
Received: 14 August 2018 Accepted: 3 January 2019

DOI: 10.1002/pip.3115
R E S E A R CH AR T I C L E
All sub‐nanosecond laser monolithic interconnection of OPV
modules
Peter Kubis1 | Jan Winter3 | Anna Gavrilova3 | Markus Hennel3 | Susanne Schlosser4 |

Isabel Richter4 | Andreas Distler1 | Madeleine Heyder1 | Stefan Kery5 | Peter Lenk5 |

Stephan Geiger4 | Christoph J. Brabec1,2 | Heinz P. Huber3 | Hans‐Joachim Egelhaaf1,2
1Solar Factory of the Future, Bavarian Center

for Applied Energy Research (ZAE Bayern),

Fürtherstraße 250, Nürnberg 90429, Germany

2 Institute of Materials for Electronics and

Energy Technology (i‐MEET), Friedrich‐
Alexander University Erlangen‐Nürnberg,

Martensstraße 7, Erlangen 91058, Germany

3Laser Center, Munich University of Applied

Sciences, Lothstrasse 34, Munich 80335,

Germany

4 InnoLas Photonics GmbH, Justus‐von‐Liebig‐
Ring 8, Krailling 82152, Germany

5LS Laser Systems GmbH, Gollierstrasse 70,

Munich 80339, Germany

Correspondence

Hans‐Joachim Egelhaaf, Solar Factory of the

Future, Bavarian Center for Applied Energy

Research (ZAE Bayern), Fürtherstraße 250,

Nürnberg 90429, Germany.

Email: hans‐joachim.egelhaaf@zae‐bayern.de

Heinz P. Huber, Laser Center of Munich

University of Applied Sciences, Lothstrasse 34,

Munich 80335, Germany.

Email: heinz.huber@hm.edu

Funding information

Bavarian State Government, Grant/Award

Number: FKZ 20.2‐3410.5‐4‐5; Bavarian
Research Foundation (Bayerische

Forschungstiftung, Prinzregentenstraße 52,

München 80538, Germany), Grant/Award

Number: AZ‐1119‐14
Prog Photovolt Res Appl. 2019;1–12.
Abstract

Although green femtosecond lasers provide outstanding quality and wide processing

windows for monolithic interconnection of the individual cells in organic photovoltaic

(OPV) modules, they are hardly used in commercial applications, due to cost reasons.

In this work, a process has been developed that allows the monolithic interconnection

in OPV modules with an infrared sub‐nanosecond laser exclusively, without

compromising the performance of the modules. While the photoactive layer is

removed easily by green femtosecond pulses without damaging the bottom electrode,

this is not possible for infrared nanosecond pulses, due to their much larger optical

penetration length, which significantly exceeds the thickness of the active layer and

is well absorbed by the indium tin oxide (ITO) layer. This leads to damage of the

ITO bottom electrode, which in turn compromises the functionality of the module.

By systematically varying single‐pulse laser fluence and spatial pulse overlap, the laser

parameters are optimized in such a way that the contact area between the residues of

the metal oxide bottom electrode and the silver nanowire top electrode is maximized

so that the electrical resistances of the contacts are sufficiently small not to affect

device performance. This is demonstrated by presenting large‐area OPV modules

based on the well‐characterized reference system P3HT:PCBM that show efficiencies

of up to 2.4%. This achievement opens up the way towards reliable roll‐to‐roll

(R2R) laser patterning processes with sub‐nanosecond lasers and thus represents a

breakthrough with respect to cost‐effective R2R manufacturing of OPV modules,

due to grossly reduced investment and maintenance costs for laser sources.
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1 | INTRODUCTION

Besides flexibility, lightweight, semitransparency, and customized

color and shape, the attractiveness of polymer‐based organic photo-

voltaics (OPVs) is based on the possibility of cost‐effective deposition

of the modules from the liquid phase on large areas by roll‐to‐roll

(R2R) processes.1 In order to avoid resistive losses and to provide
wileyonlinelibrary.com/
useful voltages, the modules are divided into several cells, which are

serially interconnected. The area needed for interconnection is inac-

tive for PV energy generation and is therefore named dead area. The

geometrical fill factor (GFF) is defined by the ratio of the PV active

area and the total module area and enters directly the calculation of

the module efficiency. Traditionally, the interconnection of individual

cells is achieved by printing a bottom electrode, the photoactive layer,
© 2019 John Wiley & Sons, Ltd.journal/pip 1
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and a top electrode as one‐dimensional stripes,2 which are slightly

offset with respect to each other. Registration and resolution of

printing process limit the GFF to values below 85%.

In the past 5 years, the advantages of laser material processing

for the fabrication of flexible OPV modules have become more obvi-

ous.3-6 Combining flood coating2 and laser patterning provides GFFs

of up to 98.5%4 and the opportunity of discretionary module layouts,

both of which are hard to achieve with patterning by printing or coat-

ing methods. Laser patterning opens the way towards novel products,

which are more efficient and more attractive than their fully printed

counterparts. This gives the manufacturer greater flexibility in making

design‐oriented products, for, eg, building integrated photovoltaics

(BIPVs) and textile integrated photovoltaic (PV),7,8 where flexible,

transparent, lightweight, and custom‐designed OPV perfectly comple-

ments the robust but inflexible silicon PV technology.

The monolithic serial interconnection in solar modules is realized

with three selective laser structuring processes3,4,9-15: P1 (pattern 1)

is separation and galvanic isolation of the bottom electrode, P2 is abla-

tion of the absorber layer for top electrode opening, and finally, P3 is

separation and galvanic isolation of the front contact (see Figure 1).

For the realization of an OPV module, the formation of a conductive

connection between the top and the bottom electrodes is essential.

During the ablation of the P2 and the P3 lines,16 damage to the bot-

tom electrode has to be avoided; otherwise, the functionality of the

module may be negatively affected. Since the first decade of this

century, selective laser ablation of single layers in multilayer stacks

on substrates has been studied with nanosecond and ultrashort

(picosecond and femtosecond)16-24 pulsed lasers, showing that layer‐

selective ablation requires the effective penetration depth deff of the

laser beam to be significantly less than the layer thickness.

In a simplified model, the interaction of an ultrashort or sub‐

nanosecond laser pulse with matter during material processing can

be described as follows. The laser pulse is absorbed within an optical

penetration depth dopt of a few tens to a few hundreds of nanometers,
TABLE 1 Material constants of OPV materials

Material Density ρ, g/cm3 Heat

Indium tin oxide (ITO) 7.12 5.65

Bulk Ag (961.8°C) 10.49 430

PEDOT:PSS 1.06 0.17‐

P3HT:PCBM 1.2 0.10‐
depending on the material (see Table 2).37 The optically deposited

energy is further distributed by heat diffusion, resulting in a thermal

penetration depth dth. The spatiotemporal energy distribution can be

described with a two‐temperature model.38,39 The pulse duration of

the laser defines the thermal penetration depth dth, leading to the

well‐known square root dependency of the thermal penetration depth

on pulse duration,40

dth ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ⋅Δtpulse
ρ⋅cp

s
; (1)

where λ is heat conductivity (W/mK), ρ is the density, and cp is the

specific heat (J/kgK) of the material to be ablated, while Δtpulse is the

full width at half maximum laser pulse duration.

Optical absorption and heat diffusion combined result in an effec-

tive penetration depth deff.
41,42 With the help of the material parame-

ters in Table 1 and Equation 1, the thermal penetration depths dth of

OPV materials for different pulse durations of common industrial laser

sources are obtained (see Table 2). For Ag, the optical penetration

depths dopt at the laser wavelengths of 520 and 1064 nm are about

dopt ≈ 13 and 6 nm, respectively,34 while the thermal penetration

depths dth at the pulse durations Δtpulse ≈ 470 femtoseconds and

800 picoseconds calculate to deff ≈ 18 and 744 nm, respectively (see

Table 2). Due to the lower heat conductivities and larger heat capaci-

ties of organic materials, their dth values are much smaller than those

of metals and do not exceed a few nanometers, neither for femtosec-

ond nor for sub‐nanosecond pulses (Table 2). The effective penetra-

tion length of the active multilayer (AML) (Figures 1 and 3) is thus

determined by the optical penetration length of about 100 nm for

green lasers and of about 1 μm for infrared lasers (Table 2). Therefore,

almost exclusively pulsed laser sources in the visible (VIS) range,

usually realized by frequency doubling of infrared sources, have been

successfully reported for the selective ablation of active single

layers3,4,43-47 or AML of OPV devices.3,4,6,11,48-50 The ablation of
FIGURE 1 Schematic cross section of the
serial interconnect region of an organic thin
film solar cell. The PET substrate carries a 90‐
nm thin IMI (composite ITO‐metal‐ITO)
bottom electrode layer, followed by a 400‐nm
thick active multilayer (AML) covered by a
conductive silver nanowire (AgNW) top
electrode layer. The regions labelled with P1,
P2, and P3 are indicating the patterning lines
(P1, P2, and P3) necessary for the realization
of monolithic serial interconnection. The

series of arrows marks the electron flow
[Colour figure can be viewed at
wileyonlinelibrary.com]

Conductivity λ, W m−1 K−1 Heat Capacity cp, J kg
−1 K−1

340.5

235

0.25 2000

0.15 1200
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TABLE 2 Thermal penetration depths, calculated according to Equation 1 from the data in Table 1 for different materials and pulse durations of
common industrial laser sources.25-32 Also given are the linear optical penetration depths dopt in different materials for the two laser wavelengths
used in this study

Material/Pulse Duration dth (@ 470 fs), nm dth (@ 800 ps), nm dopt (@520 nm), nm dopt (@1064 nm), nm

ITO33 2 86 18 000 7000

Bulk Ag34 18 744 13 6

PEDOT:PSS35 <1 3 1000 370

P3HT:PCBM36 <1 3 60 >10 000
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indium tin oxide (ITO) layers, although feasible with green femtosec-

ond lasers, has been shown to be more appropriate with infrared

lasers, due to the enhanced absorptivity of ITO in the IR region of

the spectrum as compared with the VIS in capital letters region.23,43,44

Furthermore, in order to reduce heat‐affected zones to a minimum,

laser pulse lengths in the femtosecond to picosecond range have been

shown to be superior to sub‐nanosecond and nanosecond

pulses.10,11,43,44 In this way, a fast and convenient way of producing

high‐efficiency modules with extremely high GFFs of greater than

98% has been provided.3-6

Although the combination of multi‐wavelength ablation and fem-

tosecond laser pulses provides outstanding quality and wide processing

windows, it is not convenient for large‐scale R2R production of OPV

modules. The integration of laser sources of different colors, the imple-

mentation of frequency doubling, and especially the use of femtosec-

ond lasers are serious price drivers for OPV production equipment,

not only for investment but also for maintenance. Thus, OPV manufac-

turers tend to resort to the traditional way of producing the intercon-

nection, ie, by horizontally off‐setting the subsequent layers of cell

stripes when printing them on top of each other.2 All advantages

resulting from laser processing, like high resolution, resulting in high

GFF of fabricated modules, freedom of pattern, and high processing

speeds are thus not exploited in the production of OPV technology yet.

Therefore, in this work, we have developed a process that allows

the monolithic interconnection in OPV modules by a sub‐nanosecond

infrared laser exclusively, without compromising the performance of

the modules. While ablation of the P1 line in ITO‐metal‐ITO (IMI) bot-

tom electrodes does not cause major problems upon switching from
FIGURE 2 Schematic illustration of an experimental patterning setup a
nanosecond laser source prototype from InnoLas Photonics GmbH was us
[PBS]) and a λ‐half wave‐plate (HWP) was used. The vertically polarized co
was expanded 2.5 times with a beam expander (BE) and afterwards deflecte
surface [Colour figure can be viewed at wileyonlinelibrary.com]
green femtosecond to infrared sub‐nanosecond lasers, the P2 and

P3 processes are challenging, due to the much larger optical penetra-

tion lengths of infrared radiation in active layer OPV materials,

combined with the enhanced absorption of ITO in the IR region of

the spectrum, which consequently leads to significantly smaller differ-

ences in the ablation thresholds of IMI and photoactive layer in the

case of the infrared sub‐nanosecond laser. This leads to damage of

the bottom electrode, which in turn compromises the functionality

of the module. By systematically varying single‐pulse laser fluence

and spatial pulse overlap, the laser parameters were optimized in such

a way that the electrical resistances of the contacts between the IMI

bottom electrodes of a specific cell and the silver nanowire (AgNW)

top electrode of the adjacent cell are sufficiently small not to affect

device performance.
2 | MATERIALS AND METHODS

2.1 | Laser source and patterning setup (MUAS)

All ablation and patterning experiments were performed in the optical

laboratory of the Laser Center (LHM) of Munich University of Applied

Sciences (MUAS). A prototype sub‐nanosecond laser source from

InnoLas Photonics GmbH emitting at a center wavelength of

1064 nm with pulse duration of 800 picoseconds was implemented

in the experimental patterning setup shown in the Figure 2. A polarizer

(polarizing beam splitter [PBS]) with a λ‐half wave‐plate (HWP) was

used as an attenuation unit to consistently control the laser power
t the Laser Center of Munich University of Applied Sciences. A sub‐
ed. Attenuation unit consisting of a polarizer (polarizing beam splitter
mponent of the beam was dumped with a beam dump (BD). The beam
d via three mirrors and focused with the focusing lens onto the sample

http://wileyonlinelibrary.com


FIGURE 3 Complete OPV layer stack used
in experiments with the sub‐nanosecond laser
ablation [Colour figure can be viewed at
wileyonlinelibrary.com]
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up to a maximum of 0.4 W at a constant pulse repetition rate of

500 Hz. The power on the sample was monitored by a power meter

(PowerMax, Coherent Inc). The parallel polarized beam is transmitted,

whereas the vertically polarized component is reflected and coupled

into the beam dump (BD). After the beam is expanded by a factor of

2.5× (from 9 mm to 22.5 mm) and is deflected several times by the

deflection mirrors, it is focused with a plano‐convex lens with a focal

length of 100 mm onto the sample surface. The focal spot radius

(w0) of the Gaussian laser beam was measured to be approximately

17 μm at 1/e2 of maximum intensity. In order to create P1, P2, and

P3 lines in the modules, the sample was translated in the focal plane

using precise motorized mechanical axes.

Reference modules were laser patterned in the LS‐6KP4P520

laser patterning machine (LS Laser Systems GmbH) using the ultrafast

laser source Spirit 1040‐8‐SHG (Spectra Physics) emitting an SHG‐

generated center wavelength of 520 ± 3 nm with a pulse duration of

greater than or equal to 350 femtoseconds. Maximum power of less

than 4 W can be achieved at a pulse repetition rate of 500 kHz. The

w0 of the Gaussian laser beam was estimated with the Liu experi-

ment51 to be approximately 23.5 μm. The beam was moved over the

sample using a galvanometer scanner with the f‐theta lens with the

focal length of 506 mm achieving deflecting speeds up to 4 m/s
2.2 | Processing of OPV layers (ZAE)

Functional layers for the ablation threshold experiments as well as

inverted OPV modules were fabricated on flexible, heat‐stabilized

polyethylene terephthalate (PET) substrates with a sputtered IMI

transparent conductive layer (8 Ω sq−1, Eastman) used as a bottom

n‐electrode. All layers were coated using the doctor‐blade technique

described elsewhere2,52 under ambient conditions. The relevant

coating parameters are the gap between the doctor‐blade and the

substrate (W), the volume of the material (V) deposited between the

blade and the substrate, the coating speed (v), and the temperature

of the substrate (T). First, the electron transporting layer (ETL), namely,

tin oxide (SnOx, Avantama), was deposited (W = 400 μm, V = 335 μL,

v = 1 mm/s, T = 30°C). Secondly, the absorber layer (P3HT:

PC60BM(tech), Merck) was deposited (W = 400 μm, V = 450 μL,

v = 30 mm/s, T = 65°C). Subsequently, PEDOT:PSS (HTL Solar,

Heraeus) was coated as the hole transporting layer (HTL)
(W = 400 μm, V = 392 μL, v = 2 mm/s, T = 65°C). The AML stack of

SnOx/P3HT:PCBM/PEDOT:PSS is approximately 400 nm thick.

Finally, the top electrode was deposited by doctor blading two layers

of AgNWs (Cambrios) NKA710 G4 (W = 475 μm, V = 2 × 750 μL,

v = 10 mm/s forth and back, T = 65°C). The complete OPV layer stack

is schematically shown in Figure 3. After the deposition of ETL and

HTL, all samples were post baked on the hot plate at 120°C for

5 minutes under ambient conditions.

Laser patterning according to Figure 1 was performed at MUAS.

The first patterning (P1) was realized before coating the AML. After

coating the AML, P2 patterning was done and after the deposition

of the top electrode, P3 patterning followed. Since for this purpose

it was necessary to transport the samples between the two institutes

involved, they were kept under N2 atmosphere during the transport.

For this purpose, plastic boxes were modified in such a way that they

could be flushed with nitrogen (Figure S1). As will be shown further

below, except for a slightly enhanced fill factor of the modules kept

in the glovebox over the fill factors of the modules transported back

and forth, the performances are more or less the same, demonstrating

the reliability of the transport under N2 atmosphere.
2.3 | Characterization of OPV modules (ZAE)

Current density vs voltage characteristics (jV) of all modules were

recorded with a precision source measurement unit B2901A

(Keysight). Illumination was provided with solar simulator (LOT)

AM1.5G spectrum at 1000 W/m2.
3 | RESULTS/DISCUSSION

In order to determine whether the monolithic interconnection of OPV

modules can also be completely realized with sub‐nanosecond laser

sources, modules with a total area of 40 cm2, consisting of 10 cells

connected in series (Figure S2) were fabricated and compared with

state‐of‐the‐art femtosecond laser‐patterned modules of the same

layout. The layout of the module was designed according to the

rules described in Lucera et al.5 All functional layers as well as state‐

of‐the‐art femtosecond laser patterning were processed at ZAE while

sub‐nanosecond patterning was performed at MUAS (see Section 2).

In order to compare the developed sub‐nanosecond laser patterning

http://wileyonlinelibrary.com
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process with the well‐established ultrafast one, reference OPV mod-

ules using the femtosecond laser patterning process with the parame-

ters listed inTable 4 were fabricated. Furthermore, to be able to detect

possible degradation of transported OPV modules, reference modules

kept in the glovebox at ZAE Bayern as well as reference modules

transported with those patterned with the developed sub‐nanosecond

laser patterning procedure were fabricated. In order to speed up the

optimization process, the individual lines P1, P2, and P3 were first

optimized separately in single layers and/or multilayers, utilizing the

inspection of the microscope images of the respective ablation lines

(the detailed optimization procedure will be described below). The

most promising parameters were then chosen for the fabrication of

modules. Modules fabricated with the developed sub‐nanosecond

laser patterning procedure show the same overall performance as

the modules fabricated with the femtosecond laser (Figure 4). As obvi-

ous from the boxplots in Figure 4, not only the overall performances

of the modules are the same but also the individual PV parameters

are very similar. In Figure 5, the jV curves of representative modules
FIGURE 4 Performance of the modules fabricated with the developed
reference modules. All parameters are normalized to effective module area
modules kept in the glovebox, “fsT” stands for the femtosecond laser‐patte
with the developed sub‐nanosecond laser patterning procedure, and “sub‐n
laser patterning procedure [Colour figure can be viewed at wileyonlinelibr

TABLE 3 Single shot ablation threshold fluencies of the three functional l
pulse durations

Sub‐nanosecond Laser Source Δtpulse = 800
Ablation Threshold, J/cm2

IMI 0.20

AML 0.13

AgNW 0.1
from each group are shown for a more detailed analysis of the PV

parameters. The direct comparison of reference modules patterned

with the femtosecond laser and modules fabricated with the devel-

oped sub‐nanosecond laser patterning process shows more or less

identical jV curves, except for a slightly higher series resistance (Rs)

for the latter, as obvious from the somewhat smaller slope of the jV

curve in the fourth quadrant in Figure 5. This may be ascribed to the

slightly reduced contact area between the bottom and the top

electrodes in comparison with the femtosecond laser patterning pro-

cess (Figure 6). However, there is no significant negative impact of

the increased Rs on the fill factor of the modules patterned with the

sub‐nanosecond laser. The results described above demonstrate that

by carefully optimizing the process parameters, all three patterning

lines, P1 to P3, of OPV modules can be ablated by sub‐nanosecond

lasers, without losing efficiency compared with modules patterned

with femtosecond lasers. In the following, we will describe in detail

how the process parameters for P1, P2, and P3 ablation by the

sub‐nanosecond laser were optimized.
sub‐nanosecond laser patterning procedure in comparison with the
. “fs” stands for femtosecond laser‐patterned state‐of‐the‐art
rned state‐of‐the‐art modules transported with the modules fabricated
sT” stands for modules fabricated with the developed sub‐nanosecond
ary.com]

ayers of the OPV module structure investigated for two different laser

ps Femtosecond Laser Source Δtpulse = 470 fs
Ablation Threshold, J/cm2

0.10

0.07

0.04

http://wileyonlinelibrary.com


FIGURE 5 Comparison of jV characteristics
of the modules fabricated with already
reported femtosecond laser patterning
process and developed sub‐nanosecond laser
patterning process. The jV characteristics with
linear axes were measured under illumination,
those with the semi‐logarithmic scale in dark.
The black curve (femtosecond laser ref.)
represents the reference module kept in the
glovebox at ZAE Bayern, the red curve
(femtosecond laser trans.) represents the
reference module two times transported (back
and forth) between ZAE Bayern and MUAS,
and the green curve (sub‐nanosecond laser
trans.) represents the module fabricated using
the developed sub‐nanosecond laser
patterning process [Colour figure can be
viewed at wileyonlinelibrary.com]

FIGURE 6 A, Microscope figures of P2 realized with the developed sub‐nanosecond laser patterning procedure. B, State‐of‐the‐art femtosecond
laser patterning procedure. Both P2 are covered with the top electrode (layer of AgNW) [Colour figure can be viewed at wileyonlinelibrary.com]
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3.1 | Optimization of laser parameters for the
ablation of P1 to P3 lines (MUAS)

First, the ablation energetics was studied by a determination of the

single‐pulse ablation thresholds of bottom electrode, AML, and top

electrode layers using the D2‐method.51 The results for the femtosec-

ond and the sub‐nanosecond laser sources are summarized in Table 3.

The single‐pulse threshold fluences of the sub‐nanosecond laser

source lie in the range of 0.1 to 0.2 J/cm2 and are approximately twice

as high as those of the femtosecond laser source, which lie in the

range of 0.04 to 0.1 J/cm2. IMI films exhibit the highest, AML a lower,

and AgNW films the lowest threshold. As discussed above, the higher

ablation threshold for the sub‐nanosecond laser can be related to the

stronger dissipation of laser pulse energy into the surrounding material
TABLE 4 Laser patterning parameter used for the manufacturing of OPV

Sub‐nanosecond Laser Source Δtpulse = 800 ps

Laser Fluence, J/cm2 Overlap, %

P1 0.71 70

P2 0.55 28

P3 0.20 80
for the longer sub‐nanosecond pulse duration compared with the

shorter femtosecond pulse duration.

From the simple assumptions of a Gaussian laser spot, a pure

threshold behavior, and a homogenous energy deposition in the thin

film, it can be shown that the most efficient ablation occurs at a

fluence of e‐times the threshold fluence.53 Therefore, the e‐fold of

the determined single‐pulse ablation threshold is a good starting point

to study the process window for selective line structuring, where the

fluence and the overlap of the laser spots are systematically varied.

The process windows for the patterning of the OPV modules with

the sub‐nanosecond laser setup were determined from the three

screening experiments for P1, P2, and P3 lines described below

(Figures 7, 8, and 10). For the particular patterning lines (P1, P2, and

P3), parameters from approximately the center of the process window
modules

Femtosecond Laser Source Δtpulse = 470 fs

Laser Fluence, J/cm2 Overlap, %

0.32 52

0.10 94

0.10 94

http://wileyonlinelibrary.com
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FIGURE 7 Patterning of the IMI deposited
on the top of flexible PET substrate. A, Matrix
of P1 parameter variation, patterning the
conductive IMI layer (ocher) deposited on the
flexible PET substrate (dark brown). B,
Detailed presentation of the effect of
variation of the pulse overlap close to the
optimum fluence of 0.6 J/cm2 [Colour figure
can be viewed at wileyonlinelibrary.com]
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were selected. An overview of the selected parameters is presented in

Table 4. For screening, three types of samples were fabricated:

• PET/IMI for estimation of P1 patterning parameters

• PET/IMI/SnOx/P3HT:PC60BM(tech)/PEDOT:PSS for P2 and

• PET/IMI/SnOx/P3HT:PC60BM(tech)/PEDOT:PSS/AgNW for P3.
3.1.1 | P1 patterning

The laser ablation of the IMI layer starts at threshold fluences of 0.2 J/

cm2 for sub‐nanosecond laser sources. For optimization of the laser

parameters, the P1 patterning strategy was varied systematically,

varying laser fluence and spatial pulse overlap. The results of these

experiments are presented by the matrix in Figure 7.

Patterning the P1 line, ie, the electrical isolation of the conductive

IMI with the sub‐nanosecond laser pulses, turned out to be possible in

a wide process window. Single pulses ablate IMI completely as soon as

the pulse energy exceeds the ablation threshold, which is indicated by

the ocher color of the PET substrate appearing in the micrographs. All

images indicate burr formation at the edge of the ablated area. This
effect, which is well known for ductile metals,54-56 stems from the thin

Ag layer, which is sandwiched between the ITO layers. As soon as the

spatial pulse overlap is sufficient to form a continuous line of complete

ablation of IMI, sufficient electrical separation is obtained as con-

firmed by two‐point measurements, which yield electrical resistances

over the P1 line of greater than or equal to 2MΩ in all these cases.

This can be achieved with either lower laser fluencies and higher over-

laps (0.22‐0.59 J/cm2 and 60%‐98%) or higher fluencies and lower

overlaps (1.74‐3.44 J/cm2 and 33%‐60%). To optimize processes

towards higher throughput for an industrial environment, parameters

with higher fluencies and lower overlaps are in this consideration more

relevant. Therefore, the combination of a laser fluence of 0.71 J/cm2

and a spatial overlap of 70% (Table 4) was chosen for the manufactur-

ing of the OPV modules described further above.

3.1.2 | P2 patterning

Laser patterning of the AML, ie, ablation of the P2 line, was optimized

next, again making use of the matrix presentation of laser fluence and

spatial overlap. The goal of this optimization procedure is to provide

sufficient ablation of the AML without causing too much damage to

the IMI bottom electrode, in order to allow for the formation of a good

http://wileyonlinelibrary.com


FIGURE 8 Patterning of the AML deposited

on the top of IMI‐coated flexible PET
substrate. Green: Full stack (PET/IMI/SnOx/
P3HT:PC60BM(tech)/PEDOT:PSS), red: IMI,
blue: delaminated PEDOT:PSS, pink: PET. A,
Matrix presentation of P2 parameter
variation. B, Detailed presentation of the
effect of variation of the pulse overlap at the
optimum fluence of 0.55 J/cm2 [Colour figure
can be viewed at wileyonlinelibrary.com]
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electrical contact between the IMI bottom electrode and the AgNW

top electrode. This goal is easily achieved by ablation with femtosec-

ond pulses.3-6,15 Unfortunately, the situation is much more difficult

for sub‐nanosecond pulses. Single sub‐nanosecond pulses with flu-

encies sufficiently above the ablation threshold of 0.13 J/cm2 ablate

the AML completely (see Table 3). As a consequence of the ablation

of the AML, strong burring of the uppermost sublayer of the AML,

the PEDOT:PSS layer, is observed, which is due to the cross‐linked

nature of this material. At higher pulse overlaps, burring of PEDOT:

PSS is reduced significantly. Unfortunately, even at single‐pulse flu-

encies of as little as the 1.5‐fold value of the ablation threshold, the

IMI layer underneath the AML is also seriously damaged, as obvious

from the appearance of the PET substrate in the optical micrographs.

As is clear from the first row of Figure 8A, single pulses with smaller

fluencies are not sufficient for the complete ablation of the AML.

Attempts to achieve complete ablation at these fluencies by increasing

the spatial pulse overlap (up to 98%) also result in severe damage to

the IMI layer. According to the matrix in Figure 8, reliable and repro-

ducible removal of the AML with the sub‐nanosecond laser requires

laser fluencies of at least 0.25 J/cm2. This relatively large value is

required because the overall thickness of the AML amounts to
400 nm, which is four times thicker than the IMI layer below and con-

sists of three different materials (see Figure 3). The estimated single‐

pulse ablation threshold of the AML is strongly influenced by the

top layer (PEDOT:PSS) of this multilayer stack. The total amount of

the energy needed for the complete removal of the AML is therefore

higher than the energy needed for the removal of only the very upper

layer of AML. However, as it is clear fromTable 3, only 0.20 J/cm2 of

deposited energy is enough to induce serious damage to the IMI layer.

This fact makes it impossible to sufficiently remove the AML using

sub‐nanosecond laser pulses without damaging the IMI layer. How-

ever, closer inspection of Figure 8, especially of columns with low

overlaps (0% to 33%), shows that, due to the Gaussian energy distribu-

tion in the laser beam, there are still some areas where the AML is

completely ablated, but the IMI layer below is not removed (reddish

areas in Figure 8B). The important role of these IMI residues for inter-

connect formation becomes clear from the confocal micrograph of

Figure 9, which shows a complete OPV module stack including AgNW

top electrode, with a P2 line drawn at 0.55 J/cm2 pulse energy and

28% pulse overlap. The ablated areas are visible as circles with sharp

edges. These edges are formed by residual IMI with Ag burrs, which

form upon laser ablation of IMI as described above. Inside the IMI

http://wileyonlinelibrary.com


FIGURE 9 Confocal microscope image of P2
line patterned with 0.55 J/cm2 fluence and
28% overlap covered with the AgNW layer
(grey scale in nm). The area marked as
“PET + IMI + AgNW” is the interconnection
between the bottom IMI electrode and the
top AgNW electrode [Colour figure can be
viewed at wileyonlinelibrary.com]

FIGURE 10 Patterning the AgNW layer
deposited on top of the AML‐ and IMI‐coated
flexible PET substrate. A, Matrix presentation
of P3 parameter variation. With the increasing
fluence and overlap, one can see ablation of
all layers down to the PET (lower left part),
which is unacceptable. In the middle part of
the matrix, acceptable parameter set is seen.
Here, AgNW as well as part of AML is ablated
(detail in Figure 10B). On the very top of the
matrix, insufficient ablation of AgNW is seen;
here, the generated P3 line does not provide
electrical insulation. B, Detailed presentation
of the effect of variation of the pulse overlap
at the optimum fluence of 0.2 J/cm2 [Colour
figure can be viewed at wileyonlinelibrary.
com]
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rings, the stack is completely ablated down to the PET substrate. Out-

side the IMI ring another, more diffuse ring is visible, which consists of

debris, mainly PEDOT:PSS, as evident from the optical microscope

images of Figure 8. Contact formation between bottom electrode

and the AgNWs of the top electrode of the adjacent cell is thus only

possible at the IMI rings. As the AgNWs are extremely flexible, they

follow the shape of the surface that enables the formation of the con-

tact with the IMI ring. Optimization of the laser parameters with

respect to minimum interconnect resistance thus follows the rationale

of maximizing the contact area by maximizing the area of exposed IMI

residues at the edges of the ablated P2 lines. As evident from Figure 8,

this is the case at laser fluencies of between 0.4 and 0.6 J/cm2 and

spatial pulse overlaps below 30% (see Table 4). This leads to an inter-

connect resistance that does not limit the performance of the resulting

modules, as has been demonstrated above (Figure 4).
3.1.3 | P3 patterning

The last step that is necessary for the fabrication of a working OPV

module is the electrical separation of the top (AgNW) electrode (P3).

In Figure 10, the systematic variation of laser fluence and pulse over-

lap in the ablation of P3 lines is shown. The best suitable parameters

are lines with laser fluencies between 0.16 and 0.25 J/cm2 with

variations of the spatial pulse overlap between 67% and 93%. Higher

fluencies cause ablation of all layers down to PET, which causes the

malfunctioning of the module while lower fluencies are not sufficient

for the electrical isolation of AgNW.
4 | CONCLUSION

In our work, we have demonstrated for the first time the use of

infrared sub‐nanosecond laser sources for the fabrication of

solution‐processed flexible OPV modules maintaining the same

efficiency with respect to the reference process, in which modules

are patterned with green femtosecond lasers.

The goal was achieved by systematically optimizing the parame-

ters of all three sub‐nanosecond laser patterning processes P1 to P3

needed for the loss‐free interconnection of adjacent solar cells. While

the galvanic separation of bottom and top electrodes, ie, the ablation

of P1 and P3 lines, was found to be possible in a wide processing

window, the patterning of the P2 line, ie, the opening of the contact

area of bottom and top electrodes of adjacent cells by ablation of

the absorber layer, represented a serious challenge. The selective

ablation of the active layer, which is not a problem for the green laser,

is not possible with the infrared laser without seriously damaging the

bottom electrode, due to the much larger optical penetration depth

of the latter. Thus, a different strategy had to be devised for reducing

the interconnect resistance to values that are not limiting device

performance. This strategy is based on the observation that residues

of the IMI bottom electrode remain at the edge of the ablation zone,

due to the Gaussian profile of the laser beam. These residues form

electrical contact to the AgNWs of the top electrode. The electrical

interconnect resistance is thus minimized by maximizing the

residue area, which was found to be the case at single‐pulse laser
fluencies of about fourfold the ablation threshold and spatial overlaps

of about 20%.

The applicability of this strategy for industrial upscaling has been

demonstrated by presenting large‐area OPV modules based on the

well‐characterized reference system P3HT:PCBM, which show

efficiencies of up to 2.4%.

This achievement opens up the way towards reliable R2R laser

patterning processes with robust sub‐nanosecond lasers without

frequency doubling and thus represents a breakthrough with respect

to cost‐effective and low‐maintenance R2R manufacturing of OPV

modules, due to grossly reduced investment and maintenance costs

for laser sources.
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