthermore, the beam spot radius ω0,Liu can be evaluated from the line fit slope and can be

compared with the measurement from the beam profiler (cf. Section 3.3.2).

Figures 6.1 and 6.2 both show that for all three materials a linear correlation between D2 and

ln(E p/E 0) is observed. It is interesting to note that for same pulse energies Ep the squared

crater diameter D2 is always higher for tandem absorber processing than for a-Si:H. One would

expect that due to the higher thickness more energy is required to achieve a similar crater

diameter.

It is likely that ablation is initiated by delamination at the absorber/TCO interface. Delamina-

tion is propagated further in radial direction for the tandem layer than for the thinner a-Si:H

absorber due to the higher thickness of the tandem absorber layer. However, the required

minimal Ep,on to achieve a proper ablation crater is increased for the higher film thicknesses

(see dashed lines in Figures 6.1, 6.2, and 6.3).

Figure 6.3 shows substantial deviations from the linear correlation of ln(E p) vs. D2 observed

in both Figures 6.1 and 6.2. For TCO ablation there are two different regimes, due to the

change of slope, where the ablation mechanisms probably change [74]. Only tandem absorber

processing shows a linear behavior with a slope corresponding to the measured beam spot

radius ω0.

Onset pulse energy: the interpretation of the onset pulse energy Ep,on gives additional infor-

mation since no proper ablation can be realized close to Eth. To compare the ablation behavior

between the three values of ω0 the onset peak fluence Fp,on was used since it is normalized by
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ω

Figure 6.3: Liu-Plot of a-Si:H p-i-n solar cell absorber (filled squares) and tandem material

(empty squares) for a laser beam spot radius of 10µm. Half-filled squares correspond to TCO

damage ablation values (for tandem absorber). Dotted lines mark the onset where ablation

occurs.

the beam spot area (Fp,on = 2Ep,on/πω0
2, see Equation 3.10). Table 6.1 shows a comparison of

this value. The beam spot radius ω0,Liu and the threshold fluence Fth could not be extracted

for every setup due to strong deviations from a linear behavior (cf. Liu-Plot in Figure 6.3). A

comparison of the extracted radii shows that most values are below the radii from the beam

profile but within the 20% deviation range (cf. Section 3.3.2).

The threshold fluence Fth is increased with decreased beam spot radius when a-Si:H is pro-

cessed. The same behavior is observed for undesired TCO ablation. For tandem absorber

processing Fth increases strongly when a beam radius of 10µm is used.

A similar trend is found for the onset pulse fluence Fp,on which increases when ω0 is decreased.

However, for amorphous silicon and TCO ablation the values are the highest for processing

with 20µm. For the onset fluence of a-Si:H on SnO2:F good agreement was found to values

observed by others [72, 99].

A comparison between Fth and Fp,on is not intended because of the different beam radii that

are used for adjustment of the pulse energies. For the onset peak fluence the radius from the

beam profiler is used while for Fth the extracted radius is chosen. In this way it is possible to

evaluate Fp,on even when no linear regression of the experimental data from the Liu-Plot is

possible.

A possible reason for the decrease of Fp,on when ω0=10µm is used could be the change of

ablation behavior (cf. Figure 6.3). The increase of the onset fluence is much more pronounced

for tandem layer ablation where Fp,on increases from 0.12 J/cm2 to 1.02 J/cm2.
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6.1. Material ablation behavior

Table 6.1: Comparison of parameters extracted from Liu-Plots for 300 nm thick a-Si:H absorber
layer and 1.4µm thick tandem absorber on SnO2:F TCO material (refer to Figures 6.1, 6.2,
and 6.3). Standard deviation calculated by maximum error estimation by 1st degree Taylor
approximation.

Material Radius ω0

from profiler
Radius ω0,Liu

from slope
Threshold fluence

Fth

Onset peak
fluence Fp,on

a-Si:H 60µm 48.2±0.3µm 0.16±0.3 Jcm-2 0.11 Jcm-2

a-Si:H 20µm 18.2±0.2µm 0.27±0.3 Jcm-2 0.39 Jcm-2

a-Si:H 10µm – – 0.33 Jcm-2

tandem 60µm 52.3±0.3µm 0.12±0.3 Jcm-2 0.12 Jcm-2

tandem 20µm 18.8±0.2µm 0.13±0.3 Jcm-2 0.57 Jcm-2

tandem 10µm 11.5±0.3µm 0.51±0.1 Jcm-2 1.02 Jcm-2

SnO2:F 60µm 58.9±1.6µm 0.54±0.3 Jcm-2 0.55 Jcm-2

SnO2:F 20µm 19.5±0.2µm 1.13±0.3 Jcm-2 1.46 Jcm-2

SnO2:F 10µm 12.6±0.7µm 1.69±0.5 Jcm-2 1.35 Jcm-2

The squared crater diameter that corresponds to processing with the onset peak fluence Fp,on

defines an additional constraint on the minimal achievable craters that is different from the

limitations of the optical systems. Yet, this lower limit was used as the initial processing

parameter for the creation of scribe lines with a reduced width.

6.1.1 Visually optimized scribe lines

Optimized P2 scribe lines were generated using the results from the Liu-Plots. For this, the

various onset fluences Fp,on are used as the lower process limit with minimal crater diameter

D . For the single spot ablation the maximum feed-rate v of the machine was used to achieve

a high separation of the individual ablation craters. Now to create a continuous line v was

adjusted accordingly. The pulse energy Ep was then adjusted until a visually optimized scribe

line with a minimal scribe width wP2 was achieved.

An optimized line is defined by a scribe line created with processing parameters that will lead

to minimal signs of bulging at the scribe edges and low TCO damaging inspected by optical

microscopy. Figure 6.4 shows optical microscope images of visually optimized scribes for

300 nm a-Si:H absorber processing. A correlation between the used beam spot size 2ω0 (green

circles) and the visually optimized scribe width is found. Scribes well-below the laser beam

spot sizes are achieved for all three degrees of focusing.

But when comparing the required pulse fluences of Fp=0.26 J/cm2, Fp=0.62 J/cm2, and

Fp=0.48 J/cm2 for the spot radii ω0 of 60µm, 20µm, and 10µm with Fp,on from Table 6.1

they are all shifted towards higher values. This was necessary to stabilize the process against

any local change of the material properties and possible pulse-to-pulse variations of the laser

source. Clean ablation without bulging at the scribe edge is accomplished for all three values

of ω0. A scribe width wP2 below 10µm is achieved for scribing with a beam radius ω0=10µm.
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Figure 6.4: Optical microscopy images of P2 scribe width optimization on 300 nm thick a-
Si:H p-i-n solar cell material on SnO2:F TCO. Parameters: a) ω0=60µm, Fp=0.26 Jcm-2. b)
ω0=20µm, Fp=0.62 Jcm-2. c) ω0=10µm, Fp=0.48 Jcm-2. An inset of green circles illustrate the
laser beam diameter 2ω0 used for processing.

Figure 6.5 shows optical microscope images of the visually optimized processing parameter

for scribe width reduction of a 1.4µm thick tandem absorber. The same processing setup as

for a-Si:H ablation was used. These parameter yield a larger scribe width wP2 compared to

Figure 6.5: Optical microscopy images of P2 scribe width optimization on 1.4µm thick tandem
solar cell material on SnO2:F TCO. Parameters: a) ω0=60µm, Fp=0.28 Jcm-2. b) ω0=20µm,
Fp=0.92 Jcm-2. c) ω0=10µm, Fp=1.5 Jcm-2. An inset of green circles illustrate the laser beam
diameter 2ω0 used for processing.

processing of 300 nm a-Si:H material from Figure 6.4. This was already indicated from the

ablation behavior characterization (see Figures 6.1, 6.2, and 6.3). There is a deviation between

beam diameter reduction and scribe width reduction between b) and c) with no significant

additional width reduction. Furthermore, for the smallest beam spot size in c) it is not possible

to achieve a proper P2 scribe without partial ablation of the underlying TCO layer. This can be

associated with the before mentioned small process window due to the low difference between

Fp,on for absorber ablation and TCO ablation (see Table 6.1). Due to the pulse overlap it is
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possible that this difference is getting even smaller since the TCO layer can be preheated by

the previous laser pulses.

Thick tandem absorber: additional experiments on tandem absorber layers with a thickness

of 3.5µm were carried out. This was done to see whether an increase of the lower scribe width

limitation is a general behavior depending on the absorber thicknesses. The results confirmed

even higher constraints on the minimal achievable scribe width wP2. Just for comparison

optical microscope images of optimized scribe lines for the 3.5µm thick absorber material are

shown in Figure 6.6. For this material type, already for processing with 20µm (Figure 6.6(b)),

Figure 6.6: Optical microscopy images of P2 scribe width optimization on 3.5µm thick tandem
solar cell material on SnO2:F TCO (type Asahi VU). Parameters: a) ω0=60µm, Fp=0.46 Jcm-2.
b) ω0=20µm, Fp=1.06 Jcm-2. c) ω0=10µm, Fp=2.33 Jcm-2. An inset of green circles illustrate
the laser beam diameter 2ω0 used for processing.

the scribe width wP2 is larger than the beam spot size. Most likely, Fp,on is increased for this

material type as well. This is in accordance with the other results for processing of 300 nm and

1.4µm thick absorber (Figure 6.5(c)). It shows that the thickness of the absorber layer needs to

be considered for scribe width reduction with laser-induced substrate side ablation.

The results suggest a strong dependence of ablation behavior and scribe edge quality from

the laser scribing geometries (degree of focusing) and absorber layer thickness. This gave

motivation for further investigations of the reasons for this behavior. In the next section the

ablation mechanisms were investigated by debris recollection.

6.2 Absorber ablation mechanisms

In accordance with Section 5.2 a similar setup as described in Section 4.1 was used to get

insight into the driving mechanisms of absorber ablation. Two sets of experiments were carried

out for a-Si:H and tandem absorbers each with a beam spot radius of 60µm. Each absorber

type was processed with a low and high laser peak fluence.
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Figure 6.7 shows two optical microscopy images of ablation debris from processing of a-Si:H

and tandem absorber with 60µm laser beam radius. In general, investigations of absorber

Figure 6.7: Optical microscopy images of ablation debris collected during P2 absorber process-
ing with 532 nm and laser beam spot radius of 60µm. Parameters are: a) Processing of a-Si:H
with a low peak fluence F p=0.26 Jcm-2. b) Processing of tandem absorber with a high peak
fluence F p=0.83 Jcm-2. The red circles mark unwanted ablation of the SnO2:F front-contact
material.

debris with optical microscope imaging turned out to be not as distinct as compared to

ablation debris collected during front-contact processing. Large particles with sharp edges

are observed for both a-Si:H and tandem processing. Further experiments with the same

beam radius (60µm) and an increased peak fluence showed a strong decrease of the average

particle size for a-Si:H ablation while for tandem processing the particle size and shape

remained constant. Not surprisingly, as a function of the beam radius, the average particles size

decreased significantly for both a-Si:H and tandem processing. For certain radius/absorber

combinations no particles could be observed at all.

Generally, the large size of the particles indicate thermo-mechanical ablation mechanisms as

described in Section 5.2. However, transitions to a mostly thermal ablation behavior with a full

phase change could not be observed by change of particle shape or size. Rather the absence of

any coarser debris indicates this behavior. Due to the small average size, particles could not

be seen easily with the optical microscope.

TCO ablation: surprisingly, particles from undesired TCO ablation for tandem absorber pro-

cessing are observed in the high peak fluence regime (red circles in Figure 6.7(b)). From

microscope images of the scribe line it was seen that in the high peak fluence regime it is pos-

sible to damage and remove the TCO front-contact layer underneath. However, this happens

at a lower peak fluence than what was required for P1 front-contact scribing with 532 nm in

the previous Chapter 5.

Experiments from debris recollection show that in fact large intact TCO material clusters

are observed (see red circles in Figure 6.7(b)). This is a strong indication for stress-induced

ablation mechanism that was dominantly observed for TCO ablation with a wavelengths of
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355 nm (compare Figure 5.3). A comparison of the thresholds are significant for processing of

SnO2:F with 532 nm (Fth,P2=0.54±0.3 Jcm-2 vs. Fth,P1=3.63±0.33 Jcm-2).

One possible explanation for the driving mechanism of TCO ablation can be found by indirect

heating of the SnO2:F front-contact through the absorber layer. The indirect heating can

cause two different scenarios: an increase of the optical absorption for 532 nm leading to

stress-induced ablation by gas pressure from evaporation at the TCO/substrate interface.

Yet, it is also possible that large thermal-stresses by temperature gradients and/or different

coefficients of thermal expansion throughout the layer-stack are decreasing the ablation

threshold.

To obtain a magnified view of the fine debris particles that could not be detected with the

optical microscope experiments were repeated on a different tape for the characterization

with SEM. Figure 6.8 shows a SEM image of debris collected from processing of a-Si:H with

a 60µm laser beam radius. A high degree of melting can be observed on the a-Si:H particle

Figure 6.8: SEM images of ablation debris collected during P2 absorber processing of a-Si:H
with 532 nm. Parameters are: ω0=60µm and Fp=0.26 Jcm-2. Spherical particles are observed
in the perimeter of the debris particle.

surface. Melting bulges as well as craters can be seen. The indication of melting is supported

by the fact that small spherical particles in the perimeter of the ablation debris are observed.

These originate from resolidified liquid silicon phases.

In conclusion, unlike front-contact processing, laser ablation properties do not seem to change

significantly as a function of focusing degree or laser spot size. The average particle size is

decreased for processing with a smaller spot size. However, no change of the shape is observed

(not shown) which lead to believe that dominance of the driving mechanism behind ablation

does not change significantly.
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Additional information was gained from the characterization by SEM where small spherical

particles were observed. All processes are mechanically-assisted which is indicated by the

occurrence of large debris particles that can show strong signs of melting but remain intact

throughout the ablation process.

6.3 Modeling of removal mechanisms

Multiple questions arise from the experimental results of geometrical scribe width reduction

in Section 6.1. These can be stated as followed,

• Why does the onset pulse fluence Fp,on dramatically increase with decreasing used laser

beam spot radius ω0 for tandem absorber processing (cf. Table 6.1)?

• Why is the squared crater diameter D2 from the Liu-Plots (for a specific peak fluence)

always higher for tandem processing than for a-Si:H layer ablation (above the onset

fluence)? In other words, why is the threshold fluence for tandem processing lower than

for a-Si:H?

• Why is the onset fluence Fp,on lower for a-Si:H processing than for tandem?

In the following, possible answers to these questions were investigated by modeling of the

laser ablation process. Modeling with FEA was used for the transient thermal heating of

the material stack by a single laser pulse. Subsequently, from the temperature distributions

derived from the simulations a simplified model was used to see if the ablation behavior from

the experiments could be described by linear fracture mechanics.

Two possible fracture mechanisms were investigated. First, blister formation and rupture

by gas pressure due to hydrogen diffusion. Secondly, fracture by thermal stresses along the

thickness as well as along the absorber layers radius. For both scenarios the order of magnitude

of the occurring mechanical forces was estimated to determine how likely the mechanism was

to describe the experimental results. Furthermore, the capabilities to explain the geometrical

dependencies of ablation behavior will be discussed as well.

6.3.1 Temporal and spatial temperature distribution

As introduced earlier (Section 5.2), three different ablation mechanisms are often used to

describe the majority of laser processes for nanosecond thin-film ablation. These are classical

ablation by heating, melting, and evaporation of the material and stress-induced ablation by

vapor-pressure or thermal expansion.

The experiments from Section 6.2 showed that for processing of a-Si:H and tandem absorbers

with a wavelength of 532 nm ablation behavior is strongly mechanically-assisted. This is not

surprising since the absorption coefficient of a-Si:H (first absorbing layer for tandem absorber
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Figure 6.9: Sketch of simulation geometry and boundary conditions for thermal simulation
of a-Si:H processing on SnO2:F TCO with 532 nm. The layer thicknesses are given by d1, d2,
and d3. The simulation radius r0 is varied depending on the used simulation laser beam spot
radius between 120µm, 40µm, and 20µm to the corresponding beam radius of 60µm, 20µm,
and 10µm, respectively.

as well) is high with α=1·105 cm-1. This corresponds to an optical penetration depth of only

100 nm [26] which is lower than the absorber thickness of 300 nm.

Both, thermal-stress and vapor-stress are potential driving mechanisms describing the ab-

lation behavior. However, for processing of hydrogenated amorphous silicon (a-Si:H) one

additional process can occur. It is called hydrogen-assisted laser induced forward transfer

(HA-LIFT) and needs to be considered as well. Toet et al. accounted the rapid thermal diffu-

sion of the hydrogen bound in the silicon layer as the driving mechanisms for laser ablation

of a-Si:H [127]. This process is initiated at much lower temperatures than the melting or

vaporization temperature of a-Si:H.

In a first step the temperatures in the layer-stack were estimated with transient thermal

simulations. The simulation parameters correspond to the experimental values of pulse

energies and radii for both a-Si:H as well as for tandem absorber layers.

Numerical simulations were carried out to determine the maximal temperatures during pro-

cessing. Therewith, it is possible to discriminate which of the above mentioned driving

mechanisms is most likely to be dominant.

The process was modeled with the software COMSOL Multiphysics by a 2D axially symmetric

heat conduction partial differential equation. In general, the equation is given as,

ρ (T )cp (T )
∂T (~r , t )

∂t
−∇ [κ (T )∇T (~r , t )] =Q (~r , t ) . (6.1)

The individual parameters are ρ (T ) as the material density, cp (T ) the heat capacity at constant

pressure, κ (T ) the thermal conductivity, and on the right hand side the volumetric heat source

Q (~x, t ). The parameters~r and t are the spatial coordinates and time, respectively [93].

The geometry of the model is given as a sketch in Figure 6.9 showing the layer-stack as well

as the boundary conditions. The thickness of each layer in the stack corresponds to typical
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experimental values for the investigated systems. There is one exception for the substrate

thickness which is set to 4.15µm while it is actually 3 mm thick. It is not necessary to choose

the real thickness value since the thermal and optical influence is limited to a close region near

the substrate/front-contact interface. The simulation radius is chosen to be twice the radius

of the simulation laser beam spot radius. This has proven to ensure a negligible temperature

increase at the lateral boundary (-n∇T=0).

The boundary conditions are chosen to be thermally insulating on top and on the side. No

convection on the top nor strong heat conduction in-plane direction is expected for these

short time scales under investigation. A heat flux boundary condition with an heat transfer

coefficient h=2 Wm-2K-1 on the air/substrate interface has proven to increase the simulation

stability. The value of 2 Wm-2K-1 equals to the free convection of a surface on air without flow

of the surrounding medium (air).

For the mesh grid different degrees of element sizes are chosen depending on the expected

temperature gradients in the material. In the substrate domain a minimal size of 1µm and

maximum size of 10µm is chosen. For the front-contact domain 1µm as max. and 0.1µm as

min. is chosen. The highest resolution can be found for the absorber layer with 40 nm and

10 nm.

In Equation 6.1 the perturbation is given by the heat source term Q (~x, t ) which models the

pulse energy intake into the material. The heat source is defined in all three domains exhibiting

a spatial and temporal Gaussian distribution. Furthermore, attenuation of the incident power

in z direction is accounted for with a Lambert-Beer exponential decay. Equation 6.2 shows the

functions used to model thermal heating by the laser pulse.

Q (r, z, t ) = (1−Rd1)(1−Rd2)(1−Rd3)Ipeak ftemp(t , tshift, tp) fspat(r,ω0) fabs(z) (6.2)

In Equation 6.2 Rd1 to Rd3 represent the reflection of the laser beam at each interface. It is set

to 4% at each interface. Ipeak is the peak intensity of the laser beam. The functions ftemp and

fspat are the temporal and spatial distributions of the laser. The attenuation of the laser pulse

at the depth z is described by the function fabs. In the following, the functions in Equation 6.2

are further described.

The peak intensity of the laser beam is defined by the following equation,

Ipeak =
Ppeak

A
=

2
p

ln(2)
p
π

Ep

πω0
2τp

£
W/m2 ⁄ . (6.3)

where the pulse peak power Ppeak is divided by the laser beam spot area A [128]. The temporal

intensity function in Equation 6.4 is simply defined as,

ftemp(t , tshift, tp) = exp

µ

−4ln(2)

µ
t − tshift

τp

¶ 2 ¶

(6.4)

98



6.3. Modeling of removal mechanisms

which is a Gaussian-shaped pulse with the pulse duration τp (FWHM) shifted by tshift. However,

it is known that measurements of the temporal shape for nanosecond laser pulses from

Q-switched solid-state lasers exhibit a steeper positive slope. It is possible that peak intensities

at the rising edge of the pulse could be slightly higher. A Gaussian function was still used

mainly to reduce the calculation times. For all calculations tshift was set to 20 ns and τp was

fixed at 11.3 ns.

The spatial intensity distribution in Equation 6.5 is defined in the same manner as the temporal

shape,

fspat(r,ω0) = exp

µ

−
2r 2

ω0
2

¶

. (6.5)

Here, the factor 4ln(2) is not required since the laser beam radius is defined at the 1/e2 level

instead of the full width at half maximum (FWHM). Measurements of the laser beam with the

beam profiler showed that this assumption is likely to be valid except for the slight ellipticity.

Lastly, the attenuation term fabs in the following Equation 6.6 represents the damping of the

laser beam by the material in the depth z,

fabs(z) =α(z)exp

µ

−
Z z

0
α(z ′)dz ′

¶

[1/m]. (6.6)

Here, the value α is the absorption coefficient for 532 nm for the specific material. A tempera-

ture-independent value was assumed. This assumption as well as increased light scattering

by the textured front-contact are simplifications which are not accounted for. The individual

damping is defined in every domain separately and the coordinates origin in the z-axis is set

at the air/substrate interface.

The material properties required for solving the differential equation system in Equation 6.1

are given in Table 6.2. In Table 6.2 not every parameter is listed for every material. For instance,

absorption of the laser pulse energy in the substrate is neglected as well as melting and vapor-

ization. Preliminary simulations showed that such high temperatures are not reached within

the parameter space that was evaluated. The same is valid for the SnO2:F front-contact mate-

rial. The absorption coefficient is almost five orders of magnitude lower than for absorption in

the amorphous silicon layer. Optical absorption in both, substrate and front-contact material

is not modeled.

Phase changes of the amorphous silicon are considered and accounted for by the tempera-

ture-dependent behavior of the apparent heat capacity. Enthalpies are commonly represented
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Table 6.2: Reference material properties used for the thermal heat conduction modeling of
Equation 6.1.

Material Parameter Value Ref.
Substrate Density ρ [kg/m3] 2500 [129]

Heat capacity cp [J/kgK] 730 [129]
Thermal conductivity κ

[W/Km]
1.14 [129]

SnO2:F Density ρ [kg/m3] 6950 [130]
Heat capacity cp [J/kgK] 511.8−604.64 ·

exp(−T /209.46)
[131]

Thermal conductivity κ
[W/Km]

7.18+73.78 ·exp(−T /351.9) [132]

Melting temperature Tm,TCO

[K]
1903 [112]

Absorption coefficient α
[1/cm]

1266 Table 5.2

a-Si:H Density ρ [kg/m3] 2150 [133]
Heat capacity cp [J/kgK] 952+171 · (T /1685) for

T < 1422, 1000 for T > 1422
[134, 135,

136]
Thermal conductivity κ

[W/Km]
4.83 ·10-9(T −900)3 +4.83 ·

10-7(T −900)2 +3.71 ·10-4(T −
900)+3.71 for T < 1422, 60 for

T > 1422

[134,
137]

Melting temperature Tm,a-Si

[K]
1422±9 [138,

136]
Vaporization temperature

Tv,a-Si [K]
2620±15 [93]

Latent melt heat ∆Hal [J/kg] 1475·103 [138]
Latent vap. heat ∆Hlv [J/kg] 16366·103 [139]

Absorption coefficient α
[1/cm]

1·105 [16]

c-Si Density ρ [kg/m3] 2329 [140]
Heat capacity cp [J/kgK] 960 for T < 1683, 1000 for

T > 1683
[135,
136]

Thermal conductivity κ
[W/Km]

1521 ·102T -1.226 for
300<T <1200, 8.96 ·102T -0.502

for 1200<T <1683, 60 for
T>1683

[135,
137]

Melting temperature Tm,c-Si

[K]
1683±10 [136]

Latent melt heat ∆Hcl [J/kg] 1799·103 [136]
Absorption coefficient α

[1/cm]
1·104 [16]

100



6.3. Modeling of removal mechanisms

by modifications of the heat capacity [141]. The following Equation 6.10 shows the modified

function of the heat capacity cp,

cp(T ) = 952+171

µ
T

1685

¶

+ cp,melt(T )+ cp,vap(T )

•
J

kgK

‚

with, (6.7)

cp,melt(T ) =∆Hal
∂

∂T

£
H

¡
T −Tm,a-Si,∆Tm,a-Si

¢ ⁄
and (6.8)

cp,vap(T ) =∆Hlv
∂

∂T

£
H

¡
T −Tv,a-Si,∆Tv,a-Si

¢ ⁄
. (6.9)

(6.10)

Here, both functions H
¡
T −Tm,a-Si,∆Tm,a-Si

¢
and H

¡
T −Tv,a-Si,∆Tv,a-Si

¢
are Heaviside func-

tions that are smoothened by the melting and vaporization intervals which increases the

stability of the simulation.

Simulation of a-Si:H ablation: a first set of simulations were carried out for a a-Si:H absorber

illuminated by three different laser beam radii and pulse energies corresponding the onset

pulse energies from the experiments.

Figure 6.10 shows the time-dependent temperature distribution as a function of the depth z at

the origin of r = 0 for a pulse energy Ep of 7µJ. This corresponds to the onset pulse energy for

processing of a-Si:H with a beam spot radius of 60µm (cf. Table 6.1). It is remarkable to see

Figure 6.10: Temperature distribution of a-Si:H processing simulation on SnO2:F TCO with
532 nm and a beam radius of 60µm and 7µJ pulse energy. The plot shows the temperature
evolution in z direction at the origin (r = 0) for different times t . Increasing temperatures
represented by black lines whereas decreasing temperatures are shown in red. Maximal
temperature distribution given in green.
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that the maximal temperature from the simulation is approx. 730 K which is significantly lower

than the melting temperature of a-Si:H which is 1422±9 K. This is a strong sign supporting the

assumption that the ablation process is highly supported by a mechanically-assisted behavior.

The process cannot be described by melting alone and especially not by any vaporization of

the silicon.

Furthermore, although absorption begins at the TCO/silicon interface, the maximal temper-

ature is observed at a slightly deeper depth approx. 50–80 nm off the interface. This can be

explained by a heat flux from the silicon to the front-contact material via heat conduction

which decreases the maximal temperature at the immediate interface region.

Figure 6.11 shows the same simulations as in Figure 6.10 but this time for processing with a

beam radius of 20µm and 10µm. The pulse energies correspond to the onset pulse energies

from the experiments. Although, similarities of the temperature distribution to calculations

made for a radius of 60µm can be seen, the maximal temperature are quite different. For

both, processing with 20µm as well as for 10µm, maximal temperatures close to the melting

temperature of amorphous silicon are observed. But still, temperatures in the region of

vaporization are not reached.

The differences between the temporal temperature evolution above the maximal temperature

Tmax indicate that for the calculation in Figure 6.11(a) a phase change into the liquid state

of a-Si:H is performed. In contrast, Figure 6.11(b) shows that the material is at the lower

temperature limit of the amorphous/liquid phase change.

To visualize the lateral temperature distribution results from Figure 6.10 and Figure 6.11 are

plotted in Figure 6.12 as a function of the radius for the depth z where the peak temperature

was observed.

In general, a Gaussian distribution is obtained which is in accordance with the intensity

distribution of the laser beam/heat source. As expected for processing with 20µm as well as

for 10µm a phase change boundary is clearly visible with an extent that is marked by rT,max.

It is believed that the melted phase at the interface is an determining factor for the resulting

crater diameter since the adhesion at this interface area is strongly reduced [101].

Figure 6.13 shows both fictional crater diameter from simulations compared to the experi-

mental crater measurements. The fictional crater diameter is defined by the dimensions (cf.

rT,max in Figure 6.12) of the melt interface region where T ≥ Tm,a-Si. For a beam radius of 60µm

in Figure 6.13(a) a large offset between simulation and experiment is found. However, the

simulated onset as well as the trend approaches (20µm) and merges (10µm) the experimental

results for processing with smaller beam radii in Figure 6.13(b) and (c). For these two reduced

beam radii, good agreement is found between the melt threshold from the simulation (green

dotted lines) and the onset pulse energy from the experiment (black dotted lines).
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Figure 6.11: Temperature distribution of a-Si:H processing simulation on SnO2:F TCO with
532 nm and a beam radius of: a) Radius of 20µm and 3µJ pulse energy. b) 10µm and 0.6µJ.
The plot shows the temperature evolution in z direction at the origin (r = 0) for different times
t . Increasing temperatures represented by black lines whereas decreasing temperatures are
shown in red. Maximal temperature distribution given in green. Melting temperature Tm,a-Si

as blue dashed line.
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ω

ω

ω

Figure 6.12: Temperature distribution of a-Si:H processing simulation on SnO2:F TCO with

532 nm and a beam radius of: a) Radius 60µm and 7µJ pulse energy b) 20µm and 3µJ. c)

10µm and 0.6µJ. The plot shows the temperature evolution in r direction at the z-plane

with z=5.11µm and z=5.08µm (processing with 10µm) for different times t . Increasing

temperatures represented by black lines whereas decreasing temperature are shown in red.

Maximal temperature distribution Tmax and radius rT,max given in green.
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ω
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Figure 6.13: Comparison of Liu-Plots for experimental squared crater diameter of a-Si:H

processing with simulated melted phase diameter at TCO/absorber interface for different laser

beam radii ω0. Plots show: a) Processing with 60µm. b) 20µm. c) 10µm. The dotted lines

mark the onset and threshold from experiment and simulation, respectively.
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The large offset, for processing with 60µm in Figure 6.13(a), between onset of melting from the

simulations and ablation from the experiment is a strong sign that for this setup a reduction of

the layers adhesion of the TCO/absorber interface is not a limiting factor.

In contrast, interface adhesion is limiting the ablation process for the higher focused laser

beams (cf. Figure 6.13(b) and (c)) so that melting is required. The driving forces are not

sufficient to overcome the energy required for the delamination at the interface without a

reduction of the adhesive forces by melting. Such behavior would explain the approach

and merging between experimental crater diameter and fictional melt diameter from the

simulations.

All results indicate that classic ablation by complete phase changes as the driving mechanism

behind the ablation process can be ruled out. For pulse energies in the range of the experi-

mental onset pulse energy the calculations predict maximal temperatures significantly lower

than the vaporization temperature. In some cases even below the melting temperature.

Simulation of tandem absorber ablation: it was necessary to extend the model for the sim-

ulation of tandem layer removal. Since, thermal properties of microcrystalline silicon are

only sparsely available in literature, especially not temperature-dependent values. Li et al.

showed for thermal conductivity measurements of µc-Si:H that generally higher values were

observed than for a-Si:H [142, 143]. A strong dependence on the crystalline volume fraction

was found which is reasonable since a higher structural order is expected in the crystalline

phase. Although, increasing with temperature, the measurements were only carried out over a

small temperature range.

For simplicity reasons the thermal conductivity and heat capacity of µc-Si:H were modeled by

a superposition of the properties found for a-Si:H and c-Si. The individual properties were

weighted by the crystalline volume fraction. A superposition of both material properties is

reasonable since it is known that µc-Si:H exhibits a columnar growth with crystalline grains

surrounded by amorphous material. During laser pulse illumination the absorber layer is

dominantly heated in the growth direction of the material leading to believe that lateral

properties of the µc-Si:H absorber can be neglected.

Both plots in Figure 6.14 show the superposition of a-Si:H and c-Si thermal properties for the

simulation of the µc-Si:H bottom cell. The superposition of the individual material parameters

of pure a-Si:H and c-Si are weighted by the crystalline volume fraction typical for µc-Si:H with

an optimum phase mixture [144]. The plots show that no phase change from the liquid phase

into the gas phase is modeled. It was found out by preliminary simulations that the maximal

temperatures in the µc-Si:H domain were far lower than the vaporization temperature of

silicon.

The thermal conductivity shows differences between a-Si:H and c-Si for lower temperatures

but merging occurs for increasing temperatures. The phase change into the liquid state is not

easily modeled as seen for the calculatedµc-Si:H values in Figure 6.14(a). There is no difference

for the thermal conductivity for the temperature region where the amorphous fraction is liquid
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κ

χ

Figure 6.14: Modeling of thermal properties of µc-Si:H by superposition of a-Si:H and c-Si

properties weighted by the crystalline volume fraction χc. Plots show: a) Thermal conductivity

of pure a-Si:H, c-Si, and calculated for µc-Si:H with χc of 50%, 30%, and 70%. b) Similar

calculations made for the heat capacity.
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Figure 6.15: Damping factor fabs plotted in z direction at the origin with r =0. Absorption
coefficient α in a-Si:H domain is 1·105 cm-1 while in the µc-Si:H bottom cell domain the value
for c-Si of 1·104 cm-1 was considered.

while the crystalline fraction is still solid. This problem is somehow accounted for by the

weighted thermal conductivity between Tm,a-Si and Tm,c-Si leading to an effective medium

value of the whole layer.

For the heat capacity there is no problem with different phase change temperatures. The latent

heat required for melting is weighted with the volume fraction of each material (proportional

to the area under each peak in Figure 6.14(b)). Please note that the latent heat in the graph of

Figure 6.14(b) is represented by Gaussian peak functions and not by the derivate of a Heaviside

function (cf. Equation 6.10) as it is used in the simulation. The smoothened form of the

Heaviside function could not be exported from COMSOL.

For all calculations a crystalline volume fraction of 50% was chosen. The calculation were made

for laser peak fluences in the same value range as the experiment results from Figure 6.1, 6.2,

and 6.3. However, the main focus lies on the temperature distribution close to the onset peak

fluence Fp,on.

Before the results are shown, the damping function fabs (see Equation 6.6) is plotted in Fig-

ure 6.15 to see where the pulse energy is absorbed for the case of tandem absorber ablation.

As expected the main part of the incident optical energy is absorbed in the 300 nm thick a-Si:H

top-cell while only a small percentage reaches the µc-Si:H bottom-cell. This is of course owed

to the fact that the absorption coefficient of a-Si:H for 532 nm of α=1·105 cm-1 is rather high.

Furthermore, the absorption coefficient in the bottom-cell is one order of magnitude lower.

Thus, there will be no significant direct heating of the bottom-cell but rather indirectly by heat

conduction from the top-cell.
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Figure 6.16: Simulated temperature distribution of tandem processing on SnO2:F TCO with
532 nm, a beam radius of 60µm and a pulse energy of 7µJ. The plot shows the temperature
evolution in z direction at the origin (r = 0) for different times t . Increasing temperatures
represented by black lines whereas decreasing temperatures are shown in red. Maximal
temperature distribution Tmax given in green.

Figure 6.16 shows the simulated temperature distribution for tandem absorber processing

with a radius of 60µm. For the comparison of the maximal temperatures the pulse energy

corresponds to the onset pulse energy for a-Si:H (experiment from Figure 6.1). As expected,

the heat flux into the µc-Si:H bottom-cell reduces the maximal temperature in the a-Si:H and

therefore the maximal temperature. Furthermore, the maximal temperature in the bottom-cell

is significantly lower than in the amorphous silicon reaching values of only up to 375 K.

The reduced temperatures are observed for all laser pulse energies that were simulated. Con-

sistent with the calculations made for a-Si:H processing the melt onset at the TCO/a-Si:H

interface is shifted towards higher pulse energies. This behavior originates from pure ther-

mal considerations. It is a partial answer to the prior stated question about why there is a

higher onset peak fluence observed for tandem absorber processing compared to a-Si:H P2

structuring.

6.3.2 Vapor-Stress induced ablation mechanisms

Investigations on the ablation mechanisms showed that P2 ablation processes, over a large

pulse fluence regime, are strongly mechanically-assisted. Furthermore, at the ablation onset,

the temperature distributions from the simulations showed maximal temperatures far below

the vaporization temperature of silicon. In some cases the maximal temperature was even

below the melt temperature of a-Si:H.
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Figure 6.17: Schematic sketch of the deformation of the absorber layer induced by gas pressure.
The gas pressure p leads to an uniform load distribution. Deflection is given by w(r ) with
wmax at the center for r = 0. The layer is clamped at r =±a so that the deflection w(r =±a)=0.
Deflection shape is illustrated exemplary by a Gaussian bell curve.

Both results indicate that vaporization of silicon at the TCO/absorber interface can be ruled

out, at least for the lower pulse energy regimes. Hence, gas pressure at the interface by

silicon vapor is unlikely. However, vapor-stress induced ablation is still possible by hydrogen

diffusion from the heated absorber to the TCO/absorber interface [127]. The dehydrogenation

temperature of a-Si:H is 670 K (di–) and 810 K (mono-hydrides) [145]. Such temperatures are

in the same region as the temperatures at the onset pulse fluence for processing with 60µm

that were extracted from the simulations.

To determine the possibility of hydrogen diffusion as a driving mechanism behind P2 ablation

it is necessary to model the mechanical process of laser ablation. This is done by model-

ing of three different processes of layer blistering, interface delamination, and finally crater

formation by layer fracture.

In the following a similar approach as used for the description of blister formation for hydrogen

ion-implanted crystalline silicon was modified and extended [146]. Extensive research can be

found on the blister formation for wafer splitting (Smart-Cut technology) [147, 148] which is a

closely related process.

Deflection: in a first step the layer blistering is modeled by stress induced strain of the absorber

layer. The strain can be described simplified by a thin circular plate that is clamped at the edge

around its circumference as shown in Figure 6.17. The gas pressure p creates an uniform load

distribution on the absorber layer. The deflection of the layer in z direction is described by

w(r ) with wmax at the center r = 0. The circular plate is fixed at r =±a so that w(r =±a) = 0 is

forced.

According to Timoshenko et al. [149] the deflection of a circular thin plate clamped at the

edges can be derived by,

w (r ) =
p

64D

¡
a2 − r 2 ¢ 2

with, D =
Eh3

12
¡
1− v2

¢ . (6.11)
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In Equation 6.11 p is the pressure that is loading the surfaces uniformly, r is the radius where

the buckling is evaluated, a is clamp radius, and D is the flexural rigidity. The value of D is

derived by the Young‘s modulus E , the Poisson‘s ratio v , and the thickness of the absorber h.

The volume of the deformed region between TCO and absorber can be evaluated by the volume

integral in cylindrical coordinates and the following equation is derived,

V =
Z 2π

0

Z a

0
w(r )dφr dr =

πpa6

192D
. (6.12)

With Equation 6.12 the relation between V , p, and a is obtained. The deflection w(r ) can be

described as a function of the pressure for a given clamp radius a.

Subsequently, in the next step according to Hong et al. [146] and Yang [150] an evaluation of

the mechanical elastic strain energy, that is stored due to the deflection of the layer, can be

evaluated. The volumetric strain energy Uel is calculated by,

Uel =
1

2D

Z 2π

0

Z a

0

• µ
∂2w

∂2r

¶

+
1

r 2

µ
∂w

∂r

¶ 2

+
2v

r

∂w

∂r

∂2w

∂2r

‚

dφr dr (6.13)

=
1

2
pV (6.14)

=
πa6p2

384D
. (6.15)

Equation 6.15 shows that the stored energy is mainly depending on the clamping radius a and

pressure p.

Let us assume the pressure in the blister is increasing while the layer is clamped at the radius

a. At some point delamination of the layer occurs increasing the clamp radius a. The delami-

nation releases elastic energy from the deflection by the creation of a new free surface at the

interface.

Delamination: in the next step delamination is described by the energy that is required to

separate both layer materials at the interface. The surface energy of the interface crack is given

by,

Sinter = 2γinterπa2. (6.16)

Which is simply two times the surface areas created by the crack multiplied with the interface

surface energy γinter. Hence, the clamp radius a changes due to delamination as long as the

strain energy that is released from the deflection is higher than the energy required to create a

new surface A =πa2.

Fracture: at some point the radial tensile stress at the clamping radius will reach the critical

stress of the absorber layer. The maximal stress of the circular clamped plate is given by [149],

σr,max =
3

4

pa2

h2
(6.17)
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The equation shows that for a constant pressure p the stress will increase when the radius a in-

creases. Furthermore, σr,max is reduced when layer thickness h is increased. The Equation 6.17

is solved for the pressure pcrit that is required when a blister with the radius a is created where

the critical yield or tensile stress σcrit is acting upon the absorber layer at the clamping radius.

pcrit =σcrit
4

3

h2

a2
(6.18)

Furthermore, for the through-thickness fracture of the layer the surface energy Sabs is required,

Sabs = 2γabs2πah. (6.19)

Which is simply two times the surface energy γabs of the absorber multiplied with the absorber

crack area along the circumference 2πa and thickness h of the delaminated blister.

Each contribution to the required energy Wabl to create an ablation crater with radius a is

defined by the sum of all individual energies,

Wabl =Uel +Sinter +Sabs (6.20)

In Equation 6.20 each contribution to the total energy is: Uel as the elastic strain energy that is

stored in the deflection of the absorber layer, Sinter as the surface energy of delamination of

the interface region, and Sabs as the fracture energy.

Now that the required energy is derived it is necessary to define the potential energy due to

the hydrogen that diffuses into the blister.

Dehydrogenation: the required energy Wabl can be extended by the gas potential via the ideal

gas law that estimates the amount of hydrogen that would be necessary to diffuse into the

blister volume. The gas law is simply given by,

Wgas=−pV =−nRT. (6.21)

On the left hand side of Equation 6.21 is the pressure p and volume V . On the right hand side

n represents the moles of hydrogen molecules in the blister, R as the gas constant, and the gas

temperature T . A estimation of n can be obtained by the following equation,

n = Kdiff (t ,T )
XH2VH2

mSi
= Kdiff (t ,T )

XH2πa2
H2hH2

mSi
. (6.22)

Here, XH2 is the overall fraction of hydrogen in the absorber layer (typ. 10%), VH2 is the

interaction volume from where hydrogen can diffuse into the blister. The value of VH2 is

mainly depending on the radius aH2 which is closely related to the final crater radius and the

thickness hH2 is the depth into z direction from where hydrogen diffuses to the blister.
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The value of aH2 and hH2 are set equal to a and h in a first approximation. For tandem absorber

processing the values of hH2 and h would differ significantly since only the a-Si:H top-cell is

dominantly heated (cf. Figure 6.16). The interaction volume is divided by the molar volume of

silicon mSi to obtain the moles of hydrogen.

Of course the diffusion process is highly depending on the temporal and spatial heating of

the material and needs to be simulated by itself. To approximate the fraction of the hydrogen

molecules that diffuse to the blister upon heating of the absorber layer the factor Kdiff (t ,T ) is

defined that is effectively mainly influenced by the layer temperature T and time t .

In literature Conde et al. showed with ToF-SIMS measurements that SiH concentrations

are decreasing upon excimer laser single pulses with peak fluences of 0.1–0.2 Jcm-2 [145].

This indicates that dehydrogenation of the a-Si:H can occur upon heating/processing by

nanosecond laser pulses.

Total energy: now that all contributions are defined the ablation energy Wabl and potential

energy Wgas can be summed and the total energy Ftot is derived,

Ftot =Wabl +Wgas =Uel +Sinter +Sabs −nRT (6.23)

Ftot =
σr,max

2
¡
1− v2

¢
h

18E
πa2 +2γinterπa2 +2γabs2πah −Kdiff (t ,T )

XH2πa2h

mSi
RT. (6.24)

A close look to Equation 6.24 reveals that all contributions are depending on the radius

a2 except for the fracture energy Sabs which depends linearly on the radius a. For better

visualization of the different contributions an example is plotted in Figure 6.18, It can be seen

from Figure 6.18 that below a certain radius a (marked with a dashed line) the total energy is

positive meaning that the potential energy driving the process is not sufficient. Such behavior

is mainly owed to the different slopes of the quadratic terms as well as the fact that for small

radii the linear term of the fracture energy Sabs is dominant. This radius marks an onset where

ablation is possible for radii above this value.

For a lower ablation radius the slope of the function Wgas needs to be increased. This is

equivalent with either a higher temperature T of the hydrogen gas in the blister, a higher

temperature of the silicon layer increasing the fraction factor Kdiff from diffusion out of the

absorber layer, or both. In every case a higher energy for heating of the material by the laser

pulse is required. This behavior could possibly be an answer to the question: Why does the

onset pulse fluence Fp,on dramatically increase with decreasing used laser beam spot radius ω0

for tandem absorber processing (cf. Table 6.1)?

Secondly, if the thickness of the absorber layer h is increased the onset where ablation is

possible is shifted towards higher radii (cf. dotted lines in Figure 6.18). The shift is attributed

to the higher energy that is required for the layer deformation at σcrit as well as the higher area

of fracture. Thus, this behavior could be an answer to the remaining questions on the reason

why the onset peak fluence is different for processing of both absorber types as well as on why
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Figure 6.18: Plot of the different contributions to Equation 6.24 calculated with arbitrary mate-
rial properties to illustrate ablation process behavior in terms of geometrical dependencies
of radius a and layer thickness h. Dashed line marks the radius where Ftot is negative and is
equivalent with an onset for ablation. For radii below this onset a higher potential energy Wgas

is required. The dotted lines represent the same calculations for a higher absorber thickness
h2>h.
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the crater radius is higher for the tandem absorber (for a similar peak fluence) compared to

a-Si:H processing.

Applicability: the validity of the proposed model stand and falls with the magnitude of the

individual material properties that are used for evaluation. Due to the lack of the properties

values, especially the surface energies at the interface and through the layer are unknown, it is

only possible to investigate the geometrical trends. Furthermore, for the remaining mechanical

properties large deviations of the values are found in literature since, for example, the critical

stress is influenced by the specimen size and shape (described by Weibull statistics [151]).

Lastly, the intrinsic stress or residual stress of the TCO/absorber layer-stack is highly dominated

by the deposition conditions. Thus, for a distinct evaluation all mechanical properties need to

be measured for the specific system.

In conclusion it can be said that the ambiguous ablation behavior of the absorber removal

process P2 can be possibly described by hydrogen induced gas pressure. The main effect of

the increased onset fluence for decreased laser beam radii originates from the fracture relation

between delaminated area and cracking along the perimeter.

In the next section similar considerations were done for thermal-stress induced ablation.

6.3.3 Thermal-Stress induced ablation

The following section gives a short evaluation whether thermal-stress assisted ablation is a

possible mechanism for the P2 ablation. Bovatsek et al. made thermal 1D simulations of the

P2 absorber removal process for a-Si:H [99]. However, their observed maximal temperatures

were quite different compared to the findings from this work.

They accounted thermal-stress as the dominant ablation mechanism and compared the

occurring elastic stresses in a round plate clamped at the edges. According to Timoshenko [149]

the maximal stress along the clamped edge of the plate is given by,

σmax =
α∆T E

2(1− v2)
. (6.25)

Surprisingly, no geometrical parameters are required in Equation 6.25 and only the thermal ex-

pansion coefficient α, Young‘s modulus E , and Poisson‘s ratio v are used. A linear temperature

gradient ∆T along the thickness of the layer is required.

For a temperature gradient of ∆T between 700–1000 K stresses roughly comparable with the

tensile strength of amorphous silicon are stated [99]. However, the temperature gradients

obtained from this works simulations at the onset fluences were much lower than 700 K.

However, in higher pulse energy regimes and especially for tandem absorber processing large

temperature gradients are derived from the present simulations as well.

The discrepancy between used peak fluence and achieved crater diameter between a-Si:H and

tandem processing could be explained by a larger temperature gradient along the thickness
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for the tandem absorber. For the same amount of incident pulse energy a larger temperature

gradient is achieved for tandem absorber processing leading to larger mechanical stresses

than for a-Si:H processing. Of course, the remaining parameters in Equation 6.25 are maybe

changed as well so that no distinct conclusion is possible.

Studies on the laser ablation behavior for film side processing of ZnO and CIGS on Mo were

made by Buzás et al. [152]. They found out that the ablation threshold values (called fracture

and delamination threshold) increase with decreasing laser beam radius just like it was ob-

served for P2 processing in this work. For certain peak fluence regimes combined modeling of

the occurring temperatures and thermal expansion indicate that thermal-stresses could be a

driving mechanisms for ablation.

Modeling of the experimental results to a Griffith energy criterion [153] showed that an in-

creasing threshold fluence can be described by the fracture behavior induced by a radial

non-uniform Gaussian-shaped stress distribution.

Referred to the present results, although it is not clear if the magnitude of thermal-stresses

are relevant for P2 processing of thin-film silicon from the substrate side, their results show

that the observed ambiguous mechanical constraints on P2 with decreasing beam radii and

increased absorber thicknesses are consistent with a thermal-stress induced ablation model.

A comparison with the literature shows that the magnitude of thermal expansion of the ab-

sorber layer can, with high enough temperature gradients, generate maximal stresses capable

of layer removal. Furthermore, the ambiguous onset peak fluence dependencies in terms

of processing beam radius and absorber layer thickness were previously observed for laser

processing of CIGS on Mo. Calculations with a mechanical delamination/fracture model can

explain the behavior observed from the experiment.

It is possible to answer the first question stated earlier (cf. Section 6.3). Furthermore, different

temperature gradients along the thickness of the absorber could be a possible answer to the

second question as well.

Simple modeling of the mechanical forces due to gas pressure by hydrogen diffusion to the

TCO/absorber interface indicate that such mechanism could be one important factor driving

the ablation process. Furthermore, the experimental results in terms of beam radii and/or

layer thickness can be described by comparison of the energies required for layer delamination

and fracture.

In conclusion, there are no characteristics found for both stress-inducing mechanisms that

would contradict with the experimental results. It is likely that depending on the used peak

fluence region and processing setup/geometry either hydrogen gas pressure or thermal expan-

sion dominates. A more sophisticated multiphysics FEA simulation taking transient diffusion

and thermal stresses into account could help to increase the understanding of the processes.
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6.4 Impact on electrical properties

The function of the P2 scribe is the electrical interconnection of two adjacent cell stripes. The

front-contact of one cell is connected with the back-contact of the neighboring cell. During

processing, the absorber is selectively removed and the interconnection is realized by the

back-contact deposition into the scribe. It is therefore from utter importance to have a good

electrical contact between front-contact and back-contact. All experiments were conducted

with a combination of sputtered ZnO:Al, Ag, and ZnO:Al as the back-contact material.

Due to redeposition of debris, changes of the front-contact surface, or partial ablation of

the front-contact an additional series resistance is formed at the front- and back-contact

interface [154, 155]. This parasitic series resistance can be defined by a macroscopic resistance

Rs,P2. Just like for shunting by P1 processing, the model by Gupta can be extended to account

for these series resistance losses [45].

Series resistance loss fraction: in accordance to the prior introduced fractional loss mecha-

nisms, series resistance losses are defined as followed,

PP2 = Rs,P2 JMPP
2wa

2l 2 and, Pmax =VMPP JMPPwal (6.26)

⇒ fP2 = waRs,P2l
JMPP

VMPP
= waR ′

s,P2
JMPP

VMPP
with, Rs,P2 =

R ′
s,P2

l
. (6.27)

The parameter l is the length perpendicular to the module interconnection. The series re-

sistance losses fP2 in Equation 6.27 increase with increasing active cell stripe width wa and

increasing series resistance R ′
s,P2 as well. Figure 6.19 shows model calculations for interconnec-

tion module losses considering series resistance losses by the absorber structuring process P2.

The plot shows the overall module losses of a tandem solar cell as a function of the active cell

stripe width wa. The losses are parameterized for different series resistance values of 1Ωcm,

2Ωcm, 5Ωcm, and if no losses were apparent (0Ωcm). Already a resistance value of 1Ωcm

can cause significant losses and even higher values would have a detrimental impact on the

module properties. Due to its high impact on the losses knowledge of the specific values for

R ′
s,P2 is very important.

By geometrical considerations of the contact formed by the absorber structuring process P2

it is evident that the actual value of Rs,P2 (or R ′
s,P2) depends on the contact area. Therefore, it

depends on the scribe width wP2,

ρc = Rs,P2 A = Rs,P2wP2l = R ′
s,P2wP2. (6.28)

In Equation 6.28 ρc represents the specific contact resistance. Unfortunately, R ′
s,P2 increases

with decreasing P2 scribe width wP2. For the optimization process it is important to evaluate

the contact resistance properties. This is necessary to see whether series resistance increases

are only caused by geometrical width minimization or if for minimized scribe widths the

specific contact resistance ρc is also increased.
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Figure 6.19: Calculated tandem solar module loss fractions due to the integrated series con-

nection plotted against the active cell stripe width wa and parametrized over different series

resistances R ′

s,P2 of: 1Ωcm, 2Ωcm, 5Ωcm, and if no series resistance formation is consid-

ered. Tandem solar cell input parameters are: JMPP=9.7 mA/cm2, VMPP=1.11 V, RSH=8Ω, and

wd=300µm.

Test-structure: a special test procedure is applied for an accurate evaluation since the con-

tact resistance is not directly measurable. Figure 6.20 shows the test-structure for the I −V

measurement after P2 absorber processing and back-contact deposition. The total resistance

RTotal,xy=Vxy/Ixy from Figure 6.20 can be described as followed,

RTotal = Rc +RTCO (d)+Rc =
RSH

W
d +2Rc. (6.29)

Here, W is the width of the contact out-of-plane and RSH is the TCO sheet resistance. The

resistance RTCO (d) is linearly dependent on the distance d between the two contacts. Thus,

if the total resistance RTotal is measured for different contact distances d a linear behavior is

obtained. The extrapolation of RTotal with the y-axis intercept will yield two times the contact

resistance Rc (distance d → 0).

In literature this method is known as Transfer Line Method or Transfer Length Method (TLM)

introduced by Goetzberger et al. [156]. For the evaluation of the specific contact resistance

ρc between the front-contact and the back-contact it is not possible to simply multiply Rc

with the contact area A = wP2W . For the given geometry the TCO thickness dTCO is much

smaller than the scribe width wP2. Hence, current crowding beneath the contacts occurs.

From transmission line theory [157] the contact resistance Rc (considering current crowding

as well) can be evaluated by the following equation,

Rc =
λTRSH

W
coth

(

wP2

λT

)

=

√

ρcRSH

W
coth

(

wP2

λT

)

(6.30)
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Figure 6.20: Measurement setup for determination of the contact resistance Rc with Trans-
mission Line Method (TLM) with variable distance d between two P2 scribe lines. Here wP2

corresponds to the P2 scribing width. Sketches show: a) Front view with the measurement
current I defined by two times the contact resistance Rc and TCO resistance for distance d . b)
Top view with the eight contact pads used for the measurement with every permutation pair
and distances d .

with,

λT =
r

ρc

RSH
. (6.31)

Here, RSH is, again, the sheet resistance and W the width of the contact in out-of-plane

direction. Furthermore, wP2 is the contact length and λT is the transfer length which is defined

by RSH and the specific contact resistance ρc. The transfer length can be evaluated from the

intersection between the extrapolated total resistance RTotal and the x-axis. It is a measure

for the transition width beneath the P2 scribe line that is required for the transfer of 63% of

the overall current from the TCO to the back-contact above. If λT is significantly larger than

the physical width of the contact wP2, current crowding occurs. Thus, the contact resistance

depends on the contacts dimensions. With Equation 6.30 it is possible to numerically evaluate

the specific contact properties ρc.

For the measurement a test-structure design with eight contacts and a distance d of 1 cm

between each contact was processed. The width W of every contact was 1 cm as well. Mesa

definition of the front-contact and absorber at the edges provide uniform current flow in

x direction. A Keithley 2400 series SourceMeter was used in 4-Terminal mode sourcing a

voltage of -0.5 V to 0.5 V with a step-size of 50 mV. To minimize the influence of non-uniform
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sheet resistance values and contact property deviations measurements were conducted with a

permutation of every terminal combination. For eight terminals this lead to 28 combinations.

Seven with a distance d of 1 cm, six with 2 cm, five with 3 cm, and so on.

Transmission Line Method (TLM): for determination of the parasitic series resistance Rs,P2

TLM measurements were carried out as a function of the peak fluence Fp. The feed rate v and

pulse repetition frequency fPRF was taken from the respective visually optimized scribe (see

Figures 6.4, 6.5).

Figure 6.21 shows the results for processing of a-Si:H material with different laser spot radii ω0.

The trends in the graph look similar for all three spot sizes. Different regions to describe the

Ω

Figure 6.21: Contact resistance Rc after processing of a 300 nm thick a-Si:H absorber layer

from TLM measurements vs. peak fluence Fp at fixed feed-rate v and repetition frequency fPRF

for different processing laser beam radii ω0 of 60µm (squares), 20µm (circles), and 10µm

(triangles). The distance d between the contacts as well as the contact width W was 1 cm.

curves behavior can be defined and are marked by the dashed lines, exemplary for processing

with 60µm (filled squares).

• Region I: Below 0.2 J/cm-2 the contact resistance Rc is very high since the scribe line is

discontinuous and the contact area A = wP2W is very small.

• Region II: Then Rc rapidly decreases exhibiting a minimum with a comparatively low

resistance. The extent of this region defines the stability window for the P2 process.

• Region III: Next, Rc increases significantly with increasing peak fluences. Strong visual

changes of the TCO layer beneath are observed in this region.
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• Region IV: For very high peak fluences the contact resistance decreases again. In most

cases TCO ablation occurs in this regime.

A comparison of the resistance values for the different laser beam radii shows a slightly

narrowing process window for higher focusing (extent of region II). Furthermore, in average,

an increase of Rc for decreasing ω0 is observed. This is especially important in region II where

the values for ω0 of 10µm are strongly increased.

Figure 6.22 shows a plot of the contact resistances Rc for processing of tandem absorber with

fixed v and fPRF chosen according to the visually optimized scribe parameters for the different

ω0 (compare Figure 6.5). The trends show similarities to the plot from Figure 6.21 and the

Ω

Figure 6.22: Contact resistance Rc after processing of a 1.4µm thick tandem absorber from

TLM measurements vs. peak fluence Fp at fixed feed-rate v and repetition frequency fPRF

for different processing laser beam radii ω0 of 60µm (squares), 20µm (circles), and 10µm

(triangles). The distance d between the contacts as well as the contact width W was 1 cm. For

comparison, scales are the same as in Figure 6.21.

different regions can be found accordingly. Only for processing with 60µm a large region II

is obtained and the magnitude of increase in region III is rather low. Furthermore, a shift of

region II to higher peak fluences is observed for processing with 20µm and 10µm due to the

increasing onset peak fluence for these processing radii. With respect to the process stability,

the extent of region II is decreasing with decreasing ω0.

One explanation for the rise of Rc in the third region is possible deterioration of the TCO

layer and increasing debris redeposition within the scribe as it was already shown by Ku et.

al [154]. Lauzurica et. al investigated the front-contact surface after P2 scribing with EDX and

observed silicon accumulation [155]. Investigations of the front-contact surface morphology
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were carried out to see if these effects can explain the observed trend of the contact resistance

versus the peak fluence.

6.4.1 Ablation debris redeposition

As indicated earlier, it is widely accepted that the parasitic series resistance for P2 is formed by

debris redeposition onto the exposed TCO layer [45, 154, 155]. In the following investigations

were carried out to determine whether the series resistance increase for P2 scribes with

minimized width can be attributed to an increase/change of debris redeposition.

A large amount of near scribe edge modifications were observed with the optical microscope

after back-contact deposition as shown in Figure 6.23 exemplary for the case of a-Si:H pro-

cessing with 60µm. The figure shows that with increasing peak fluence the amount of surface

changes is also increasing. The shape and distribution is similar to the earlier findings for the

surface modifications found for front-contact structuring in the previous Chapter 5. Please

note that these changes are visually only observed after back-contact deposition. The increas-

ing pulse energy in Figure 6.23 is in accordance with the used pulse energies from the TLM

experiments in Figure 6.21. Figure 6.23(a) and (b) correspond to the region II, (c) to (f) to the

region III with increasing contact resistance Rc, and (g) and (h) to the region marked with IV.

In a comparison between the amount of near edge changes and the contact resistance Rc from

Figure 6.21 (filled squares) it is concluded that there are only small visual changes for peak

fluences within the process window (regime II). However, the amount increases dramatically

for higher peak fluences and decreases again for the highest peak fluences. Furthermore, there

is a unsymmetrical shift of visual changes that is weighted to the right in the Figures 6.23(d)–(f).

For very high peak fluence the shift disappears and visual changes are spread symmetrically

around the scribe line.

The increasing brightness of the center of the scribe line is a strong sign for material changes/-

damaging of the exposed front-contact material beneath. Furthermore, in Figure 6.23(h)

partial ablation of the front-contact is observed as well.

The same behavior was observed, especially, for processing of a-Si:H as well as for tandem

absorber processing with decreased laser beam radii of 20µm, and 10µm. Surface morphology,

before back-contact deposition, was characterized by SEM. This was done to investigate any

possible correlations between amount of debris redeposition on the remaining absorber and

within the P2 scribe. Figure 6.24 shows a compilation of SEM images of the front-contact

surface after P2. For better visualization of the behavior SEM images for processing of a-Si:H

material with a laser beam spot radius of 10µm are shown. The images show that strong

debris redeposition is apparent on the front-contact surface (Figure 6.24(a) and (b)) which

increases with increasing peak fluence. For high fluence regimes with partial front-contact

ablation (Figure 6.24(c) and (d)) the exposed TCO surface is very smooth possibly due to

melting, without signs of debris redeposition. This could explain the decrease of the contact

resistance Rc in regime IV.
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Figure 6.23: Optical microscopy images of P2 scribes on a-Si:H absorber material, with sub-
sequent back-contact deposition, processed with a laser beam spot radius of 60µm. Images
from a) to h) with increasing peak fluence Fp of: 0.21, 0.33, 0.49, 0.65, 0.82, 0.97, 1.13, and
1.27 Jcm-2 corresponding to values from Figure 6.21 (filled squares).
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Figure 6.24: SEM images of P2 scribes on a-Si:H absorber material processed with a laser beam
spot radius of 10µm. Images from a) to d) with increasing peak fluence Fp: 0.37, 0.6, 1.45, and
4.59 Jcm-2.
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Additionally, the scribe edge morphology shows signs of rupture alongside with melting. Thus,

ablation behavior is not purely determined by brittle fracture at the scribe edge, at least for

increased peak fluences. Changes of mechanical properties by material melting can have an

impact on the resulting scribe width, at least for processing of a-Si:H with 10µm.

In contrast to this behavior, processing of tandem absorber material exhibits a very steep scribe

edge over a large region of peak fluences and beam radii. A comparison between the surface

distribution of debris redeposition for processing of a-Si:H and tandem showed differences

that could explain the differences in minimal achievable contact resistances (cf. Figure 6.21

and 6.22).

Figure 6.25 shows a comparison between both processing setups. The direct comparison

shows that surface residuals for processing of tandem absorbers mainly consist of resolidified

silicon filaments (Figure 6.25(b)). In contrast, for a-Si:H processing the front-contact surface is

covered by small redeposited spherical particles with a higher surface coverage (Figure 6.25(a)).

It is possible that the filaments and fiber-like residuals do not affect the contact resistance as

strongly as the layer of spherical particles (Figure 6.25(c)) which was seen by the lower minimal

resistances observed for tandem processing.

The amount of surface residuals seen in the SEM is in perfect agreement with the visible

modifications seen from the optical microscopy images. They tend to increase with decreasing

processing beam radii which was also observed for front-contact structuring before. Corre-

spondingly, it is possible that the residuals have an impact on the active material in adjacency

to the P2 scribe. This would be detrimental since no cleaning or post-treatment is intended

after P2 structuring.

For the optimization approach it would be helpful to reduce the amount of debris redeposition

to increase the processing window as well as achieve lower minimal values of the contact

resistance Rc. To investigate this, further experiments under vacuum conditions were carried

out.

6.4.2 Atmospheric conditions

It is well-known from literature that the pressure has a significant impact on the laser plasma

particle distribution/velocities and therefore on the ablation debris [158, 159, 160]. Experi-

ments of P2 processing on tandem absorbers were conducted with similar laser parameters

and a beam spot radius of 20µm according to the peak fluences from Figure 6.22 (circle sym-

bols). The difference to the previous experiment is that processing was also done at vacuum

conditions at a pressure of 1.5·10-5 mbar. Figure 6.26 shows the TLM measurement comparing

both processing conditions. Both samples exhibit the same behavior for fluences up the third

region (III). Here, the sample processed under vacuum conditions shows only a slight increase

of Rc whereas the sample processed in air exhibits a large increase. Figure 6.27 shows optical

microscope images for the two processing parameters marked with stars in Figure 6.26. Visual

inspection with optical microscopy reveals a greatly reduced debris redeposition along the
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Figure 6.25: SEM images for comparison of P2 scribes processed with a laser beam spot radius
of 60µm. Image show: a) Processed a-Si:H with a peak fluence Fp of 0.49 Jcm-2. b) Tandem
absorber processing with 0.21 Jcm-2. c) Magnified view of the surface redeposition for a-Si:H
processed with a radius of 10µm.
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Ω

Figure 6.26: Contact resistance Rc after processing of a 1.4µm thick tandem absorber layer

from TLM measurements vs. peak fluence Fp and fixed feed-rate v for a processing laser beam

radius of 20µm in air (filled circles) and at a pressure of 1.5·10-5 mbar (empty circles). Distance

d between the contacts as well as the contact width W was 1 cm. Region IV is outside the

processing parameter spectrum. Stars mark the parameter where optical microscopy was

evaluated after back-contact deposition.

scribe edge for the sample processed in vacuum (Figure 6.27(b)). In contrast, a high amount of

residuals are observed for processing in ambient atmosphere (Figure 6.27(a)). Therefore, the

high increase in region III for samples processed in air can be owed to the increase of debris

redeposition. A slight increase is observed for vacuum processed samples as well which could

be explained by TCO layer damage ablation, and minor debris redeposition.

6.4.3 Series resistance solar module losses

Coming back to the electrical properties, for better comparison, all minimal values of Rc

from TLM measurements are listed in Table 6.3 for processing of both absorber materials

from Figure 6.21 and Figure 6.22. In most cases the value of Fp that belongs to the minimal

resistance Rc,min differs from the visually optimized values (see Figure 6.4 and 6.5). This shows

that visual evaluation of the scribe lines alone is not sufficient to achieve optimized electrical

properties and needs to be considered.

It is interesting to note that values of Rc,min for processing of tandem absorber are all in the

same value range while for the a-Si:H absorber Rc,min is strongly increased for processing with

10µm. This cannot be described just by the contact area reduction due to the very low scribe

width wP2. Thus, a change of the specific contact behavior ρc is possible.

To see if the processing geometry has an impact on ρc or changes are only due to the contact

geometry Equation 6.30 was numerically evaluated to determine ρc. Table 6.4 shows the
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Figure 6.27: Optical images of P2 scribes of 1.4µm thick tandem solar cell material on SnO2:F
TCO after back-contact deposition. Parameters: a) According to filled-stars. b) Matching with
empty stars from Figure 6.26. Differences in scribe width are due to slight differences in peak
fluences.

Table 6.3: Minimal contact resistance values Rc,min for P2 processing of a-Si:H and tandem
absorber layers on SnO2:F TCO with different beam spot radii ω0. *No continuous line, single
spots.

Absorber type
(thickness)

Spot
radius
ω0

Peak fluence
Fp

Scribe width
wP2

Contact resistance
Rc,min

a-Si:H (300nm) 60µm 0.17 Jcm-2 *30µm 121±2 mΩ

a-Si:H (300nm) 20µm 0.20 Jcm-2 16µm 140±21 mΩ

a-Si:H (300nm) 10µm 0.16 Jcm-2 6µm 1024±6 mΩ

tandem (1.4µm) 60µm 0.19 Jcm-2 40µm 88±5 mΩ

tandem (1.4µm) 20µm 0.70 Jcm-2 36µm 90±4 mΩ

tandem (1.4µm) 10µm 1.50 Jcm-2 24µm 152±3 mΩ

results of this numerical evaluation. The TCO sheet resistance RSH was extracted from the

slope of the TLM measurements according to Equation 6.29. A comparison of the first three

values of ρc from Table 6.4 for a-Si:H absorber processing show quite substantial differences

which indicates that there are changes of the contact properties. For very narrow scribe lines

a strong increase not only for the Rc but also for ρc is observed. For processing of tandem

absorber layers (last three rows) ρc is almost constant (0.028Ωmm2–0.034Ωmm2) indicating

contact properties independent from the processing geometry. The number of data points

within the region II is quite sparse. Further investigations in this region could be helpful to

substantiate the observed deterioration of specific contact properties for P2 processing with

smaller beam spot sizes.

Trade-off: it is now possible to obtain the optimal relation between increase of Ohmic losses

from increasing values of Rc,min vs. gain of active area wa. From the reduction of wP2 the ex-

tended model from Gupta accounting for P2 series resistance losses is used (cf. Equation 6.27).
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Table 6.4: Calculation of the specific contact resistance ρc from Equation 6.30 for P2 processing
of a-Si:H and tandem absorber layers on SnO2:F TCO with the electrically optimal processing
parameters from Table 6.3. Parameters are: a-Si:H layers (row 1–3) and tandem layers (row
4–6).

Sheet resistance RSH Contact resistance Rc,min Specific contact resistance ρc

7.68±0.02Ω 12±2 mΩ 0.034Ωmm2

7.6±0.02Ω 140±21 mΩ 0.021Ωmm2

7.57±0.01Ω 1024±6 mΩ 0.061Ωmm2

8.57±0.01Ω 88±5 mΩ 0.031Ωmm2

8.67±0.01Ω 90±4 mΩ 0.028Ωmm2

8.57±0.01Ω 152±3 mΩ 0.034Ωmm2

The value R ′
s,P2 = Rc,minW is equivalent with the P2 processing series resistance normalized

by the cell stripe length (Equation 6.28). Figure 6.28 shows calculations for a tandem module

with different P2 scribe widths wP2 and the corresponding Rc,min to estimate their influence

on the overall module loss fraction f . As reference, a calculation with processing parameters

commonly used in industry is plotted for comparison assuming an P2 scribe width wP2

of 90µm [64] and an series resistance Rs,P2 of 100 mΩcm. There is only a slight difference

Figure 6.28: Module loss fraction calculation for a tandem solar module with different P2
scribe widths wP2 and corresponding R ′

s,P2 values from measurement. Processing param-
eters are (wP2/R ′

s,P2): 40µm/88 mΩcm (empty squares), 36µm/90 mΩcm (empty circles),
24µm/152 mΩcm (empty triangles), and typical reference values assuming 90µm/100 mΩcm
(filled squares). The remaining part of the interconnection width wd was kept at 200µm. Solar
cell parameters are: JMPP=9.7 mA/cm2, VMPP=1.1 V, and RSH=8Ω.

between the electrically optimized P2 processing parameters for ω0 of 60µm, 20µm, and

10µm (empty squares, empty circles, and triangles). The highest difference is predicted

between the reference parameter (filled squares) and the optimized ones. A relative reduction
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of module losses by 1% is predicted at the optimal cell stripe width with minimal overall losses

f .

A similar calculation was also made for the scribe width reduction of a-Si:H absorber scribing

with the electrical parameter for the optimized processes from Table 6.1. Figure 6.29 shows a

plot with these calculations. The general behavior is quite similar to the calculations from Fig-

Figure 6.29: Module loss fraction calculation for an a-Si:H solar module with different P2
scribe widths wP2 and corresponding R ′

s,P2 values from measurement. Processing parame-
ters are (wP2/R ′

s,P2): 30µm/121 mΩcm (empty squares), 16µm/140 mΩcm (empty circles),
6µm/1024 mΩcm (empty triangles), and typical reference values assuming 90µm/100 mΩcm
(filled squares). The remaining part of the interconnection width wd was kept at 200µm. Solar
cell parameters are: JMPP=10.17 mA/cm2, VMPP=0.765 V, and RSH=8Ω.

ure 6.28 except for the parameters from processing with ω0=10µm. Here, the P2 loss fraction

fP2 is significantly increased. For this case, the width reduction is actually counterproductive

when considering the overall losses. Overall losses f tend to decrease from the reference

parameters (filled squares) to scribing with the optimized values of 60µm (empty squares).

They reach a minimum for 20µm (empty circles) but then increase again for processing with

10µm (empty triangles). Bearing this in mind, a reduction of the overall losses is still possible

and is in the range of approx. 1%. The reason for the increase of overall losses for 10µm

processing can be attributed to the strong increase of the fP2 loss fraction which is significant

in this case.

6.5 Process implementation in mini solar modules

As it was already shown for the scribe width optimization for P1, successful implementation of

the optimized processes was tested with tandem mini modules on SnO2:F. For the absorber

structuring process P2 modules were prepared with optimized P1 and P2 scribes whereas the
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standard processing parameters were used for back-contact structuring P3. All scribes were

generated using a laser wavelength of 532 nm with laser beam radii of 10µm for P1, 20µm for

P2, and 60µm for P3. Figure 6.30 shows optical microscopy images of the interconnection

region with the optimized scribes. The three laser scribing parameters for each line are:

Figure 6.30: Optical microscopy image of the interconnection region of tandem mini modules
prepared on SnO2:F TCO material with optimized P1 (ω0=10µm, Fp=3 Jcm-2) and P2 scribes
(ω0=20µm, Fp=0.82 Jcm-2). For the back-contact insulation process P3 standard processing
parameters were used (ω0=60µm, Fp=0.52 Jcm-2).

ω0=10µm, Fp=3 Jcm-2 for P1, ω0=20µm, Fp=0.82 Jcm-2 for P2, and ω0=60µm, Fp=0.52 Jcm-2

for P3.

Figure 6.30 shows that there are some slight irregularities at the P2 scribe edge observed

when this line is compared with the scribe obtained from the scribe line optimization in

Figure 6.5(b). Furthermore, the used laser peak fluence is higher as well (0.82 Jcm-2 vs. 0.6–

0.7 Jcm-2 in Figure 6.26). This is owed to the fact that all modules were prepared with a higher

absorber thickness of approx. 2.2–2.4µm. It was significantly higher compared to the thickness

of 1.4µm for the tandem absorbers that were under investigation. Thus, the width of the P2

scribe line is slightly increased as well.

Mini modules with four different active cell stripe widths wa of 2 mm, 3 mm, 5 mm, and 10 mm

were prepared. The cell length l of 30 mm was fixed. The number of interconnected cells was

in correspondence with the individual cell stripe width: 40, 25, 16, and 8. Furthermore, single

solar cells were prepared as well on the same substrates for comparison. Table 6.5 shows the

module parameters extracted from the I −V characteristics. Similar to the optimization of

P1, modules with optimized P1 and P2 scribes exhibit no negative impact on the electrical

properties. No shunting or increased series resistances are observed for the optimized laser

processes. A high fill-factor is achieved for all modules with no large differences to single solar
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Table 6.5: AM1.5 I −V characteristics of a-Si:H/µc-Si:H tandem solar modules on SnO2:F with
optimized P1, and P2 scribe lines and standard P3 scribes. Laser processing was done with
532 nm. For P1 a beam spot radius of 10µm and a peak fluence of Fp=3 Jcm-2 were used. For
P2 processing 20µm, and Fp=0.82 Jcm-2 were used, whereas 60µm, and Fp=0.52 Jcm-2 were
used for standard P3 processing. All cell stripe length W are 30 mm. On each substrate three
solar cells with an area of 1 cm2 were prepared for comparison and median values are given.

Substrate
number

Active cell stripe
width (# cells)

Module
efficiency η

Fill-Factor
F F

Open-
circuit

voltage VOC

Short-
circuit

current ISC

1 2 mm (40) 9.7% 73.2% 50.12 V 6.2 mA
1 3 mm (25) 10.9% 74.4% 33.75 V 9.4 mA
2 5 mm (16) 10.4% 74.4% 21.35 V 15.7 mA
2 10 mm (8) 10.3% 73.1% 10.69 V 31.6 mA
1 10 mm (1) 11.4% 74.6% 1.34 V 11.4 mA
2 10 mm (1) 10.9% 74.6% 1.33 V 10.9 mA

cells. Furthermore, the open-circuit voltage VOC of each module corresponds to the theoretical

value except for the module with 2 mm cell stripe with. Here it seems that some cell stripes are

short-circuited.

As a conclusion for P2 absorber processing it can be said that for laser-induced substrate side

ablation of thin-film silicon layers on TCO the ablation behavior strongly depends on the laser

beam spot size and/or layer thickness. Evaluation of the Liu-Plots for the different processing

setups showed that the threshold fluence is not sufficient for the characterization. The onset

peak fluence, where proper ablation occurs, provides important information and showed that

there are limits to width reduction due to increase of said value with decreasing laser spot

sizes.

Debris collected during processing indicates that the ablation process is highly assisted by

mechanical stresses. Temperature distributions from transient thermal modeling lead to

conclude that ablation full phase transitions can be ruled out.

Hydrogen-assisted vapor-stress as well as stress by thermal expansion can explain the observed

experimental results. Both in terms of magnitude of occurring forces as well as ablation

property changes for different layer geometries and beam spot radii.

For the scribe width reduction it can be concluded that for laser processing from the substrate

side thin scribes are only possible with thin absorber layers. The reason is to be found in the

delamination and fracture behavior of the layer-stack materials.

The minimal achievable contact resistances Rc,min for processing of a-Si:H measured by TLM

were somewhat higher than for tandem absorber. This can be accounted to changes of the

specific contact resistance ρc for a-Si:H processing with a spot radius of 10µm. For tandem

absorber processing a regime with low resistance values could be found for all three processing

laser beam spot radii. But, the scribing parameters for electrically optimal scribe lines differ
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from the visually evaluated optimal lines. It is therefore necessary to conduct an electrical

evaluation of the contact properties to obtain the optimal processing parameters.

An extension of the model by Gupta to account for series resistance losses showed that a

reduction of the relative modules losses are predicted to be in the range of at least 1%. For the

overall tandem module losses the fractional losses due to fP2 are almost negligible compared

to gain of active area which gives motivation for a further width reduction. However, for

processing of a-Si:H solar cell material an improvement of the specific contact resistance ρc is

necessary to reduce the series resistance losses.

The next chapter is dedicated to the back-contact insulation process P3. However, the laser

process is similar to P2. Even higher constraints on the minimal achievable scribe widths

due to a higher overall layer-stack thickness (back-contact thickness about 360 nm) can be

expected.
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In this chapter the results for the last interconnection processing step, the back-contact

insulation P3, are presented. The laser process for the back-contact ablation is similar to

the absorber structuring process P2. In both cases a laser with a wavelength of 532 nm is

used for the ablation of the absorber. The back-contact is removed indirectly by removal of

the underlying silicon absorber (cf. Figure 2.9). Unfortunately, the same (or even higher)

geometrical constraints on the scribe width minimization found for P2 apply to the P3 process

as well.

In the first part, basic ablation behavior was investigated by single spot crater ablation of

a-Si:H and tandem solar cells (both with ZnO:Al/Ag/ZnO:Al back-contact) for laser processing

with 532 nm and beam radii of 60µm, 20µm, and 10µm.

Subsequently, visually optimized scribe lines were created. Before the impact on the solar

module due to P3 scribing was characterized theoretical calculations were conducted to

estimate the behavior of sub-threshold energy intake as a function of laser peak fluence and

beam radius. Afterwards, a special test procedure for P3 processing was used on single solar

cells and the impact on the electrical properties was evaluated.

In the last part changes of the active materials microstructure at the direct P3 scribe edge

were investigated by Raman microscopy. A possible crystallization of the absorber material

can be detected by Raman spectroscopy. A change of crystallinity is known to be linked to an

increase of the electrical conductivity at the direct scribe edge leading to parasitic shunting of

the cell [161, 45, 118].

7.1 Material ablation behavior

Investigations on the ablation properties as function of the layers and laser beam radii were

carried out on a-Si:H and tandem solar cells on SnO2:F TCO material. For all experiments the

same back-contact topology of sputtered ZnO:Al/Ag/ZnO:Al layers was used. The nominal

thickness of the individual layers was 80 nm (ZnO:Al), 200 nm (Ag), and again 80 nm (ZnO:Al).
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ω

Figure 7.1: Liu-Plot of a-Si:H p-i-n solar cell absorber (filled squares) and tandem material

(empty squares) with ZnO:Al/Ag/ZnO:Al back-contact for a laser beam spot radius of 60µm.

Half-filled squares correspond to TCO damage ablation values (for tandem absorber). Dashed

lines mark the onset pulse energies where ablation occurs.

The absorber layer thicknesses were the same as in the previous Chapter 6 with 300 nm for the

a-Si:H absorber and 1.4µm for the tandem absorber. The thickness of the SnO2:F front-contact

material was approx. 800 nm.

Liu-Plots: both material systems were processed with 532 nm and different laser beam spot

radii of 60µm, 20µm, and 10µm. The corresponding Liu-Plots are shown in Figure 7.1, 7.2,

and 7.3. The undesired TCO single crater ablation measured from tandem solar cell processing

is shown as well for estimation of the processing window. Furthermore, for better comparison,

all extracted values from the Liu-Plots are listed in Table 7.1 as well.

First, a comparison of the extracted radii ω0,Liu with the measured values ω0 reveals good

agreement between both values. However, there are exceptions for a-Si:H as well as undesired

TCO ablation with 10µm. These possibly arise from changes of ablation mechanisms between

low and high pulse energy regimes (observed also for P2 in Liu-Plot from Figure 6.3).

The same optical machine parameters were used as for processing of P2. The extracted radii

exhibit good agreement to the values extracted from the Liu-Plots for P2 investigations as

observed from the comparison between Table 6.1 and Table 7.1.

However, certain differences to P2 processing are observed. These can be seen when the

difference in squared crater diameter D2 (shift in the y-axis) is compared between processing

of a-Si:H and tandem solar cells. For processing with 60µm and 20µm there is almost no

difference observed in contrast to the results for the absorber removal P2 where the diameter

for tandem absorber processing was always higher than for a-Si:H ablation.
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ω

Figure 7.2: Liu-Plot of a-Si:H p-i-n solar cell absorber (filled squares) and tandem material

(empty squares) with ZnO:Al/Ag/ZnO:Al back-contact for a laser beam spot radius of 20µm.

Half-filled squares correspond to TCO damage ablation values (for tandem absorber). Dashed

lines mark the onset pulse energies where ablation occurs.

ω

Figure 7.3: Liu-Plot of a-Si:H p-i-n solar cell absorber (filled squares) and tandem material

(empty squares) with ZnO:Al/Ag/ZnO:Al back-contact for a laser beam spot radius of 10µm.

Half-filled squares correspond to TCO damage ablation values (for tandem absorber). Dashed

lines mark the onset pulse energies where ablation occurs.
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Table 7.1: Extracted values from Liu-Plots of P3 processing for 300 nm thick a-Si:H solar cells
and 1.4µm thick tandem solar cells with 360 nm ZnO:Al/Ag/ZnO:Al back-contact. All samples
were deposited on SnO2:F TCO material (parasitic ablation measured on tandem solar cells).
*Linear regression evaluated in the low pulse energy regime. Standard deviation calculated by
maximum error estimation by 1st degree Taylor approximation.

Material Radius from
profiler ω0

Radius from
slope ω0,Liu

Threshold fluence
Fth

Onset peak
fluence Fp,on

a-Si:H 60µm 49.1±0.9µm 0.14±0.21 Jcm-2 0.16 Jcm-2

a-Si:H 20µm 16.7±0.1µm 0.22±0.04 Jcm-2 0.41 Jcm-2

a-Si:H 10µm 7.3±0.8µm 0.38±0.21 Jcm-2 0.95 Jcm-2

tandem 60µm 54.6±0.3µm 0.16±0.08 Jcm-2 0.25 Jcm-2

tandem 20µm 15.4±0.5µm 0.19±0.16 Jcm-2 0.60 Jcm-2

tandem 10µm 9.7±0.4µm 0.49±0.16 Jcm-2 1.15 Jcm-2

SnO2:F 60µm 58.4±2.4µm 0.60±0.69 Jcm-2 0.62 Jcm-2

SnO2:F 20µm 18.4±0.3µm 1.21±0.17 Jcm-2 1.46 Jcm-2

SnO2:F 10µm *5.9±0.2µm *2.38±0.24 Jcm-2 1.72 Jcm-2

It is possible that the transition point between interface delamination and layer-stack fracture

at the perimeter of the crater is dominated by the back-contact system. The thickness of the

back-contact is the same for processing of a-Si:H and tandem solar cells.

For processing with 10µm a conclusive comparison of the crater diameter for both absorber

materials is not possible due to large deviations of the crater diameter. However, it seems that

in this case the diameter for tandem ablation is slightly higher.

The threshold fluence Fth reflects the merging differences between both solar cell topologies

as it is seen in Table 7.1. Moreover, the threshold fluence Fth increases when the radius is

decreased now for both layer-stack configurations. Nevertheless, in terms of characterization

of the processing behavior the onset peak fluence is the appropriate parameter.

The comparison of the onset peak fluence Fp,on between the different laser beam radii shows a

significant increase with decreasing radii. This is in correspondence with what was already

seen for P2 processing. Furthermore, between processing of a-Si:H and tandem for a given

beam radius the onset for tandem ablation is always higher than the corresponding onset of

a-Si:H ablation. The same trends of Fp,on are observed for parasitic TCO ablation as well.

Most results are not very surprising and are as expected. The lower crater diameter limit is

slightly increased compared to P2 due to the higher onset fluences (cf. Table 7.1 with Table 6.1).

Crater morphology: differences of the edge morphology were observed for tandem solar cell

processing which can be seen exemplary in Figure 7.4. Similar to the results from P2 processing,

the crater edge morphology shows differences between the three different laser beam radii.

A clean edge definition is only found for processing with 60µm (Figure 7.4(a)). For ablation

with 20µm and 10µm high bulging and delamination of the absorber and back-contact at

the crater edge is observed. Furthermore, a change of texture at the bulged region around the

crater indicates that melting of the back-contact material occurred.
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7.1. Material ablation behavior

Figure 7.4: Optical microscope images of single crater ablation from tandem layer processing

for the back-contact insulation process P3. Laser ablation was done with different beam radii

of: a) 60µm and 0.25 Jcm-2. b) 20µm and 0.6 Jcm-2. c) 10µm and 1.15 Jcm-2. The green inset

circles represent the processing beam spot size.

In contrast to this, for P3 processing of a-Si:H solar cells a clean crater edge morphology was

observed for all beam radii (not shown).

Melting and bulging of the crater edge occurs possibly due to the lower melting temperature

of silver than a-Si:H and/or µc-Si:H which is approx. 1234 K compared to 1422–1683 K. Fur-

thermore, it is known that certain metals, like silver, exhibit a ductile fracture behavior [162].

These two thermal and mechanical material properties could be reasons for the distorted edge

definition observed for the decreased beam spot sizes in Figure 7.4(b)–(c).

For a-Si:H solar cells the absorber layer thickness is significantly lower than for tandem solar

cells. Therefore stronger heating of the back-contact system by heat conduction from the

absorber could explain the differences in ablation morphology at the crater edge compared to

tandem solar cell ablation.

7.1.1 Geometrical scribe width minimization

The onset fluences that were determined from the Liu-Plots were used to obtain processing

parameters that will lead to visually optimized P3 scribe lines with a minimized scribe width.

Optical microscopy images of these scribe lines are shown in Figure 7.5. For a-Si:H solar cell

processing in Figure 7.5(a)–(c) a scribe width reduction in accordance with the laser beam radii

reduction of 60µm, 20µm, and 10µm is possible. A clean scribe edge definition and minimal

damaging of the underlying front-contact is achieved. Furthermore, no flake formation of the

back-contact is observed even for the smallest beam spot radius.

Flake formation introduces an additional constraint for the P3 insulation process and is known

to have an significant impact on the solar module properties [163].

In contrast to this, processing of tandem solar cells yields very different results as seen in the

lower row of Figure 7.5(d)–(f). A similar ablation behavior at the direct scribe edge was already
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Figure 7.5: Optical microscope images of scribes with minimized widths for the back-contact
insulation process P3. Upper row: a-Si:H processing. Lower row: tandem absorber ablation.
Processing radii ω0 and laser peak fluences Fp are: a) 60µm and 0.16 Jcm-2). b) 20µm and
0.41 Jcm-2. c) 10µm and 0.95 Jcm-2. d) 60µm and 0.25 Jcm-2. e) 20µm and 0.65 Jcm-2. f ) 10µm
and 1.15 Jcm-2.

observed for P2 absorber structuring of tandem absorber in Section 6.1.1. For processing with

20µm and 10µm no significant scribe width reduction is achieved and slight flake formation

is observed in Figure 7.5(f). It is possible that for increased focusing no clean fracture of the

layer-stack occurs. A rather plastic/ductile rip-off due to significant heating of the back-contact

metal is likely. Especially when the layer thickness is increased and a higher onset peak fluence

is required.

Furthermore, high front-contact damaging and partial ablation was observed for processing

with 20µm and 10µm (not shown).

For these visually optimized P3 scribe lines in terms of scribe width and back-contact insula-

tion the impact of P3 processing on the electrical properties of the solar cells was determined.

7.2 Impact on electrical properties

Just like it was already introduced for P1 and P2 processing, the back-contact insulation step

P3 can have an impact on the electrical properties as well. An extension of the Gupta model is

needed to account for these losses.

The main purpose of the P3 step is the final solar cell stripe definition (cf. Figure 2.9). For

substrate side processing, the back-contact is removed indirectly by removal of the underlying

absorber layer. This is favorable since the processing wavelength of 532 nm is highly absorbed

by the silicon absorber avoiding, usually, significant heating of the back-contact.
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Furthermore, this procedure is known to have an advantageous energy efficiency compared to

direct illumination. For processing with a wavelength of 532 nm the silver metal layer is highly

reflective. But, it is also known that shunting between front- and back-contact at the scribe

edge can occur [163].

In literature, Haas et al. showed with electrical measurements and SPICE modeling that

P3 processing can have an negative impact on the solar cell properties depending on the

used processing wavelength [163]. Especially for semi-transparent modules with a high

amount of P3 processing within the cell stripe a high influence on the module efficiency

is observed [164]. Colina et al. showed with Raman microscopy at the scribe edge after P2 pro-

cessing that changes of the a-Si:H absorber crystallinity can occur [118]. However, provision of

the back-contact topology and thickness is important for the process since heat flux from the

absorber to the back-contact occurs during P3 processing [161].

Shunting loss fraction: to account for power losses introduced by P3 the extension of the

model by Gupta introduced earlier for P1 (loss fraction fP1) can be extended to account for

shunting by P3 (cf. Section 5.5).

A loss fraction describing shunting losses by a parasitic parallel resistance was introduced as

an effect originating after absorber deposition into the P1 scribe. Now with P3 processing

this parasitic shunt resistance can be redefined as the resulting resistance of the parallel

connection of the two shunts Rp,P1 and a new value Rp,P3. A redefinition of the loss fraction

fp,P1 to fp,P1,P3 can simply be made as followed,

fP1,P3 =
VMPP

JMPP

1

R ′
P1,P3wa

with, R ′
P1,P3 =

Rp,P1Rp,P3

Rp,P1 +Rp,P3
l . (7.1)

The redefinition in Equation 7.1 shows that the shunting losses are represented by the shunt

value of the parallel connection of the resistances Rp,P1 and Rp,P3 formed by both processes P1

and P3.

The origin of shunting from P3 processing is found at the direct scribe line edge where the

resistance between front- and back-contact within one cell stripe is heavily reduced.

For better visualization of the process of shunting a schematic sketch of the possible reason is

shown in Figure 7.6. The sketch shows that heat-affected zones (HAZ) are formed at the direct

P3 scribe edges. These zones can exhibit changed electrical properties leading to a parasitic

conductivity if changes occur throughout the whole thickness of the solar cell. It is reasonable

to assume that structural material changes are initiated thermally by the incident spatial pulse

fluence that is below the threshold and/or onset. This sub-threshold energy needs to dissipate

thermally.
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Figure 7.6: Schematic sketch of the P3 back-contact insulation process for laser illumination
from the substrate side. Possible material changes at the direct scribe edge leading to a
formation of parasitic conductivity between front- and back-contact when the heat-affected
zone (HAZ) reaches throughout the whole layer-stack.

7.2.1 Sub-threshold energy intake for Gaussian laser beams

In the following, simple geometrical calculations were made to estimate the amount of energy

that dissipates into the absorber thermally. Furthermore, it is estimated how the behavior

changes in terms of used beam spot sizes and peak fluences. Different scenarios of processing

setups were chosen to show possible impact by sub-threshold energy intake into the active

solar cell material.

Peak fluence: in the first example the influence of the peak fluence was evaluated with experi-

mental data from the Liu-Plot for processing of tandem solar cell with 60µm. Figure 7.7 shows

the fluence distribution for three different peak fluence with the assumption of a constant

threshold fluence Fth. As expected, the crater radius increases with increasing peak fluences.

The shaded areas represent the sub-threshold energy absorbed in the active material in direct

vicinity of the crater edge. This energy needs to dissipate thermally into the solar cell. A recall

to Equation 3.5 is required for derivation,

F (r, z = 0) = Fpexp

µ
−2r 2

ω0
2

¶

. (7.2)

Here, the experimental values are inserted. The overall pulse energy is defined in accordance

with Equation 3.9. Hence, the sub-threshold energy is calculated as followed,

Ep,sub =
Z 2π

0

Z ∞

rcrater
F (r )dφr dr. (7.3)

The crater radius rcrater is a function of the threshold fluence Fth and the peak fluence Fp.

Hence, Equation 7.2 can be rewritten to,

rcrater =
ω0p

2

s

ln

µ
Fp

Fth

¶

(7.4)
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Figure 7.7: Visualization of the P3 ablation process with experimental parameters extracted

from Liu-Plot for tandem solar cell processing with 60µm. For calculations the peak fluence

Fp was increased. The shaded area represents the sub-threshold energy intake into the active

solar cell at the scribe edge.

Furthermore, Equation 7.4 and Equation 7.3 can be combined and solved leading to,

Ep,sub =
πω0

2

2
Fth. (7.5)

This simple equation shows that the absolute sub-threshold energy is not depending on the

used peak fluence and constant under the assumption of a constant threshold fluence.

Equation 7.5 can also be generalized to determine the pulse energy enclosed with an arbitrary

radial interval with a fluence decay from F1 to F2,

Ep,∆F =
πω0

2

2
[F1 −F2] (7.6)

=
πω0

2

2
[∆F ] . (7.7)

The area of a ring between fluence F1 and fluence F2 can be calculated by using Equation 7.4,

A1-2 =π
(

r2
2
− r1

2
)

(7.8)

=
πω0

2

2
ln

[

F1

F2

]

(7.9)

Equation 7.9 shows that the area illuminated with a fluence between F1 and F2 is independent

from the used laser peak fluence Fp. Since the energy Ep,∆F deposited in the region (∆F ) is

also independent from Fp sub-ablation threshold material modifications within an arbitrary
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Figure 7.8: Schematic sketch of the area for an arbitrary fluence interval F1 and F2 with F1>F2

for two different used laser peak fluences Fp. The area Ap1 enclosed by the solid rings is equal
to Ap2 enclosed by the dotted rings. Different views are: a) Fluence distribution in rφ-plane
with both thresholds and interval areas Ap1 and Ap2 derived from the fluence interval for
processing with two peak fluence Fp1 and Fp2>Fp1. b) Area Ap1 plotted along its circumference
and radius with the shape of the fluence distribution F (r ) in the interval F1 −F2 = ∆F . c)
Similar plot for Ap2. The higher peak fluence Fp2 is equivalent with a larger circumference of
the interval area. However, this is compensated by the lower radial extent originating from the
steeper trend of F (r ). Thus, leading to a constant area A with regards to Fp.

fluence interval (F1 to fluence F2) are not affected by the peak fluence that is used for process-

ing. Such behavior is possible since the steepness of the fluence distribution increases with

increasing peak fluences. Therefore, impact on the material remains constant.

The following sketch in Figure 7.8 illustrates the derived behavior. The sketches show how

the interval area is independent from Fp. Plot in Figure 7.8(a) shows the fluence distribution

F (r ) in the rφ-plane with both thresholds F1, F2 (with F1>F2), and interval areas Ap1 and Ap2

derived from the fluence interval for processing with two peak fluence Fp1 and Fp2>Fp1 (areas

enclosed by solid and dotted rings).

For better visualization the areas enclosed by the solid and dotted rings are plotted along

their circumference length and radius in Figure 7.8(a) and (c). Processing with Fp1 will yield a

certain extent in radial direction where the F (r ) decays from F1 to F2. The higher peak fluence

Fp2 is equivalent with a larger circumference of the interval area (cf. Figure 7.8(c)). However,

the steeper trend of F (r ) leads to a stronger decay from F1 to F2. This is the reason for the

lower radial extent of Ap2 leading to constant areas with regards to Fp.

Beam radius: in a second example the influence of the laser beam radius was evaluated with

experimental data from the Liu-Plot for processing of tandem solar cells with a constant peak

fluence Fp. Figure 7.9 shows a visualization of the impact on the sub-threshold fluence for

changes of the beam radius. As expected, due to the steeper slope, the overall sub-threshold

energy decreases significantly for reduced beam radii. Analytically, this can also be seen
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Figure 7.9: Visualization of the P3 ablation process with experimental parameters extracted

from Liu-Plot for tandem solar cell processing with 60µm. For calculations of decreased beam

radii the used peak fluence was fixed and a constant threshold fluence was assumed. The

shaded area represents the sub-threshold energy intake into the active solar cell at the scribe

edge.

directly from the previously derived Equation 7.5. For a constant threshold fluence Fth the

amount of sub-threshold energy scales with ω2
0.

Furthermore, together with Equation 7.9 it also follows that for every sub-threshold fluence

interval the area A scales with ω2
0 as well. Even though the area decreases when a smaller

processing beam radius is used the sub-threshold energy decreases as well. Thus, a reduction

of the heat-affected zone is expected.

Comparison with experiments: for a realistic evaluation of the geometrical and processing

dependencies experimental values were used which were determined from the Liu-Plots for

tandem solar cell processing. Figure 7.10 shows a visualization of the pulse fluence distribution

of the laser beam for the three different beam radii and peak fluences corresponding to the ex-

perimental values at the ablation onset fluences. The threshold fluence is not constant among

the different beam spot radii, as it was already seen from the ablation behavior investigations.

Furthermore, due to the increase of the onset peak fluence the required peak fluences are

adjusted accordingly (Fp = Fp,on in Figure 7.10).

However, this behavior also means that a comparison between the processes is not possible

like it was done for the ideal calculations with a constant beam radius or constant peak fluence

in Figure 7.7 and Figure 7.9. Due to the change of Fth as a function of ω0, the fluence intervals

with a similar decrease from F = Fth to an arbitrary but constant second threshold are not the

same. In terms of potential degree of damaging it is not clear how the deterioration process is

correlated to the maximal fluence magnitude which is apparent at the direct crater edge and
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Figure 7.10: Visualization of the P3 ablation process with experimental parameters extracted

from Liu-Plots for tandem solar cell processing. Peak fluence parameters correspond to the

onset peak fluences from Table 7.1. The shaded area represents the sub-threshold energy

intake into the active solar cell at the scribe edge.

not constant among the different processing setups. A similar behavior would be observed for

a-Si:H processing as well (not shown, compare trends for a-Si:H from Table 7.1).

Evaluation of the experimental values to an ideal Gaussian fluence distribution shows that

material and ablation behavior is strongly depending on the geometry. A conclusive statement

in terms of trends for an increase or reduction of cell deterioration when the processing beam

radius is decreased is not possible.

In conclusion, the example calculations showed that when the threshold fluence and onset

peak fluence are constant and not depending on the beam radius no change of heat-affected

zone formation is expected when the peak fluence is increased. Furthermore, a reduction of

HAZ formation is assumed when the processing radius is reduced.

However, experimental results show that in fact both Fth and Fp,on are not constant with

regards to the used laser beam radius. Therefore, no distinct statement about the process

behavior in terms of HAZ formation is possible.

7.2.2 Shunting behavior of P3 processed solar cells

For the quantitative evaluation of the shunting resistance a special test-structure was used for

direct measurement on the solar cell level [163]. The setup and the test-procedure is described

in Figure 7.11 schematically. A single solar cell is used for processing with P3 structuring scribe

line blocks leading to various overall P3 scribe line lengths d . The I −V characteristics are

measured before and after each block of P3 processing into the active cell. This procedure
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Figure 7.11: Sketch of test-structure used for evaluation of solar cell shunting behavior after P3

processing with various overall processing length d . For a single solar cell I −V characteristics

are measured before P3 processing and subsequently after each P3 processing block of three

3.33 mm scribes into the cell. By this procedure I −V measurements are obtained with an

effective P3 processing length d of: 0 mm, 10 mm, 20 mm, 30 mm, 53 mm, 76 mm, and 100 mm.

leads to the overall effective lengths d of: 0 mm, 10 mm, 20 mm, 30 mm, 53 mm, 76 mm, and

100 mm. The actual solar cell area is 1 cm2.

The impact of shunting of the solar cell by the P3 can be seen in the AM1.5 I −V curve by a

decreased fill-factor and/or losses in the open-circuit voltage VOC for strong shunting. When

the changes are only subtle they are best observed from the I −V measured under dark

conditions. The dark I −V characteristics are very meaningful because even slight changes of

parasitic current flow are detected.

Please note that with this structure it is not possible to detect any residual conductivity between

two scribe edges of one P3 line, i.e. proper back-contact insulation.

The parameter sets defined for the experiments were defined as followed: for each absorber

material (a-Si:H and tandem) solar cells were processed with the three individual laser beam

spot radii of 60µm, 20µm, and 10µm. The visually optimized processing parameters from

Figure 7.5 were taken as the reference process. The laser peak fluence was varied around this

value to determine a processing window where shunting is minimized.

Figure 7.12 shows exemplary the dark I −V characteristics that were measured from the test

cycle procedure for two laser parameters. One solar cell P3 processed with low peak fluence

close to the onset peak fluence and one processed with a significantly higher peak fluence.

The overall differences in current flow are best observed for voltages between -1 V and +0.5 V.

In this voltage range Ohmic behavior of the solar cell prevails. As a reference the dark current

flowing at an negative voltage bias of -1 V is taken. A comparison between both processing

parameters shows that the final increase in current flow for the low peak fluence parameter

is smaller than one order of magnitude (Figure 7.12(a)). A stronger increase, of about three

orders of magnitude, is observed for the higher peak fluence in Figure 7.12(b).
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Figure 7.12: Dark I −V characteristics of two a-Si:H solar cells on SnO2:F processed with P3

scribe lines of various lengths d . A laser beam radius of 60µm was used. A low current increase

is observed with a laser peak fluence of: a) Fp=0.12 Jcm-2. A significant increase is present for a

processing laser peak fluence of: b) Fp=0.45 Jcm-2.

148



7.2. Impact on electrical properties

Figure 7.13: AM1.5 I−V characteristics of the two a-Si:H solar cells from Figure 7.12. Solid lines
show the graphs before P3 processing with 0.12 Jcm-2 (black lines) and 0.45 Jcm-2 (red lines),
respectively. Graphs plotted with dashed and solid lines were measured after P3 processing.

These large differences are not as easily seen from the I −V measurements under illumination

as it is shown in Figure 7.13. The main difference that is observed in Figure 7.13 is the reduction

of the short-circuit current density after processing. However, this is mainly attributed to the

reduction of active area of the solar cell by the P3 scribe lines (cf. Figure 7.11). The width of

each scribe line is also increased for processing with a peak fluence of 0.45 Jcm-2 which leads

to a higher overall active area loss. Beside these differences there is no strong deterioration

observed qualitatively.

The extracted solar cell parameters from the illuminated I −V characteristics, as a function

of the P3 processing length, are plotted in Figure 7.14. The cell parameters are extracted and

plotted against the processing length. Both, fill-factor and open-circuit voltage decrease with

increasing scribing length. However, large differences between both processing parameters

are not easily seen here as well. In contrast, from the dark I −V characteristics even very small

changes of the current flow are detected. Due to this higher sensitivity for small changes of the

cells parasitic currents this measurement is the method of choice.

The dark I −V curves in Figure 7.12 show that the current increase is not exactly monotonously

rising. Jumps and strong deviations are clearly visible for processing with the higher peak

fluence in Figure 7.12(b). A homogeneous shunting of the material at the scribe edge would

yield a linear relation between dark current increase and overall processing length.

A strong current increase/decrease within the processing cycle is possibly owed to localized

effects like shunting from flakes, insufficient pulse-to-pulse stability, and intrinsic shunts from

inhomogeneity that are activated by the laser process or measurement. Practically, mechanical

contacting problems from the experimental setup are possible reasons as well.
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Figure 7.14: Extracted parameters of two a-Si:H solar cells on SnO2:F processed P3 scribe
lines of various lengths d . Extracted fill-factor (squares) and open-circuit voltage (circles) as
function of processing length. Filled symbols are processed with the lower peak fluence while
empty symbol are scribed with the higher peak fluence.

To extract reasonable values from the experiments only negative impact on the solar cell was

assumed. A uniform intake of excess heat into the solar cell at the direct P3 scribe edge would

most likely results in a homogeneous deterioration of the electrical properties. Thus, the

linear rising part of the current increase vs. process length relation was mainly accounted for.

Jumps (strong increase or decrease) in the current increase vs. processing length function are

most likely related to localized effects that are (de-)activated by the processing steps and/or

measurement.

Figure 7.15 illustrates this approach and shows the differential dark current density increase

at a reverse bias voltage of -1 V as a function of the process length for both solar cells from

Figure 7.12 and 7.14. Especially, for processing with 0.45 Jcm-2 a spike of the current flow

increase is observed for a length of 53 mm. This jump is accounted for as a deviation from the

expected trends.

The slope of the I −V characteristics is defined by the median of the value derived from the

current increase divided by the processing length. Furthermore, the minimum and maximum

values are extracted as well as a measure of the linearity of the experimental results. The slope

of the linear function is taken as a figure-of-merit for the evaluation of the process quality.

Ideally, the quotient of the current increase and processing length d would be constant for a

purely linear relation. The choice of -1 V reverse bias is partly arbitrary and serves only as a

reference where clear differences are easily detected by the setup.

Slope coefficient: for a-Si:H solar cell scribing a compilation of the differential slope coeffi-

cient (compare Figure 7.15) vs. the peak fluence Fp for the three beam radii used is plotted in

Figure 7.16. A smaller slope value that is extracted from the dark current increase vs. processing
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Figure 7.15: Differential dark current density increase at a reverse bias voltage of -1 V as a
function of the process length. Black squares: processing with a peak fluence of 0.12 Jcm-2

and red circles: processing with 0.45 Jcm-2. The dashed and dotted lines represent linear
regressions that were made taking a homogeneous linear increase of the current flow into
account.

length curves is equivalent with a lower degree of shunting. When the same P3 processing pa-

rameters are used for the interconnection in solar modules the required processing lengths are

5–10 mm depending on the cell-stripe width. However, higher process lengths per cm2 active

cell-stripe can be relevant for special processes like semi-transparency. Here, cell material is

removed by a P3 process in order to achieve a certain percentage of optical transparency [164].

Please note that in Figure 7.16 negative minimum values of the slope coefficient are not ac-

counted for. A negative slope would be equivalent with an improvement of the electrical

properties which seems not reasonable to assume. Such behavior can be explained by existing

shunts that are removed either by the laser scribes or during the measurement of the cell after

processing.

The slope value from Figure 7.16 exhibits a change by many orders of magnitude depending on

the used laser peak fluence and beam radius. A quite constant behavior is found for processing

with 60µm. Except for two spikes to significantly lower values all remaining slope values are

between 10-4–10-3 (mA/cm2)/mm. An increase is only observed for the highest laser peak

fluence value above 0.4 Jcm-2.

Interestingly, comparable values are achieved for processing with 20µm over a large range of

fluences. However, for a peak fluence below 0.45 Jcm-2 there is a strong increase of the slope

coefficient. No proper ablation is observed for these parameters. The complete laser pulse

energy is absorbed for heating but without ablation the material. Thus, a strong shunting

throughout the solar cell within the whole illuminated area is possible.
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Figure 7.16: Slope coefficient of the differential dark current density increase vs. process
length relation at a reverse bias voltage of -1 V for P3 processing of a-Si:H solar cells with
different laser beam radii and laser pulse fluences. The coefficient is derived by the median
of current increase divided by the process length (filled symbols). Furthermore, minimum
(empty symbols) and maximum (half-filled symbols) of the coefficients are plotted as well.
Black squares: processing radius of 60µm, red circles: 20µm, and green triangles: 10µm. The
dotted lines mark the onset peak fluence parameter were continuous lines are obtained. Solid
lines serve as guide to the eye.
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For processing with 10µm no regime is found with a slope comparably low as for the other two

processing radii. Furthermore, the value is not significantly depending on the peak fluence.

All slope values are at least two orders of magnitude higher than the corresponding optimal

values from processing with 60µm and 20µm.

The dotted lines in Figure 7.16 mark the onset peak fluence parameters that are required to

achieve continuous lines. Below this value only layer bulging and flake formation is observed.

A proper electrical insulation of the back-contact is not ensured with laser fluences below

these values.

It is surprising to see that although very clean scribe edges without any flake formation are

obtained for processing of optimized lines with 10µm (cf. Figure 7.5(c)) electrical evalua-

tion shows that cell deterioration by shunting is detrimental for this setup. One possible

explanation is found by the fact that an increased onset peak fluence is required for proper

ablation with higher focusing. For P3 scribing of a-Si:H solar cells significant shunting defines

additional constraints on the minimal reasonable scribe width.

A similar study was carried out for processing of tandem solar cells on SnO2:F as well and

the results are shown in Figure 7.17. Please note that the overall efficiency of the investigated

tandem solar cell were quite bad with average efficiencies of approx. 6% and fill-factors of 60-

65%. However, they were still used for processing since they exhibited a low dark current flow

at -1 V prior to P3 scribing. Only cells with a current flow below 10-4 mA/cm2 were chosen. The

behavior of the slope coefficient is fairly similar to the findings for a-Si:H solar cell processing.

Processing windows of a fluence regime with constant minimized slopes are found for at least

processing with 60µm and 20µm.

A major difference to processing of a-Si:H solar cells is the overall lower slope value for all

processing parameters. In general, no slope values above 10-1 (mA/cm2)/mm are observed.

This could be contributed to the fact that the tandem absorber thickness is higher and that

shunting is not as pronounced.

Another difference to Figure 7.16 is the fact that the minimal slope values for each laser beam

radius is in the same range below 10-6 (mA/cm2)/mm. Just like in Figure 7.17 the dotted lines

in Figure 7.16 mark the onset peak fluence parameters that are required to achieve continuous

lines.

It is somehow surprising that in terms of scribe edge morphology and electrical properties

no correlations can be found when comparing a-Si:H and tandem processing from Figure 7.5

with the I −V characteristics.

All evaluations were done with values from the dark current increase that was evaluated at -1 V

reverse bias voltage so that Ohmic behavior of the solar cell is dominating. For a quantitative

statement of shunting an evaluation of the current increase at the voltage in the maximum

power point under illumination is required. This is possible with the simplification that
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Figure 7.17: Slope coefficient of the differential dark current density increase vs. process
length relation at a reverse bias voltage of -1 V for P3 processing of tandem solar cells with
different laser beam radii and laser pulse fluences. The coefficient is derived by the median
of current increase divided by the process length (filled symbols). Furthermore, minimum
(empty symbols) and maximum (half-filled symbols) of the coefficients are plotted as well.
Black squares: processing radius of 60µm, red circles: 20µm, and green triangles: 10µm. The
dotted lines mark the onset peak fluence parameter were continuous lines are obtained. Solid
lines serve as guide to the eye.
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7.2. Impact on electrical properties

Table 7.2: Evaluation of shunt resistance formation by P3 scribing of a-Si:H and tandem
solar cells with different laser beam radii and laser peak fluences. Process parameters with
optimized median and max slope coefficient from dark I −V curves (at -1 V reverse bias
voltage) from Figure 7.16 and 7.17 were selected. The shunt resistance RP3 is calculated for a
process length d=10 mm and area A=1 cm2. *Values extracted directly from illuminated I −V

curves.

Material
(radius ω0)

Laser peak
fluence Fp

Shunt
resistance RP3

(median)

Shunt
resistance RP3

(max)

*Reduction of F F

and VOC

a-Si:H, 60µm 0.16 Jcm-2 456 kΩ 3.5 kΩ -0.4%, -1.36 mV
a-Si:H, 20µm 0.50 Jcm-2 726 kΩ 154 kΩ -0.1%, -1.38 mV
a-Si:H, 10µm 0.95 Jcm-2 66Ω 26Ω -44.0%, -424.5 mV

tandem, 60µm 0.25 Jcm-2 42 MΩ 2.5 MΩ -4.0%, -157.5 mV
tandem, 20µm 0.65 Jcm-2 37 MΩ 13 MΩ -4.5%, -160.8 mV
tandem, 10µm 1.14 Jcm-2 13 MΩ 1.9 MΩ -3.7%, -104.7 mV

electrical parameters under illumination are only adjusted by the additional photo current

(refer to Figure 2.3).

Table 7.2 shows the calculated shunting resistance for the solar cells that were processed with

the visually and electrically optimized scribing parameters. The values are calculated from the

slope coefficient multiplied with a processing length of 10 mm. Together with the active cell

area of 1 cm2 this corresponds to a 10 mm cell stripe width in the solar module. The calculated

resistance values from the slope coefficient (median and max) at -1 V reverse bias voltage

for a-Si:H solar cells are in good correspondence with the direct impact evaluated from the

solar cell parameters. The impact on the cell properties can be seen from the reduction of

the fill-factor and open-circuit voltage between 0 mm and 10 mm processing length of the

test-structure solar cells. Furthermore, for processing with a laser beam radius of 10µm severe

shunting is calculated and confirmed by the massive reduction of the fill-factor.

For tandem solar cell processing all calculated resistances are greater than 1 MΩ which should

lead to only a negligible impact on the cell properties. However, the measured cell parameters

of the direct impact show that there is a quite strong impact which cannot be described by the

calculated shunting values.

It is possible that such differences between dark and illuminated I −V characteristics are

caused by a stronger illumination dependence of the parallel resistance of the µc-Si:H bot-

tom-cell than for the a-Si:H top-cell. When the conductivity of the damaged a-Si:H top-cell is

strongly increased a discrepancy between dark and illuminated conditions between the tan-

dem cell with and without P3 processing. Furthermore, please remember that the initial I −V

characteristics of the tandem cells were not very good so it is possible that the degradation of

the performance is somehow enhanced for these cells.

In conclusion, generally the process evaluation with the test-procedure for P3 is suitable for

the qualitative characterization of the process window. For a quantitative measurement of the
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shunting resistance Rp,P3 a combined evaluation of the I −V characteristics under dark and

under illumination is necessary. A more sophisticated model of the deteriorated cell stripe

could be more meaningful [163]. Especially for tandem solar cells the separated damaging of

the sub-cell needs to be accounted for.

In terms of shunting behavior, as it was already indicated from the comparison between

theoretical and experimental calculations in Section 7.2.1, no decrease of HAZ formation with

regards to beam radius reduction was observed. Furthermore, for tandem solar cell processing

with 10µm and 20µm shunting is increased in the high peak fluence regime.

A simple statement that sub-threshold energy intake alone is responsible for material deterio-

ration is not sufficient for a definite assumption about P3 scribing behavior. The increase of

the threshold and onset peak fluence could explain the severe shunting for reduced beam spot

sizes. For increasing peak fluences the increasing source of excess energy above the threshold

fluence (cf. Figure 7.10) could be responsible for increased shunting on tandem solar cells.

7.3 Near scribe edge material modifications

From the characterization of the electrical properties it was found out that solar cell deterio-

ration as a function of the laser processing beam radius is more severe for decreasing beam

radii. This is in contradiction with the assumption that due to a steeper slope (smaller area

cf. Equation 7.9) of the Gaussian intensity distribution the sub-threshold deterioration of the

scribe edge material decreases with a decreasing beam radius. Hence, leading to a reduced

amount of heat-affected material near the P3 scribe edge.

To see whether the increased threshold peak fluence Fth is the reason for this behavior the

near scribe edge region was characterized.

For a detailed understanding of this behavior Raman microscopy was carried out in the

near-edge active region of the P3 scribe lines. Raman microscopy gives insight on the mi-

crostructure of the investigated material. A detailed description of Raman scattering and its

application for characterization of silicon can be found elsewhere [165, 166].

The Raman crystallinity for a mixture of amorphous and crystalline silicon can be estimated

by the following relation,

Ic
RS =

Ic

Ic + Ia
. (7.10)

In Equation 7.10 Ic and Ia are the integrated intensities of the Raman scattering peaks shifted

by 520 cm-1 and 480 cm-1. The peak shifted by 520 cm-1 can be associated to the crystalline

phase of the material. The amorphous phase is associated to the peak shifted by 480 cm-1. The

peak leading to Ic is derived by the subtraction of the measurement signal with an amorphous

reference signal at 480 cm-1 that is scaled to reproduce the amorphous phase of the sample.
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ν

Figure 7.18: Typical Raman spectra of microcrystalline silicon (µc-Si:H) in black. Furthermore,

scaled reference spectra of an amorphous silicon (a-Si:H) sample and the associated peak area

Ia at 480 cm-1 given in blue. The spectra associated to the crystalline phase with the peak area

Ic at 520 cm-1 given in red is obtained by the difference of the measurement spectra and the

amorphous reference. Additional shoulder at 495 cm-1 is associated with the crystalline phase.

From the subtraction both Ic and Ia can be calculated. Finally, with Equation 7.10, the Raman

crystallinity is obtained.

Figure 7.18 shows a typical spectrum measured by Raman spectroscopy with the individual

peak I520 and I480 that are associated with the crystalline and amorphous phase, respectively.

It should be noted that after derivation of the difference spectra an additional shoulder can

be seen shifted by approx. 495 cm-1 that is accounted to dislocations or stacking faults and is

therefore associated to the crystalline phase [167].

For P3 processing it is believed that a large increase of the crystallinity can be an important

factor determining the parasitic conductivity between front- and back-contact at the P3 scribe

edge [161, 163, 164, 168]. Further possible mechanisms of shunting are alloying of the contact

materials with the absorber, thermal dopant diffusion, debris redeposition at the scribe edge,

and short-circuiting by flake formation.

For all measurements an excitation wavelength of 532 nm was used and illumination was done

through the substrate side. Thus, with an absorption coefficient of α=1·105 cm-1 a collection

depth of the Raman signal of δ=50 nm was estimated (δ=1/2α). Please note that depending on

the crystallinity of the investigated silicon layer material is the effective absorption coefficient

(and penetration depth) can vary by approx. one order of magnitude. For illumination through

the substrate side a low penetration depth ensured selectivity of the measurement on the

amorphous (top-)cell where crystallization of the layers was expected to be dominant.
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The beam radius of the measurement laser was estimated with 1µm but was most likely

slightly increased due to scattering at the front-contact texture. The incident laser power was

adjusted to minimize any significant heating of the sample.

Microstructure: Raman microscopy was carried out at the P3 scribe line edges of samples that

were processed for the I −V characteristics in the previous section. A crystallinity map was

measured for each absorber type (a-Si:H and tandem absorber) and all three laser beam radii

of 60µm, 20µm, and 10µm (532 nm processing wavelength). For a comparison of the impact

of the peak fluence for each type/radius set two different laser peak fluences were chosen.

One with a low peak fluence close to the onset, and one processed with a increased laser peak

fluence.

First, the results of the measurements on a-Si:H solar cells are presented in Figure 7.19. Each

map scan was carried out at the scribe edge of two consecutive overlapping laser pulses. The

cumulative incident laser fluence is the highest in this region.

There are only slight changes observed for the degree of crystallization (maximal value of IC
RS)

and spatial extent perpendicular to the scribe edge into the solar cell found for a constant

beam radius between low and high peak fluences.

Furthermore, no correlation is found between the results for the different beam radii. The re-

gion extent with increased crystallinity and degree of crystallization is the lowest for processing

with 20µm in Figure 7.19(c)–(d).

A comparison of these results with the theoretical calculations from Section 7.2.1 indicates

good agreement with the derived assumptions. For a constant beam radius it was calculated

that the impact of sub-threshold energy on the active material at the direct scribe edge would

not increase when the used peak fluence for processing is increased.

Furthermore, it was also stated that due to the differences in the threshold fluence and onset

peak fluence no reasonable comparison in terms of degree of hazardous material modifications

as a function of the laser beam radius is possible. This explains why no distinct trends between

the Raman crystallinity maps among the different laser beam radii are found.

A correlation of the Raman measurements to the electrical properties in Figure 7.16 can be

found as well. For processing with 20µm and 10µm there are no large differences observed of

the electrical properties between processing with low and high peak fluences. If the whole

minimum and maximum range of the slope coefficient for the 60µm low peak fluence pa-

rameter in Figure 7.16 is taken into account the electrical values are more or less constant as

well. Good agreement is also found for the overall magnitude of shunting (cf. Table 7.2) and

degree/extent of crystallization for the different beam radii (left column in Figure 7.16).

A similar study was carried out for P3 tandem solar cell processing in the same scheme as for

a-Si:H solar cells. For each processing beam radius the two scribe line parameters (low and

high peak fluences) were measured by Raman microscopy. The results for these measurements

are shown in Figure 7.20.
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Figure 7.19: Raman microscopy of P3 laser scribe edges on a-Si:H solar cells prepared on SnO2:F

TCO. Scribe lines correspond to processing peak fluences from the I −V characteristics in

Figure 7.16. All dimensions are in µm and the tile color corresponds to the Raman crystallinity

IC
RS. A step-size of 2µm was chosen for row 1–2 while 1µm for row 3.
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Figure 7.20: Raman microscopy of P3 laser scribe edges on tandem solar cells prepared on

SnO2:F TCO. Scribe lines correspond to peak fluences from Figure 7.17. Dimensions are in µm

and the tile color equal to Raman crystallinity IC
RS. Step-size of 2µm and 1µm was chosen for

row 1–2 and row 3, respectively.
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7.3. Near scribe edge material modifications

For the P3 scribe lines processed on tandem solar cells the Raman microscopy maps exhibit

distinct differences to a-Si:H solar cell measurements. The overall degree of crystallization

and spatial extent from the edge into the solar cell is significantly higher than for processing of

a-Si:H solar cells.

However, most of the observations made for a-Si:H solar cells can be found in Figure 7.20

as well. No dramatic differences of the degree/extent of crystallization are found between

low and high peak fluences for a constant beam radius. Yet, a detailed look indicates a slight

decrease of the spatial extent for processing with 60µm and 20µm (degree as well) while for

10µm the extent is slightly increased.

Furthermore, no correlation between the three processing beam spot radii is observed just

like for a-Si:H processing.

The reasons for the lack of correlation between the processing laser beam radii can be ac-

counted to the strongly changed threshold and onset fluences (cf. Section 7.2.1). The constant

results between low and high peak fluences are as predicted by the simplified calculations.

However, the slight reduction in Figure 7.20(b) and (d)) can be accounted the ablation mor-

phology at the scribe edge that was quite different between a-Si:H and tandem solar cells (refer

to Figure 7.5). For P3 scribe lines on tandem solar cells a delaminated region remains on the

material at the direct edge. It is possible that part of the scribe edge exhibits an increased

crystallinity due to the bad thermal contact to the substrate leading to an increased temper-

ature during processing. For higher peak fluences the extent of the delaminated material

is decreased. It is probable that such behavior is the reason why the crystallization extent

decreases for higher peak fluences rather than reduction of heat-affected zone formation. Yet

it remains unclear why such effect is not observed in Figure 7.20(f).

A comparison to the electrical properties from Figure 7.17 with the Raman measurements only

show good agreement for processing with 60µm in Figure 7.20(a)–(b). The strong increase

of the current increase slope for high peak fluence processing with 20µm and 10µm is not

reflected by any strong change of the crystallinity. It is possible that for the case of tandem solar

cell processing the depth information of the Raman spectroscopy is not sufficient. Potential

damaging of the µc-Si:H bottom-cell is not detected.

The overall higher degree of crystallinity for the measurements on tandem solar cells compared

to a-Si:H is not in agreement with the significantly lower slope values in Figure 7.17 and shunt

resistances in Table 7.2. As indicated earlier the higher absorber thickness for tandem solar

cells and the fact that the laser pulse energy is mainly absorbed in the top-cell could be causing

a rather localized damaging of the a-Si:H sub-cell while the bottom-cell remains unaffected.

Thus, overall shunting between front- and back-contact is less pronounced.

In conclusion, good agreement was found between theoretical calculations for the sub-thresh-

old energy intake as a function of laser beam radius and peak fluence, and Raman microscopy

at the direct P3 scribe edge. Furthermore, for a-Si:H processing correlations were found be-
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tween degree and extent of crystallization and shunting behavior extracted from the I −V

characteristics in Figure 7.16.

However, the interpretation of the Raman measurements for tandem solar cells turned out to

be not definite due to the measurement of delaminated material where it is not clear whether

it is in electrical contact with the underlying TCO or not.

Furthermore, due to the limited depth information for the tandem absorber it is not clear to

state whether the crystallinity is changed throughout the whole layer-stack. If possible, removal

of the back-contact after P3 processing and Raman microscopy from the film side could help

to quantify the extent of the heat-affected zone that reaches through to back-contact.

For the electrical measurements possible reasons for the highly non-uniform processing

behavior need to be accounted for: rip-off behavior at the scribe edge, layer delamination

(and thermal/electrical contact to the substrate). Just as well are flake formation, activation

(as well as busting) of pre-existing shunts, material inhomogeneity, mechanical damaging

by the measurement contacts, and pulse-to-pulse instabilities all possible reasons for large

deviations and non-definite electrical evaluation of the P3 process.

Nonetheless, processing with a beam spot radius of 20µm showed a comprehensive trend in

the measured slope coefficient (for a-Si:H as well as for tandem). This gave motivation for the

implementation of optimized P3 scribe lines into mini solar modules.

7.4 Process implementation in mini solar modules

An implementation of optimized P3 back-contact insulation scribe lines into solar modules

was done to determine if a reduced scribe width can be used without severe shunting of the

solar module.

For this, a-Si:H/µc-Si:H mini modules on SnO2:F with the standard back-contact were pre-

pared. The interconnection was realized with optimized laser processes for P1, P2, and P3.

All processing was done with a wavelength of 532 nm and laser beam radii ω0 of 10µm (P1),

20µm (P2), and 20µm (P3). Figure 7.21 shows an optical microscopy image of the interconnec-

tion region of the solar module. Compared to the previously prepared modules at the end of

Chapter 5 and Chapter 6 a significant overall width reduction is achieved. Although, the scribe

width of P3 is higher than what was found for the geometrical scribe width reduction shown

in Figure 7.5(e) and partial TCO ablation is observed as well. This is owed to the fact that the

overall absorber thickness is somewhat higher (2.2–2.4µm vs. 1.4µm). This is also the reason

why a higher peak fluence was required for proper ablation (1.13 Jcm-2 vs. 0.65 Jcm-2). The

behavior is consistent with the findings from P2 and P3 and shows how sensitive the processes

are with regards to laser beam radius and absorber thickness.

Just as for the implementation of optimized P2 scribes (cf. Section 6.5) mini modules with

varying cell stripes widths wa of 2 mm, 3 mm, 5 mm, and 10 mm were prepared. The cell
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Figure 7.21: Optical microscopy image of the interconnection region of tandem mini modules
prepared on SnO2:F TCO material with optimized laser scribes. Process parameters P1–P3:
ω0=10µm and Fp=3 Jcm-2 (for P1). ω0=20µm and Fp=0.82 Jcm-2 (for P2). ω0=20µm and
Fp=1.13 Jcm-2 (for P3).

length l of 30 mm was fixed. The number of interconnected cells were in correspondence

with the individual cell stripe width: 40, 25, 16, and 8. Table 7.3 shows the module parameters

extracted from the I −V characteristics. No impact on the electrical properties by shunting

Table 7.3: AM1.5 I −V characteristics of a-Si:H/µc-Si:H tandem solar modules on SnO2:F with
optimized P1, P2, and P3 scribe lines. Processing parameters: P1 ω0=10µm and Fp=3 Jcm-2,
P2 ω0=20µm, Fp=0.82 Jcm-2, and P3 ω0=20µm, Fp=1.13 Jcm-2. On each substrate additional
single solar cells with a size of 1 cm2 were prepared for comparison and median values are
given as well.

Substrate
number

Active cell stripe
width (# cells)

Module
efficiency η

Fill-Factor
F F

Open-
circuit

voltage VOC

Short-
circuit

current ISC

1 2 mm (40) 10.8% 74.6% 53.7 V 6.3 mA
1 3 mm (25) 11.3% 73.9% 33.6 V 9.8 mA
2 5 mm (16) 10.2% 72.2% 21.3 V 15.9 mA
2 10 mm (8) 10.4% 73.6% 10.7 V 31.6 mA
1 10 mm (1) 11.2% 74.2% 1.34 V 11.30 mA
2 10 mm (1) 10.8% 74.8% 1.34 V 11.04 mA

or series resistances created by the optimized laser processes is observed leading to believe

that the implementation was successful. A high fill-factor is achieved for all modules with

no large differences to single solar cells. Furthermore, the open-circuit voltage VOC of each

module corresponds to the theoretical value. As expected from the high shunt resistances

obtained for tandem solar cell P3 processing with 20µm in Table 7.2 the degradation of the
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I −V characteristics under illumination (approx. 4% loss in F F ) can be accounted to the weak

inital performance of the prior used tandem solar cells.

For tandem solar modules with an absorber thickness of 2.2–2.4µm the overall interconnection

width could be reduced from a standard of 300–350µm down to 100-120µm. From the

implementation it can also be seen that the processes are highly influenced by the layer

thicknesses and that proper adjustment of the laser processes is important.
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8 Conclusion

The requirement for the integrated series connection is without any doubt. The importance

will increase in the future since novel technologies tend towards higher current densities

leading to increased Ohmic losses in the contact materials [1].

The area on the solar module that is required for the realization of the interconnection of two

neighboring cells is lost. No current is generated in this region. Depending on the technology

this lost area can make up 5–10% of the overall module area. Even though reduction of this

lost area gives rise to an attractive potential efficiency increase not much research is being

found on this topic.

The integrated series connection is commonly done by selective laser ablation in the form

of scribe lines across the substrate. Individual layers are removed locally in-between the

deposition steps. In the first of three steps the front-contact material is removed from the

substrate (P1). In the next step, the absorber is removed exposing the front-contact beneath.

Finally, after back-contact deposition the interconnection is formed when the back-contact is

removed defining the individual cell stripes (P3).

In the scope of this thesis the scribe width reduction for each individual processing step P1–P3

was investigated for thin-film silicon solar cells. All processing was done through the substrate

side with nanosecond laser sources of the wavelengths 355 nm, 532 nm, and 1064 nm. Two

different types of front-contact TCO materials were used for processing (ZnO:Al and SnO2:F).

Furthermore, amorphous silicon (a-Si:H) as well as a-Si:H/µc-Si:H tandem absorber materials

were processed. Lastly, a combination of ZnO:Al/Ag/ZnO:Al was used as the back-contact

system.

P1: for the front-contact removal process P1 significant differences in ablation behavior

are found depending on the used wavelengths. Investigations on the ablation mechanisms

indicate a transition from a highly mechanically-induced ablation process (355 nm) to a

more classic ablation by phase changes (532 nm and 1064 nm). The scribe edge morphology

indicates that with regards to the minimization of the scribe width the latter seems to be

favorable since smoother scribe edges are obtained.
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An increase of debris redeposition onto the remaining front-contact material in direct vicinity

of the scribe line is observed when the beam spot radius is reduced below 10µm. The increased

appearance can possibly be accounted to a change of the laser plume distribution. The plume

exhibits a spherical evolution for small beam spot sizes. A characterization of the local TCO

and solar cell properties reveals a severe impact on the active material with an spatial extent

of up to 80µm into the active solar cell region. Of course, this would foil the width reduction

pursue.

Fortunately, the TCO material beneath shows no severe deterioration and impact on the active

cell near the scribe edge can be minimized with a proper wet-chemical cleaning of the TCO

surface prior to absorber deposition.

The main purpose of P1 is the electrical insulation of two neighboring cell stripes. However,

after absorber deposition a parasitic parallel resistance between the neighboring TCO stripes

is formed. Furthermore, when considering a linear behavior of the parasitic conductivity as a

function of the scribe width, shunting increases with decreasing scribe width. Determination

of the value range for this shunt shows an negligible impact on the solar modules performance

for typical cell topologies, even for scribe widths <10µm.

As a result a typical P1 scribe width of 40–50µm could be reduced down to 7–10µm with proper

electrical insulation. The P1 scribe width is primarily limited by the maximal reasonable loss

in depth-of-focus from the used optical systems and machine accuracy.

P2: the width reduction optimization was extended for the absorber removal process P2. Since

minimal damaging of the exposed front-contact material is required all processing was done

with 532 nm and beam spot radii of 60µm, 20µm, and 10µm.

Surprisingly, the minimal achievable scribe width or lower limit is not directly correlated to

the used beam radius. This limit is further increased when the thickness of the absorber is

increased. The onset peak fluence specifies the minimal laser energy density that is required

for proper ablation. Below this value only bulging of the layer occurs. For a-Si:H processing

only a slight increase of this value is observed (4x) when the beam spot radius is decreased.

In contrast, for processing of tandem absorber the values increase significantly (10x). This

behavior sets natural limits for the lower scribe width. It can be concluded that thin scribe

lines are only possible for thin absorber layers.

Numerical simulations were carried out to attain insight on the observed ablation behavior

from the experiments. For 532 nm a dominantly mechanically-assisted ablation is apparent.

Ablation is driven either by mechanical stresses in and between the individual layers due to

thermal expansion or formation of blisters by gas pressure, or both. Simulations indicate that

vaporization of silicon is unlikely. However, it is possible that hydrogen bound in the absorber

diffuses to the TCO/absorber upon heating forming a gas blister.

Both mechanisms of ablation can possibly explain the experimental behavior. The relation

between delaminated area at the TCO/absorber interface and the area formed by the absorbers
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thickness and craters circumference is a determining factor for the ablation. Such behavior

results directly from linear fracture mechanics. This behavior seems to be fundamental for

many laser scribing processes that are done through the substrate side (or more general,

laser-induced processes).

The electrical purpose of P2 is to create the interconnection of the back-contact from one cell

with the front-contact of the next cell. Hence, a low series resistance is required. However, it

is known that during P2 processing a contact resistance can form due to debris redeposition

onto the exposed front-contact. For processing of a-Si:H a ten-fold increase of the minimal

series resistance is observed when the beam spot radius is lowered from 60µm to 10µm.

Evaluation shows that in the case of a-Si:H processing such increase is partly owed to an

increase of the specific contact resistance while the value is more or less constant for tandem

absorber processing with decreasing radii. Similar to the findings from P1 an increase of

debris redeposition is observed which could be a reason for a change of the specific contact

properties. However, for processing of tandem absorber no significant increase of the specific

contact resistance is found and low series resistances are achieved for all focusing geometries.

Due to the strong influence of the mechanical ablation behavior, for tandem processing, the

commonly used P2 scribe width of 90µm could only be reduced to approx. 30µm. For a-Si:H

processing a scribe width down to 10µm is achievable. However, deterioration of the electrical

properties gives rise to constraints that limit the reasonable scribe width to higher values.

P3: since the back-contact insulation process P3 is very similar to P2 no significant differences

in ablation behavior and morphology are expected. Actually, the constraints are even higher

since the overall thickness is increased further by the back-contact (thickness approx. 280 nm).

That is exactly what is found for the geometrical scribe width reduction which is limited to

even higher minimal widths than for P2. Furthermore, while for a-Si:H a clean scribe edge

definition is possible for all three used beam radii strong irregularities are found for processing

of tandem solar cells when the radius is decreased.

In terms of impact on the electrical properties of the module P3 is a critical laser scribing

process. A shunt is easily formed between front- and back-contact at the direct vicinity of the

scribe edge. Due to heating of the active material by excess energy from the shoulders of the

Gaussian intensity distribution crystallization of the absorber can occur leading to shunting of

the cell stripe in this region.

Calculations with experimental results from the ablation behavior indicate that due to the

increased threshold fluences and onset peak fluences (cf. results P2) for reduced laser beam

radii, no distinct statement on increase or decrease of sub-threshold energy intake is possible.

Electrical measurements reveal severe impact on a-Si:H solar cells when a beam spot radius of

10µm is used. However, deterioration is significantly lower for processing of tandem solar cells.

It is possible that shunt formation is suppressed due to the higher thickness of the absorber

and the more localized heating of the a-Si:H top-cell (532 nm processing wavelength).
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Chapter 8. Conclusion

In general, a comparison of dark I −V behavior, solar cell parameters (F F , VOC), and investi-

gation by Raman microscopy all show good agreement for processing of a-Si:H solar cells. For

tandem solar cell processing the interpretation is not as distinct. Strong delamination at the

direct scribe edge occurs which can be measured by Raman but it remains unclear whether

this delaminated region is in electrical contact with the underlying TCO or not.

For a-Si:H solar cell processing with a beam spot radius of 10µm the severe shunting of the

cell defines an additional electrical constraint that limits the reasonable minimal scribe width.

Tandem solar cells seem to be more resistant to shunting, even for processing with a radius of

10µm. However, good electrical properties are only achieved in a narrow process windows

in terms of peak fluences. For both, scribing with 20µm as well as 10µm a strong increase of

the current flow slope by many orders of magnitude (factor 103–104) occurs when the peak

fluence is increased. Although calculations indicate no change of heat-affected zone formation

additional effects that cannot be described simply by sub-threshold energy intake at the scribe

edge occur.

Maybe measurements by low current c-AFM from the film side could give insight about the

actual electrical properties at the direct scribe edge when the back-contact is removed.

In conclusion, fundamental limitations on the reduction of the interconnection width are

found for laser scribing through the substrate side. Exemplary process implementation shows

that a reduction from 300–350µm down to 100–120µm is possible for tandem solar modules

with an absorber thickness of approx. 2µm.

The interconnection processes need to be optimized for each specific solar cell configuration.

A reduction of the dead area by width-reduced scribe lines is possible when narrowing process

windows in terms of peak fluences, depth-of-focus losses, dependence of the laser beam radius

and layer thickness on the electrical properties of the solar module are all taken into account.

As an outlook better understanding of the mechanical processes behind ablation of P2 and P3,

for instance gas pressure by hydrogen diffusion or stresses by thermal expansion is important

to further confirm the observed geometrical constraints. For this, it is necessary to carry out

transient ablation imaging to obtain insight into the relevant timescales of material removal. It

is also feasible to use special beam shapes like Top-Hat profiles, cylindrical lenses or so-called

doughnut beams. With these beams it is possible to differentiate between different ablation

mechanisms where layer delamination or layer fracture is enhanced.

To overcome the geometrical constraints of the scribes minimal width I strongly believe that

one promising approach is film side processing. Here, mechanical effects are most likely not

as dominant as for ablation from the substrate side. Of course this is only valid for processes

that are only weakly assisted by thermal stresses.

It would be necessary to use ultra short pulsed lasers (USP) for processing from the film

side since undesired thermal impact on the material is known to be reduced for shorter pulse

durations. Especially, P2 and P3 are difficult to realize with nanosecond lasers without negative
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impact on the electrical properties [154, 169]. Technologies like CIS and CIGS do not have an

interconnection approach by nanosecond laser ablation because of this reason [42, 54, 170].

Furthermore, it is also true that rel. interconnection losses are comparably lower for thin-film

silicon modules than for instance for CIGS, CdTe, and OPV [1, 171]. For these technologies

closing the cell to module efficiency gap remains an important challenge. A significantly

reduced interconnection width could help to reduce this efficiency gap.

Nonetheless, even if film side processing is combined with USP lasers leading to only optical

constraints due to DOF losses, I believe a lower limit for the overall standard interconnection

width is between 50–100µm. This assumption originates from the optimized P1 scribe width

processes (approx. 10µm). The margin in-between the scribes is limited by the scribing tool

accuracy. Although modern tools use image processing for proper alignment between the

scribes, it is reasonable to assume that the lower limit of the margin will be around 10µm.

Novel interconnection schemes are required to overcome these inherent dead area limitations.

In a first proof-of-concept a new type of interconnection scheme was developed where the

interconnection processes P2 and P3 are placed on the back-side of the module. For this, the

front-contact is transfered locally to the back of the module. With both contacts on the back it

is possible to create the series connection (P2 and P3) without adding to the dead area losses.

Only P1 and the local contacts remain on the front side.
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induced local anodic oxidation in the conductive atomic force microscopy of mixed

phase silicon thin films,” Phys. status solidi, vol. 7, pp. 728–731, Feb. 2010.

[82] R. E. Thomson, “Development of highly conductive cantilevers for atomic force mi-

croscopy point contact measurements,” J. Vac. Sci. Technol. B Microelectron. Nanom.

Struct., vol. 13, pp. 1123–1125, May 1995.

[83] T. Trenkler, T. Hantschel, R. Stephenson, P. De Wolf, W. Vandervorst, L. Hellemans,

A. Malavé, D. Büchel, E. Oesterschulze, W. Kulisch, P. Niedermann, T. Sulzbach, and

O. Ohlsson, “Evaluating probes for “electrical” atomic force microscopy,” J. Vac. Sci.

Technol. B Microelectron. Nanom. Struct., vol. 18, no. 1, pp. 418–427, 2000.

[84] B. Rezek, J. Stuchlík, A. Fejfar, and J. Kočka, “Microcrystalline silicon thin films studied
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