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ABSTRACT

In this paper, we demonstrate that laser patterning of organic solar cells by ultrafast laser systems (pulse length <350 fs) is
an attractive process to produce photovoltaic modules with outstanding high geometric fill factors. Moreover, in terms of
precision, registration, and debris generation and in terms of keeping the damage to the underneath layers at a minimum,
ultrafast laser patterning with a pulse length of few hundreds of femtoseconds turns out to yield superior results. Ablation
of all three different solar cell layers (electrodes (P1 and P3) and interfaces and semiconductor (P2)) is achieved with a sin-
gle wavelength simply by a precise adjustment of the laser fluence and the patterning overlap. Camera positioning allows a
precise registration between the various processing steps and a reduction of the width of the overall interconnection regime
to the hundreds of micrometers dimension, resulting in high geometrical fill factors of over 90% for monolithically

interconnected organic solar cell modules. Copyright © 2013 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Recent developments in organic photovoltaics (OPV)
showed solar cell efficiencies exceeding 10% [1,2], which
is already comparable with the class of amorphous and
microcrystalline silicon solar cells. Despite the fact that these
achievements were obtained under laboratory conditions,
OPYV is becoming an attractive technology for the consumer
electronics and outdoor photovoltaic (PV) market. The ability
of solution processing opens the way for variable production
schemes utilizing high throughput roll-to-roll (R2R) or inkjet
sheet-to-sheet production of OPV cells [3]. The advantages of
the various solution processing methods were already discussed
for poly(3-hexylthiophene) (P3HT)/[6,6]-phenyl-Cg;-butyric
acid methyl ester (PCBM) composites [4]. Besides inkjet print-
ing, slot die and roller coating techniques were the most fre-
quently demonstrated production methods. On the other hand,
thin-film PV modules require the sectioning into multiple cells
for series interconnection. The P1 line separates the substrate
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electrode (indium tin oxide (ITO) in our case), the P2 line
removes the semiconductor from the ITO to allow the formation
of a low ohmic contact between the top and bottom electrodes,
and finally, the P3 line separates the top electrode between the
single cells (Figure 1). The area between the P1 and P3 lines
is PV inactive, or so-called “dead area”. Typically, the dead
area is accounted for the module efficiency by the geometrical
fill factor (GFF), which is the ratio between the PV active area
and the total module area. The larger the dead area, the smaller
the GFF and the lower the module efficiency. Consequently,
high GFF modules require highest resolution of the P1, P2,
and P3 lines. This is a clear bottleneck for slot die or roller
coating methods. While both methods allow the deposition of
stripe patterns in down-web direction, the resolution is rather
in the millimeter regime than in the micrometer regime. As a
consequence, most coated modules published so far had a
GFF ranging from 50% to approximately 70% including con-
tact areas and bus bars [2,3]. To point out the importance of a
high GFF: GFF of 50% reduces a 5% cell into a 2.5% module.

Copyright © 2013 John Wiley & Sons, Ltd.
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Figure 1. Cross section of the monolithic interconnection. Patterning lines are labeled with P1 (separation of the transparent elec-
trode), P2 (opening in absorber for the interconnection between two electrodes), and P3 (separation of the top electrode). The inter-
connection region is inactive as a solar cell (dead area).

Thin-film laser processing with picosecond and femtosec-
ond pulsed laser sources developed rapidly during the last
years, mainly driven by applications in thin-film PV cells
and display technology [5—11]. On the one hand, the laser
systems became more and more reliable, operating for
thousands of hours without the necessity of service. On the
other hand, the dramatic cost decrease of the short pulse laser
systems triggered their vast distribution in many areas of thin-
film processing. Because of very short interaction time scales
between the laser pulse and the material, the ablation process
with femtosecond laser pulses can be considered as a direct
solid—vapor (solid—plasma) transition. In this case, the lattice
is heated on a picosecond time scale, which results in the
creation of vapor and plasma phases followed by a rapid
expansion into vacuum. During all these processes, thermal
heating and heat conduction of the surrounding material can
be neglected [14]. These advantages of femtosecond laser
pulses allow very precise and pure laser processing of solids
without collateral damages to the surrounding layers and
layers lying beneath. High ablation efficiency and accuracy
of various materials were already demonstrated [12,14-17].

Laser patterning of other thin-film solar cells such as
amorphous silicon or copper indium gallium diselenide was
intensely investigated [5-9], but little was reported about
laser patterning of organic PV modules [18,19]. Assuming
good laser beam quality (M* < 1.2) and femtosecond pulse

durations, p ies between 1 and 10 puJ on a typical
spot size with 30 pm djameter are expected to be sufficient
to exceed the ablation threshold of all materials used in

OPV. This suggests that patterning of OPV modules with
tens of micrometer resolution at scan speeds of several
meters per second should be possible. Summarizing all these
technical benefits of ultra short pulse laser patterning, we
expect that the introduction of laser patterning into the
OPV module fabrication technology will have a rapid impact
on the commercialization of this young PV technology.

2. MATERIALS AND METHODS
2.1. Laser source

All laser patterning was carried out with an LS 7xxP setup
built by LS Laser Systems GmbH (Miinchen, Germany).
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The heart of the system is a femtoREGEN™ UC-
1040-8000fs Yb SHG from High Q Laser GmbH
(Rankweil, Austria) emitting at 1040nm (fundamental
wavelength) and 520 nm (first harmonic wavelength) with
a pulse duration of <350fs at repetition rates up to
960kHz. Maximum pulse energies of 16 uJ (1040 nm) or

6.4 1J (520 nm) are reached at 500 kHz. The beam quality

of the laser system is M*<1.25 (1040 nm), M <15
(520 nm), and the pulse-to-pulse stability is <2% for both
wavelengths. A variable beam expander expands the beam
from two to eight times. A galvanometer-mounted mirror
deflects the beam over the sample surface with a speed of
up to 4000 mm/s. The scanner’s objective has a focal length
of 330 mm and a focused spot diameter of 32+ 1 um (at 1/e?
intensity). The power of the laser was measured with the
VEGA DISPLAY and sensor 30A-BB-SH-18 ROHS from
Ophir Optronics (Jerusalem, Israel).

[Dooo=00000/Mmo000 |

2.2. Organic photovoltaic module
processing

Inverted PV devices were processed and characterized in
ambient atmosphere as reported elsewhere [20]. The layer
sequence of all devices was ITO/aluminum-doped ZnO
(AZO)/P3HT : PCBM/poly(3,4-ethylenedioxythiophene)

(PEDOT) : poly(styrenesulfonate) (PSS)/Ag. ITO-coated
glass substrates were patterned with a laser fluence of
0.55J/cm” and 90% overlap (Gaussian beam diameter at
1/¢* intensity was assumed for overlap computation) at
the first harmonic wavelength (520 nm). After P1 patterning
(electrical isolation of transparent electrode), ITO glasses
were subsequently cleaned in an ultrasonic bath in acetone
and isopropyl alcohol for 10 min each. After drying, the
substrates were coated with an AZO precursor via doctor
blading. Conversion of the AZO precursors to AZO via
hydrolysis was carried out by heating the samples to 140 °
C for 5min. P3HT Lisicon SP 001 batch EE 99602
purchased from Merck Germany and [60]PCBM (technical
grade 99%) from Solenne BV, The Netherlands, were
separately dissolved in chlorobenzene (99.5%) from Carl
Roth Germany at a concentration of 2 wt% and stirred for
at least 1 h at 60 °C before being blended in a volume ratio
of 1:1. The blended solution was stirred for at least another
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hour at 60 °C before use. The P3HT : PCBM active layer
was deposited via doctor blading to a thickness of approx-
imately 100 nm. PEDOT : PSS (Clevios P VP Al4083)
from H.C. Starck Germany was diluted in isopropyl
alcohol (1:5 volume ratio) before it was deposited via
doctor blading. After drying, all three layers had to be
removed to generate the P2 line (opening in absorber for
the interconnection between two electrodes). Patterning
of the P2 line is a critical process step, because insufficient
removal of all three layers will lead to high ohmic
resistance, while too high laser power will cause damage
to the underlying ITO. The scribing of the P2 lines was
carried out with the laser fluence of 0.27 J/cm* and 90%
overlap at the first harmonic wavelength (520 nm). Then,
the samples were transferred into a nitrogen-filled glove
box and annealed at 140 °C for Smin. A 150-nm-thick
Ag layer was thermally evaporated to form the top
electrode. The scribing of P3lines, required to separate
the Ag electrodes, was carried out with the fluence of
0.57 J/em?® and 66.6% overlap again at the first harmonic
wavelength (520 nm). The active area of the investigated
devices was 30 mm? for the reference cells and 115 mm?
for the modules. Modules consisted of 10 cells connected
in series. Current density—voltage (j—V) characteristics
were measured with a source measurement unit from
BoTest (Wertheim, Germany). Illumination was provided
by an Oriel Sol 1A Solarsimulator with AM1.5G spectra
at 0.1 W/cm? from Newport (Irvine, USA).

3. RESULTS/DISCUSSION

All experiments were carried out by direct ablation [13,21].
First, we experimentally determined the single-shot
ablation threshold of all three layers. This was carried out
on the separate samples prepared in the same way as the
OPV modules. The experimental determination of a
material’s ablation threshold is described in all details in
the literature [13,22,23]. We determined the ablation
threshold fluence F,, from the relationship between the
squared diameter of the ablated spot D? and the laser
fluence F:

F
D? = 2wl (F_h) ()

where wy is the radius of the laser beam at the 1/¢” intensity
at the surface. The diameters of ablated spots were
measured with the optical microscope. Because the pulse
energy E is simpler to access (measured output power of
the laser divided by the frequency), we substitute the
(F/F,,) ratio with the (E/E,;,):

Epuis
D* = 2wiin <—£;) 0))
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wo can now be determined by the slope of a linear fit to D*
over E, in a semi-logarithmic plot [13]. The ablation
threshold fluence is computed from the following:

Fy = 3
T

Figure 2 shows the ablation diagrams for ITO, Ag, and
AZO/P3HT : PCBM/PEDOT : PSS. The good quality of
the linear fit in the semi-logarithmic plots validates the
procedure to determine the ablation threshold. Table I
summarizes the ablation threshold fluences for all three
material systems. Figure 2 is essential to define the process
window for the individual layers. For instance, one can
immediately tell the laser fluence values that are sufficient
to remove the active layer but are still low enough to cause
no damage to ITO.

One of the more relevant processing parameters besides
fluence and laser wavelength is the overlap. Our strategy to
determine the overlap was initially motivated by optimiz-
ing the throughput. A series of trials, starting from 10%
overlap all the way to 90% overlap, was evaluated for the
various layers. Complete ablation was typically observed
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Figure 2. Single-shot ablation threshold measurements of all
layers used in our OPV solar cell structure. Squared diameter
D? of ablated area is plotted as a function of the pulse energy.
The slope of the linear fit gives the beam radius on the surface
of the layer at the energy intensity of 1/6%. The extrapolation to
zero gives the ablation threshold energy of one pulse.

Table I. Values of the single pulse ablation threshold fluences
obtained from the experiment.

Layer Threshold fluence (J/cm?)
ITO 0.29
Absorber 0.07
Ag 0.41

The relatively big gap between the threshold fluence of absorber and the
transparent indium tin oxide (ITO) provides us with a big process window.

Prog. Photovolt: Res. Appl. 2015; 23:238-246 © 2013 John Wiley & Sons, Ltd.
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at overlap ratios of 50% or less; however, to guarantee the
highest yield, we finally decided to pattern the single stacks
with an overlap between 66% and 90%.

3.1. P1 patterning

Ablation of ITO starts at a fluence value of 0.29 J/cm?. A
series of experiments varying laser fluence and overlap
was designed to optimize the processing speed while
keeping the patterning yield high. The final assessment
for the patterning suggested a fluence of 0.55 J/em?
together with an overlap of 90%. These parameters
allowed complete ablation of ITO (this was proved with
the resistivity measurement of >2 MQ) without the forma-
tion of protrusions on the margins, as seen by the atomic
force microscopy (AFM) scans depicted in Figure 3.
Further, AFM scans prove that no ITO spikes remain on
the bottom (this confirmed our assumption after the
resistivity measurement that the ITO was totally ablated)
as well as on the sides of the grooves. This is important
to prevent shunting between the top electrode and the
bottom electrode. The groove has got the V shape in the
first half of the thickness. This is due to the Gaussian
profile of the beam. The energy in this region was not
sufficient for the ablation of ITO in whole thickness.
Overall, the width of the groove was determined to be
11 um, an exceptionally low value for a P1 line.

Patterning of OPV modules by ultrafast laser

3.2. P2 patterning

P2 patterning required to ablate a stack of three different
materials with quite different mechanical properties:
AZO, a metal oxide, and two organic layers (P3HT:
PCBM and PEDOT : PSS) could be removed in a single
step with a laser fluence of 0.27 J/cm? (threshold fluence
0.07 J/cm?; Table I). This was the maximum laser fluence
available for processing (fluence between the ablation
threshold of AZO/P3HT : PCBM/PEDOT : PSS and ITO,
see process window in Figure 2), which did not damage
ITO. The absorber stack AZO/P3HT :PCBM/PEDOT:
PSS is around 180-200 nm thick. The ablation threshold
of the absorber stack is an average number reflecting the
material properties of the stack of the individual layers.
However, looking at the lateral patterning profile, which
is widest for the top layer and smallest for the bottom layer,
it becomes clear that the uppermost layer majorly
dominates the overall ablation threshold of the stack. It is
important to note that the fluence chosen for the P2
patterning was slightly lower (0.27 J/cm?) than the ablation
threshold fluence for the ITO layer lying beneath. This is
necessary to prevent ITO damage during P2 patterning.
Furthermore, different overlaps with this fluence were
proved, and the value of 90% was selected as the most
promising one. The AFM scans in Figure 4 proved that
the whole layer was ablated with a single-process step.
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Figure 3. AFM scan of a P1 patterning line in ITO. ITO was completely ablated without the creation of any spikes on the groove edges
and without the creation of any debris outside the patterning area.

0.8 MM  0.40 5
0.8
06 °'3°§
04 E o3 N
fz.;o.zo—:
0.2 > g
0.0 0.10 3
0.2 E
E -+ Profile 1
05 0.00 Frrrrrrrrrlrrr e e e e e
e 0 1 20 30 40 50
x [pm]

Figure 4. AFM scan of a P2 patterning line in the AZO/P3HT : PCBM/PEDOT : PSS absorber stack. The groove depth perfectly corre-

sponds to the thickness of the absorber. Oblique walls within the groove indicate three steps, also seen in the microscope pictures,

indicating the slightly different ablation threshold of the individual absorber materials (AZO, P3HT : PCBM, and PEDOT : PSS) as well as
the laser intensity distribution within the stack.
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The width of the groove (area close to the ITO) was 17 pm
at the bottom. One can recognize three steps on the oblique
groove walls (Figure 4, microscope pictures), each indicat-
ing one of the three different material layers (AZO/P3HT :
PCBM/PEDOT : PSS). From Figure 4, it is also clear that
on some locations on the groove edges, the debris can be
seen. It is very likely that the formation of this debris is
from the uppermost layer (PEDOT : PSS) because the used
laser fluence was highly exceeding the ablation threshold
fluence of this material.

3.3. P3 patterning

The patterning of the P3 line was carried out directly after
evaporation of a silver electrode with a laser fluence of
0.57 J/em? and 66.6% overlap. The AFM profile in Figure 5
shows that by using these process parameters, the resulting
groove is deeper than 150 nm (i.e., the thickness of the
evaporated silver layer), indicating that this set of parame-
ters not only ablates the Ag layer but also removes parts of
the underneath layers (either PEDOT:PSS or P3HT:
PCBM/PEDOT : PSS). In any case, the separation of the
Ag layer was sufficient, and the electrical isolation be-
tween individual cells was perfect (resistivity measurement
>2 MQ). Therefore, we conclude that there is no silver in
the groove or, if there is some remaining, it does not bridge
the edges of the trench. The width of the groove is more
than 11 um (comparable with the groove width in ITO);
however, strong protrusions were found on the margins
of the groove, most likely consisting of Ag. These protru-
sions could be molten silver, which can be generated in
the region of Gaussian beam with lower intensity. Because
the protrusions occur at the top electrode, no negative im-
pacts on the device performance are expected.

3.4. Modules

First, device trials started with the fabrication of modules
consisting only from three monolithically interconnected
cells. The module was manufactured by sectioning a small
area lab cell with an active area of 10.4mm? (processed on
the glass substrates coated with the ITO, with a dimension of
25x25mm) into three individual cells with approximately
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3.5 mm? (P1 line) and by monolithically interconnecting them
in series (P2 and P3 lines). Our standard substrates featuring
six cells with 10.4 mm?* were redesigned to now feature four
modules and two reference cells, again each with 10.4 mm?.

As mentioned earlier, each process step during
module patterning has its own functionality. While the
P1 and P3 lines are most critical in terms of shunting
and shunt-related losses, the P2 line is critical in terms
of series resistance losses.

Few likely loss scenarios related to the P2 Line are
as follows:

(1) Too low laser fluence and incomplete removal of
the active layer within the P2 line will cause an
increase in the series resistance (R,).

(ii)) Too high laser fluence will cause damage to the
ITO. Partially damaged ITO results in increased
series resistance losses; completely damaged ITO
will break the module interconnection.

(iii) A too narrow P2 line may again cause series
resistance losses if the Ag/ITO interconnect is
insufficient.

(iv) A too wide P2 line will cause GFF losses.

Losses (i) and (ii) can be properly addressed by a
precise determination of the threshold power as well as of
the overlap pattern. Losses (iii) and (iv) need to be
examined at the hands of R, and GFF losses in working
solar modules and are sub-summarized under optimization
of the P2 line. To address this optimization, we varied the
width of the P2 patterning line from ~30 um (i.e., a single
line) to =130 um wide (i.e., multiple lines). Figure 6 and
Table II compare the dark and illuminated j—V curves of
reference cells with modules of different P2 line widths.
Most importantly, all modules had roughly three times
the open circuit voltage (V,.) of the single cells. This is
the first evidence that the laser patterning worked properly.
Even more important is the observation that the module’s
fill factor (FF) was more or less identical to the single cells’
FF. This is strong evidence that laser patterning of P1, P2,
and P3 lines actually works without losses. The losses in
the short circuit current (J,.) are expected because it has a
three times smaller single cell area in the module. Finally,

S
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Figure 5. AFM scan of the P3 patterning line in Ag. The groove is 11.5um in width. The depth of the groove is more than 150 nm
(evaporated Ag top electrode) suggesting that P3 patterning also removed parts of the underlying film. The protrusions on the side
of the groove are strongly expressed and most likely consist of Ag (see microscope picture).
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Figure 6. /~V/ characteristics of reference cells and modules. (A) Standard reference cells with the surface 10.4 mm?; (B) modules

consisting of three cells connected in series (surface of one cell less than one-third), P2 line patterning carried out with one single line;

and (C) modules consisting of three cells connected in series (surface of one cell less than one-third), P2 line patterning carried out with
multiple lines.

Table Il. Performance of reference cells and modules.

Jse (MA/em?) Voo (V) PCE (%) FF (%)
Al -6.78 0.60 2.50 61.57
A2 ~7.54 0.57 2.71 63.05
B1 213 1.81 233 60.42
B2 ~2.02 1.78 2.15 59.91
C1 ~238 1.76 2.45 58.48
c2 ~1.92 1.78 1.99 58.37

Three times higher voltage of modules demonstrates the good functional-
ity of each cell and interconnect.

Jsc is the short circuit current, V. the open circuit voltage, PCE stands for
power conversion efficiency, and FF stands for fill factor.

by comparing the modules with 17- and 130-pm-wide P2
lines, it becomes clear that already 17-um-wide ITO-Ag
interconnection areas (P2 lines) are sufficient to guarantee
a series resistance loss free current transport of approxi-
mately 10 mA/cm? (Table III). On the basis of this finding,

Table Ill. Comparison of fill factor and serial and parallel
resistance of reference cells and the modules.

FF (%) Rs (Q/cm?) R, (kQ/cm?)
Al 61.57 3.10 42.18
A2 63.05 2.75 25.52
B1 60.42 4.78 11.90
B2 59.91 5.54 43.12
1 58.48 4.46 2.48
c2 58.37 5.01 28.79

. . 2
The device area in all cases was 10.4mm".
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all further modules were patterned with a single line for P2
(total width 30 um; effective width 17 um).

To further demonstrate the potential of laser patterning
for high GFF module manufacturing, we proceeded from
three cell modules to 10 cell modules. A total area of only
115mm? was selected for the 10-stripe modules, with
each cell having approximately 11.5mm?” active area
and a stripe width of 1 mm. This relatively small area
was chosen to demonstrate the reproducibility of high
resolution and the precision of laser patterning. All other
processing parameters were taken over from the three-
stripe modules. Figure 7 and Table IV summarize the data
for the 10-stripe modules. This run shows somewhat
lower performance of the reference cells, mainly due to
a reduced J,. and a slightly lower FF, which was caused
by a thinner semiconductor layer (<180 nm) and large
area. Nevertheless, comparing the reference with the
module, we see that there are nearly no losses when
processing modules out of cells. Overall, this is a further
strong proof for the quality and the potential of laser
patterning of organic solar cells. Figure 8 shows a picture
of such a module as well as a magnified view of the
interconnection regime. Best modules had a total
interconnection regime of only 178 um and a GFF of
83% (the contact pads are not included in GFF). This is
a very good result, given that the total area of the
10-stripe module is only 115 mm? and is related to the
high precision of the camera-based laser positioning
system, which has a resolution of better than 50 um.
Further improvements in alignment and a further reduc-
tion of the laser fluence would expect us being able to
reduce the interconnection width to less than 100 pm.
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Figure 7. ~V characteristic of fabricated module consisting of 10 cells with an area of approximately 11.5 mm?; the total area of the
module counts for approximately 115 mm?.

Table IV. Performance of the reference cell and 10 cells module.

Jsc (mA/cm?) Voe (V) PCE (%) FF (%) Width of interconnection (um) GFF (%)
Reference cell —5.18 0.59 1.71 56.06 n/a n/a
Module —0.45 5.82 1.38 52.88 180.15 83.20

We achieved a geometrical fill factor exceeding more than 83%.

PCE, power conversion efficiency; FF, fill factor; GFF, geometrical fill factor.

&7 FMEZT

P1

2w
i

50.00 um

i

Figure 8. (a) Photos of the module and (b) the detail of interconnection area (1000x magnification) between two cells. In case of the
larger module area and the same width of dead zone, the GFF can reach more than 98%.

While a GFF of 83% for a 10-stripe module is already im-
pressive, scaling the module to slightly larger dimensions
will directly result in even better GFF. An increase of the
module area by only a factor 10 in width (i.e., from 10 to
100 mm width) and assuming the same interconnection
width of 180 pm will immediately result in a GFF of more
than 98%. Further reducing the interconnection area to
100 pm will allow reaching a GFF of 91% for a stripe
width of 1 mm and total area of 115 mm?>.
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4. CONCLUSION

In this manuscript, we introduced ultra short pulse laser
patterning as an attractive method to produce glass-based
modules with highest GFF. We demonstrated that pattern-
ing of all layers (P1, P2, and P3) can be realized with a sin-
gle wavelength (520 nm), which is highly attractive from
an economic point of view, and also relevant for integra-
tion of laser patterning into R2R processing. Only two

Prog. Photovolt: Res. Appl. 2015; 23:238-246 © 2013 John Wiley & Sons, Ltd.
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processing parameters had to be optimized: the laser
fluence and the patterning overlap. The formation of the
protrusion at the sides of P2 and P3 patterning lines could
be observed, the height profile being a function of the
process parameters. However, these protrusions turned
out to be uncritical because three-stripe as well as 10-stripe
modules did not show electrical losses. According to
Ben-Yakar et al., protrusion formation can be suppressed
with the increasing of the beam radius [24]. The use of a
high-resolution, ultrafast laser patterning system allowed
to produce modules with a GFF of 83% and lines out
straightly the path to making modules with a GFF of over
98% at a laser speed of 4m/s. Overall, short pulse laser
patterning is outstanding in achieving precise ablation, fast
processing, and an overall high GFF. Noteworthy to say
that the aforementioned facts make this technology also
attractive for all fields of organic electronics, which require
fast processing and a high resolution in the tens of microm-
eter. As stable ultrafast laser patterning systems are
available on the market, implementation of these systems
in R2R production lines will allow OPV manufacturing
with high throughput and excellent reproducibility.
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