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1. Introduction

Thin-film technologies, especially Cu(In1� xGax)Se2 (CIGS)
thin-film solar cells, have a high efficiency potential. CIGS has
become one of the most competitive thin-film technologies
regarding efficiency and economics to silicon photovoltaics
(PV).[1–4] The CIGS cell record efficiency of 23.35% has been pre-
sented in 2019 by Solar Frontier (cell area: 1 cm2).[5] Later that
year, NICE Solar Energy GmbH obtained a new CIGS module
record of 17.6% on a module area of 1.20� 0.60m2.[6]

However, the annual global production of CIGS thin-film mod-
ules is still relatively low compared with conventional PV produc-
tion with less than 2000MWp in 2017.[7] One reason for this low
market share is the efficiency gap between cell and module level
with up to 8% abs. between the CIGS cell record and commercial

modules. In comparison with that, the effi-
ciency gap between cell and module for
crystalline silicon PV is only 4% abs.[8]

Bermudez and Perez-Rodriguez sum-
marized the reasons for the cell-to-module
gap, which occurs in all PV technologies
but in different scales.[8] In silicon PV, the
main cell to module efficiency loss appears
because of resistive losses introduced
by the interconnection technology. In
addition, for the CIGS technology, further
efficiency is lost because of lateral inhomo-
geneity in the functional CIGS layer
deposition, especially when the upscaling
process from square centimeter to square
meter area is considered. These inhomoge-
neities decrease the open-circuit voltage
and further influence the bandgap of the
CIGS absorbers.[9–11] The different modu-
larization strategies are an additional

reason of this huge CIGS cell-to-module gap. Typically, the
P1P2P3 monolithic interconnection is used, which allows a
sequential interconnection during the CIGS cell manufacture
procedure.[3,12,13] Here, cell widths as well as the scribing widths
define the dead area and, therefore, further contribution to effi-
ciency losses in modules. Besides that, three promising ways
to decrease the CIGS cell-to-module gap are discussed in the
previous study[8] 1) new transparent conductive oxides (TCOs)
including improved deposition methods;[14–17] 2) hybrid modu-
larization approaches, which combine the standard P1P2P3
scribing and applying a metal grid on the TCO; and 3) use of
wide-bandgap solar absorbers.[17–21] Further approaches to
optimizing module performance are reported in the previous
studies.[22,23] This work focuses on the promising approach of
hybrid modularization. The manufacturing procedure of silicon
solar cells includes the application of a metal grid as a standard
process step. This idea is transferred to the hybrid modulariza-
tion approaches for the CIGS thin-film technology. The metal
grid ensures a decrease of resistive losses by minimizing the
impact of front contact.[24] Consequently, larger cell areas are
applicable, causing a reduction of scribed cell interconnections
per module, which reduces module voltage as well as total dead
area and, thus, increases short circuit current and fill factor (FF).
On a system level, a reduction of module voltage while simulta-
neously increasing the current is the key to further reduce the
high balance of system (BOS) costs of CIGS. In addition, the
laser processes for scribing are constantly improved, resulting
in narrower scribing widths and less scribing-induced damages.
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This article presents the application of a parallel dispensing device for low-
temperature silver paste metallization on transparent conductive oxide (TCO)
layers of Cu(In1� xGax)Se2 (CIGS) substrates as an alternative metallization
technology to screen printing and inkjet printing. A curing variation experiment is
performed to analyze the effect of different curing conditions on the resulting
contact resistivity of the metal grid. Contact resistivity values below 5 mΩcm2 are
achieved. Furthermore, CIGS mini-modules are metallized with three different
low-temperature paste formulations obtaining a record core finger geometry of
25 μm and an average optical aspect ratio of 0.46 using 25 μm nozzle openings.
The dispensed metal grid on the TCO layers achieves the comparable current
density values of jsc¼ 32.2 mA cm�2 and the open-circuit voltages values per cell
of Voc¼ 672 mV as the screen printed metal grid on CIGS mini-modules and,
hence, a nominal power of 2.05 W. The metal grid enables the use of broader cell
widths compared with grid-free CIGS samples and results in a reduced dead area.
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To date, the state-of-the-art approaches to apply the metal grid are
flatbed screen printing (SP) or inkjet printing.[25,26] Several pub-
lications show different hybrid modularization approaches partly
using the inkjet technology to apply dielectric and conductive
inks.[27–33] These printing technologies are able to achieve com-
petitive throughputs with a proven track record of industrial
application in numerous sectors. The dispensing (DIS) approach
is an alternative promising printing technology to SP and inkjet
printing to apply the metal grid on TCO surfaces. Here, commer-
cial high viscous silver SP pastes are extruded through narrow
nozzle openings in the range of 20–60 μm. Results for dispensed
metal grids on different silicon solar cell concepts have been pre-
sented with high- and low-temperature pastes, demonstrating
narrow contact fingers below 20 μm.[34–36]

In this study, we present screen printed and dispensed metal
grids on 156mm� 156mm transfer length method (TLM)
CIGS substrates and 156mm� 156mm CIGS mini-modules
(total area). Our experimental plan focuses on the comparison
of the DIS technology to an SP reference. Three different low-
temperature silver pastes are applied, and the curing conditions
are varied in a temperature range from 170 to 200 �C. The elec-
trical performance of the CIGS substrates is characterized and
correlated with finger geometries of the printed metal gridlines.

2. Overview on Printing Technologies for
Metallization of CIGS Substrates

2.1. Flatbed Screen Printing

During the last two decades, the widths of printed structures in
flatbed SP have been significantly reduced for silicon PV.[37,38] To
date, this industrially widespread technology dominates the PV
metallization market.[39] The SP process mechanics of highly
filled suspensions, e.g., metal pastes, are well described in the
literature.[40,41] The paste is pushed over a screen by an angled

squeegee, creating a downward velocity component into the
mesh with its opened and closed areas (flooding). Afterwards,
the second squeegee with a controlled vertical force creates a
moving contact line between the screen and substrate. Once
the pressure releases the screen snaps off and leaves behind
the printed structure. In the case of metallization of CIGS mod-
ules, the screen has a huge area (active printing area: 60 cm�
120 cm), limiting the screen stability and causing significant
screen distortion. Furthermore, a large paste volume is required,
which is permanently in contact with the environment.
Mesh marks are shown in the printed structure, resulting in
inhomogeneity of finger height and, thus, non-optimal silver
consumption (see Figure 1).

2.2. Dispensing Technology

The DIS technology is an established industrial technology in
different industrial sectors, but not yet for metallization in
PV.[35,36,42,43] Fraunhofer Institute for Solar Energy Systems
(ISE) developed the method and apparatus for DIS metal grids
for solar cell applications and works constantly on improving the
DIS technology for over more than ten years.[36,44,45] The metal
paste is extruded through narrow openings smaller than 60 μm,
either single nozzles or print heads with up to 130 nozzle open-
ings are used, whereby multinozzle print heads are normally
used to obtain the industrial needed throughput.[36] In 2019,
the Fraunhofer spin-off HighLine Technology GmbH was
founded with the goal to commercialize a multinozzle print head
for the parallel DIS technology.[46] The paste reservoir is a closed
system to prevent paste drying.[47] Depending on the desired
structure width, the nozzle diameters are chosen. Similar to ink-
jet printing, the DIS technology is also a direct writing process.
The extruded paste threads or paste dots are printed onto the
substrate surface. Here, only the paste gets in contact with the
substrate. To achieve homogeneous printing results, a constant

Figure 1. Overview on possible printing technologies for metallization of CIGS modules. Respective world record contact shapes applied by flat
SP and DIS technology are shown. These silver pastes are printed on different solar cell substrates. The questions are how the performances of
those printing technologies on CIGS substrates compare and which advantage each approach has.[34,37,53]
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DIS gap between the nozzle openings and the substrate is
required. However, in case of metallization CIGS substrates,
the DIS approach shows an advantage regarding the variable
thickness deviation of the glass substrate caused by melting dur-
ing the CIGS deposition. Different solutions are imaginable to
realize homogeneous metal grids. In addition, the DIS process
has no limits in upscaling of large CIGS module areas. The
requirements for the printing pastes are similar to SP paste,
allowing to use the same commercial products applied to silicon
heterojunction approaches without the need for additional adap-
tations.[48] Nowadays, paste manufacturers started to do minor
adjustments of SP paste formulations to further optimize pro-
cess stability and finger geometry of dispensed structures.[48]

3. Experimental Section

Figure 2 shows all the experimental work of our study with
respect to application tests of low-temperature silver pastes on
CIGS substrates and the characterization of their electrical per-
formance. In the first experiment, different curing conditions of
three low-temperature silver pastes are analyzed regarding their
contact resistivity ρc,TLM and sheet resistance Rsh,TLM. The curing
temperature and duration are varied between Tc¼ 170 �C and
Tc¼ 200 �C and from tc¼ 5min to tc¼ 20min, respectively.
All pastes are applied by the DIS approach. Based on these
results, the curing conditions for the second experiment
“Application of metal grid on CIGS substrates” are chosen.
This second experimental plan consists of 15 different groups

(see Figure 2). Depending on the experimental group, CIGS
TLM substrates or CIGS mini-modules are used. Five CIGS
TLM substrates per group and ten CIGSmini-modules per group
are processed. Group 0 is the reference group without grid on
the TCO layer with a cell width of 4.07mm, and the CIGS
mini-modules consist of 29 cells. Three low-temperature silver
pastes are applied by the DIS technology; in addition, paste
A is also disposed by SP (groups 1–4). Two promising curing
conditions of the pretest are performed on TLM substrates
and mini-modules for pastes A and B, and one curing condition
of the pretest is used for paste sample C. The printed metal grids
are characterized regarding their contact finger geometry and
their electrical performance. The contact resistivity ρc,TLM as well
as the sheet resistance Rsh,TLM are measured by the TLMmethod.
For all CIGS mini-modules, I–V measurements are conducted.

The applied low-temperature silver pastes A and B are com-
mercially available SP pastes for silicon heterojunction solar cell
metallization, and paste C is a specially adjusted paste for DIS
application. These paste formulations are highly filled suspen-
sions, which have a shear viscosity in the range of 600–700mPas
at the speed of a rotation of 5 rmp. The nonvolatile content of the
three pastes is between 91% and 93% after curing. We used
the CIGS samples from our project partner NICE Solar Energy
GmbH. The stacking sequence Mo/CIGS/chemical bath deposi-
tion (CBD)-CdS/i-ZnO/ZnO:Al/indium tin oxide (ITO) is depos-
ited on a 3mm thick glass substrate, beginning with the rear
contact material molybdenum, as described in the literature.[49,50]

Then, the CIGS layer is applied by co-evaporation of copper,
indium, and gallium in a selenium containing atmosphere

Figure 2. Overview of all investigated experiments for the presented study. On top, the preliminary test shows the curing variations of three
low-temperature silver pastes within the temperature range of Tc¼ 170–200 �C applied by DIS. The curing duration varies from tc¼ 5 min to tc¼ 20min.
Characterization is done by the TLM method to measure the contact resistivity ρc,TLM and the sheet resistance Rsh,TLM. The results are used for
further experiments. Subsequently, SP of paste A (groups 1–4) and DIS of pastes A–C are applied on CIGS TLM substrates and on CIGS mini-modules
(groups 5–14) (cell width: 6.94mm). Group 0 is the reference group including grid-free CIGS mini-modules (cell width: 4.07mm). The printed contact
fingers are characterized regarding their finger geometry by a 3D confocal laser scanning microscope (CLSM) and their electrical performance (* CIGS
TLM substrates and ** CIGS mini-modules).
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(without alkali post-deposition treatment). Subsequently, the
buffer layer CdS is deposited using CBD. An ITO is applied
on CIGS substrates, which are metallized to realize a better con-
tact resistance on the ZnO:Al layer (groups 1–14). The P1 scrib-
ing is realized by the laser process, and the P2 and P3 scribing is
done mechanically. The CIGS TLM substrates have a size of
156mm� 156mm and show no P1P2P3 patterning. The active
area of the CIGS mini-modules is 137.43 cm2 (with a cell width
of 6.94mm) onto a 156mm� 156mm glass substrate with a
thickness of 3 mm. One mini-module consists of 17 cells in total.

3.1. Metallization of CIGS Substrates

A semi-automatic screen printer EKRA XH STS and a screen
with the screen openings of wn¼ 40 μm are used to apply the
screen printed grid of groups 1–4. The disposed calendered
mesh has a specification of 360� 0.016� 22.5� with an emul-
sion over mesh (EOM) of EOM¼ 15 μm. The printing speed
is vsqueeguee¼ 100mm s�1 onto CIGS TLM substrates and
mini-modules.

All parallel DIS experiments are realized with a DIS platform
from ASYS GmbH, Germany: Here, CIGS substrates are placed
individually on a vacuum chuck. An R&D print head, so called
“GECKO,”[42] with different nozzle openings is integrated into
the ASYS platform. Ten runs of the GECKO print head are
needed to dispense the metal grid across the whole sample.
Paste A is dispensed through 35 μm nozzle openings with a
DIS velocity of vdisp¼ 100mm s�1. This paste formulation is
dispensed at a temperature of Tdisp¼ 5 �C. For pastes B and
C, the nozzle openings of 25 μm are used. Paste B is dispensed
with a printing speed of vdisp¼ 60mm s�1 and paste C with a
DIS velocity of vdisp¼ 160mm s�1. Pastes B and C are heated
to a temperature of Tdisp¼ 25 �C for the DIS approach. The
DIS gap between the nozzles and the substrate is 600 μm for
all DIS experiments.

Subsequently, the metallized CIGS samples are cured in the
convection oven R0400FC from Essemtec AG, Switzerland.
Before starting the curing process, the oven is preheated at least
30min to guarantee a homogeneous temperature distribution.
The curing temperatures vary between Tc¼ 170 �C and
Tc¼ 200 �C with a curing duration between tc¼ 5min and
tc¼ 20min for the preliminary experiment. Depending on the
applied low-temperature paste, the curing temperature varies
between Tc¼ 180 �C and Tc¼ 200 �C for experiment 2. The cur-
ing duration is either tc¼ 5min or tc¼ 10min (see Figure 2).

3.2. Characterization Methods

3.2.1. Geometric Analysis of Printed Contact Fingers

The printed contact fingers are measured using the commercially
available 3D CLSM OLS4000 from OLYMPUS with a magnifica-
tion of 50. Nine segments with a length of 1.5 mm are measured
for each TLM group of the experimental plan. The geometric
parameters are identified by software, developed by Fraunhofer
ISE.[51] The procedure and definition of parameters are well
described in the literature.[36] The finger width wshading describes
the shaded area of the finger including any spreading.

In addition, the core finger width wcore, the finger height
hf,max, and the cross-sectional area Across are determined.
The electrical and optical aspect ratio ARel and ARo and,
further, the spreading coefficient ξspreading are calculated
(see Equation (1)–(3)). The spreading coefficient ξspreading
describes the ratio of the finger width wcore to the finger width
wshading.

[36,52]

ARo ¼
hf ,max

wshading
(1)

ARel ¼
hf ,avg
wshading

¼ Across

wshading
2 (2)

ξspreading ¼
wcore

wshading
(3)

3.2.2. Electrical Characterization

The contact resistivity ρc,TLM and the sheet resistance Rsh,TLM

of TCO are determined by TLM Scan from pv-tools GmbH.
The 156mm� 156mm CIGS TLM substrates are separated into
10mm wide stripes. In total, 14 stripes per substrate are investi-
gated by TLM characterization with at least 150 measurements
for each sample. For the TLM characterization, a measuring head
consisting of eight measuring tip pairs is precisely arranged onto
the contact grid. A measuring current of I¼ 10mA is applied.

The electrical parameters of CIGS mini-modules are deter-
mined by h.a.l.m flasher IV tool at standard test conditions.
The CIGS mini-modules are prepared for the measurement as
follows: after the P1 and P2 scribing, the metallization is applied
on the TCO layer, and subsequently, the P3 structuring is real-
ized mechanically. Hence, the P2 structures of the metallized
CIGS mini-modules contain the TCO material and metal paste,
whereas the P2 structures of the grid-free CIGS mini-modules
include only the TCO layer. Contact stripes are fixed in a lami-
nator at a temperature of T¼ 130 �C. The I–V measurements
are done with the non-laminated modules at 1000Wm�2.

4. Results and Discussion

4.1. Comparison between Screen Printed and Dispensed Finger
Geometry

Figure 3 shows the microscope images of finger geometries on
CIGS substrates of the two printing technologies, SP versus DIS,
and three applied pastes. In the first column of the illustration, a
representative screen printed contact finger of paste A is shown
(groups 1 and 3). This microscope image shows a contact finger
section of 1.5mm, and the mesh marks are clearly visible in the
printed structure. The finger width is wshading¼ 55� 2 μm,
and the average optical aspect ratio is ARo¼ 0.35� 0.03
(ARel¼ 0.21� 0.02). Dispensed contact fingers have a constant
height profile compared with screen printed fingers, which
results in a more effective silver consumption regarding the
electrical conductivity. DIS paste A results in an average finger
width of wshading¼ 46� 3 μm. The optical aspect ratio is
ARo¼ 0.38� 0.02 (ARel¼ 0.26� 0.03). The finger geometries
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of pastes A and B show similar finger shapes. Both pastes show a
significant spreading or swelling. The achieved contact finger
width is much wider than the used nozzle diameters of 30 or
25 μm, respectively. The average shading and average core
finger widths of groups 9 (wshading,Gr.9¼ 42� 3 μm) and 11
(wshading,Gr.11¼ 52� 2 μm) differ significantly, even though the
applied DIS process parameters were the same, and the used
curing parameters were only varied in a temperature difference

of 10 �C. Potential reasons for that might be a deviation of nozzle
plates or a change of paste properties during DIS.

The DIS paste C shows an improved optical aspect ratio of
ARo¼ 0.46� 0.02 (ARel¼ 0.27� 0.02) and a reduced average
core finger width of wcore¼ 25� 1 μm. The applied nozzle open-
ings and the average core finger width have the same value.
The average spreading coefficient is ξspreading¼ 0.62� 0.03.
Consequently, the swelling phenomenon of the paste is signifi-
cant. Obtaining a spreading coefficient of 1 corresponds to a con-
tact finger shape without any spreading and minimized shading
area of active area at a given grid conductivity. The homogeneity
of dispensed structures is visible in the low standard deviation
across all DIS groups.

4.2. Electrical Performance

Figure 4 presents the contact resistivity values ρc,TLM of pastes
A–C applied on CIGS substrates. On the left part of the diagram,
the results of experiment 1 are shown. The contact resistivity
values are classified according to the paste formulations, curing
temperatures, and duration. When the average contact resistivity
values are below 5mΩcm2, a contact formation during curing is
assumed. The scattering of the measured values differs signifi-
cantly depending on the applied curing conditions. If no box is
shown in the diagram, the paste did not form a contact with the
TCO layer at the chosen curing temperature and duration.
Especially, the combination of a curing temperature below
Tc¼ 180 �C and a short curing time of tc¼ 5min results in
no contact formation. Curing paste A at Tc¼ 200 �C for tc¼ 5min
results in an average contact resistivity to the TCO layer
ρc,TLM¼ 3.47� 1.41mΩcm2. An average contact resistivity of
ρc,TLM¼ 2.11� 1.07mΩcm2 has been reached for paste A at a cur-
ing temperature of Tc¼ 190 �C and tc¼ 10min. For paste B, the
curing parameters of Tc¼ 190 �C and tc¼ 10min also result in a
contact resistivity of ρc,TLM¼ 2.14� 0.94mΩcm2. For paste C, the
curing temperatures of Tc¼ 200 �C and Tc¼ 180 �C can
result in a similar contact resistivity ρc,TLM, when using a
different curing duration (ρc,TLM� 200 �C¼ 2.13� 0.59mΩcm2;
ρc,TLM� 180 �C¼ 2.00� 0.89mΩcm2). The results of experiment 1
are used to choose the curing parameters for experiment 2
considering the temperature sensitive CIGS layer. The final curing
parameters are shown in the experimental overview in Figure 2.
Figure 4 on the right presents the contact resistivity ρc,TLM results
of experiment 2. All chosen curing parameters for experiment 2
show the average contact resistivity values below 5mΩcm2.
Independent of curing parameters and printing technologies,
the contact resistivity of paste A results in a range of
ρc,TLM¼ 2.3mΩcm2 and ρc,TLM¼ 2.8mΩcm2 (groups 1–8). The
dispensed metal grid of paste B, which is cured at a temperature
of Tc¼ 190 �C for tc¼ 10min, shows a lower contact resistivity of
ρc,TLM¼ 0.92� 0.72mΩcm2 compared with a curing temperature
of Tc¼ 180 �C for tc¼ 10min (ρc,TLM¼ 1.97� 0.89mΩcm2).
Nevertheless, metal grids of paste B show lower contact resistivity
values and sheet resistances than paste A, even though paste
A is cured partly at higher curing temperatures. Paste C shows
a contact resistivity of ρc,TLM¼ 1.42� 1.52mΩcm2.

The measurement results of the h.a.l.m. flasher IV tool
are listed in Table 1. The CIGS modules are measured

Figure 3. Analysis of the finger geometry of the printed contact fingers of
pastes A–C. All finger geometries are characterized with CLSM at a
magnitude rate of 50 (see Section 3.2.1.). On the left, the microscope
picture of a screen printed contact finger is shown. The finger width is
wshading¼ 55 μm and the maximum finger height hf,max¼ 19 μm resulting
an optical aspect ratio of ARo¼ 0.21. All screen printed structures show
the typically inhomogeneity of mesh marks compared with a higher
homogeneity of dispensed contacts. Pastes A and B result in similar finger
geometries. Paste C presents a reduced core finger width of wcore¼ 25 μm
and a high optical aspect ratio of ARo¼ 0.46 compared with pastes A and B.
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non-laminated. The grid-free CIGS mini-modules (group 1)
result in an average short-circuit current density of
jsc,Gr.0¼ 31.1� 0.1 mA cm�2. All CIGS mini-modules with
applied metal grid show obviously increased average short-circuit
current density values above 31.7mA cm�2 with only small scat-
tering; thereby, the dispensed metal grids as well as the screen
printed metal grids achieved similar results. Group 0 shows an
average FF of FFGr.0¼ 67.87� 3.94%. All CIGS samples with dis-
pensed metal grid show an increased FF compared with group 0
except for group 6. Group 10 shows the highest average FF of
the dispensed metallized samples of FFGr.10¼ 71.34� 1.98%.
Especially, the FF values of groups 4 and 6 scatter significantly.
A strong correlation between the increased FF and the sheet
resistance cannot be identified. The reference group 0 has an

average open-circuit voltage per cell of Voc,Gr.0¼ 691� 2mV,
and all metallized CIGS mini-modules obtain an average
open-circuit voltage per cell between Voc¼ 650� 3mV and
Voc¼ 692� 6mV. These differences in open-circuit voltage
values of the metallized CIGS-mini modules (groups 2–14)
are explicable because of the used different curing conditions
for the applied low-temperature pastes, resulting in
temperature-based damages of the CIGS layers or diffusion
processes in the CdS layer within the CIGS samples.
All CIGS mini-modules with applied metal grid have increased
maximum power points compared with the reference
group 0 with an average maximum module power point of
PmmpGr.0¼ 1.95� 0.12W to PmmpGr.12 ¼ 2.05� 0.11 W for
the dispensed group 12.

Figure 4. Contact resistivity values for the investigated low-temperature pastes A–C. The measurement procedure is described in Section 3.2.2. The
contact resistivity values ρc,TLM over the corresponding curing temperatures of Tc¼ 170–200 �C and the corresponding duration of tc¼ 5–20min
are plotted (experiment 1). The curing conditions of tc¼ 5min at Tc¼ 200 �C as well as tc¼ 10min at Tc¼ 190 �C obtain promising contact resistivity
values ρc,TLM below 5mΩcm2 for paste A. The curing duration of tc¼ 10min at the curing temperatures of Tc¼ 180 �C and Tc¼ 190 �C is selected for
paste B for further experiments. Reasonable curing conditions of tc¼ 10min at Tc¼ 180 �C are chosen for paste C. The TLM results of the chosen curing
conditions for each low-temperature paste are shown in the right part of the plot (experiment 2). All average contact resistivity values ρc,TLM are below
5mΩcm2. On average, paste B shows the lowest contact resistivity of ρc,TLM¼ 0.9� 0.7 mΩcm2.
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The presented results demonstrate an advantage of applying a
metallization on the TCO layer of CIGS samples by the DIS
approach. Despite the difference in the contact resistivity
ρc,TLM or the contact finger width w, the most crucial impact
seems to be the open-circuit voltage difference between the met-
allized groups. The results of this study indicate that a lower cur-
ing temperature and a higher aspect ratio might lead to higher
open-circuit voltages. This first hypothesis needs to be verified in
further experimental studies, for example, by evaluating
optimized low-temperature silver pastes, which form a contact
to the TCO layer at the curing temperatures below 170 �C. To
date, the availability and the costs of low-temperature silver
pastes with a curing temperature below 150 �C are challenging,
independently of the printing process.[8] In addition, a detailed
paste characterization is required to find paste formulations
with significantly reduced spreading.

5. Conclusion

For the first time, parallel DIS was applied for metallization of
CIGS modules. In this study, we evaluated three different
low-temperature silver pastes by DIS them through nozzle open-
ings between 35 and 25 μm. A curing variation of these pastes
was carried out for a temperature range between Tc¼ 170 �C
and Tc¼ 200 �C, resulting in the average contact resistivity
values ρc,TLM below 5mΩcm2. The dispensed and screen printed
metal grids on the TCO layer obtained comparable short-circuit
current density and open-circuit voltage values. The front contact
metallization of the CIGS mini-modules allows the use of wider
cells compared with grid-free CIGSmini-modules; consequently,
the cell number and the dead area of CIGS mini-modules are
minimized. The homogeneity of the contact finger shape might
determine the maximal possible cell width; in this case, the
dispensed structures have a more effective silver consumption
than screen printed metal grids. The best performing paste in
this experiment shows an improved finger shape with an optical
aspect ratio of ARo¼ 0.46 and a core finger width wcore¼ 25 μm
and a contact resistivity of ρc,TLM¼ 1.4� 1.0 mΩcm2 at a curing
temperature of Tc¼ 180 �C. Due to the contactless printing
approach and its scalability and flexibility concerning different
pastes, a future prove of concept seems to be realistic. Even

without adaptation of cell width or TCO optimization, a power
increase of 4.6% was already reached. Future focus of R & D
should, therefore, focus on lower curing parameters and the
reduction of paste spreading to minimize the shading effects
of the cells.
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[23] A. Chirilă, P. Reinhard, F. Pianezzi, P. Bloesch, A. R. Uhl, C. Fella,
L. Kranz, D. Keller, C. Gretener, H. Hagendorfer, D. Jaeger,
R. Erni, S. Nishiwaki, S. Buecheler, A. N. Tiwari, Nat. Mater. 2013,
12, 1107.

[24] E. Fortunato, D. Ginley, H. Hosono, D. C. Paine, MRS Bull. 2007, 32,
242.

[25] B. Retterstol Olaisen, S. Woldegiorgis, P.-O. Westin, M. Edoff,
L. Stolt, A. Holt, E. Stenrud, Presented at Technical Digest of the
15th International Photovoltaic Science and Engineering Conf.,
Shanghai, China 2005.

[26] P. A. Hersh, C. J. Curtis, M. F. A. M. van Hest, J. J. Kreuder,
R. Pasquarelli, A. Miedaner, D. S. Ginley, Prog. Photovolt: Res.
Appl. 2011, 19, 973.

[27] J. D. Fields, M. S. Dabney, V. P. Bollinger, M. F. A. M. van Hest, in
IEEE 40th Photovoltaic Specialist Conf., 2014, pp. 162–165.

[28] J. D. Fields, G. Pach, K. A. W. Horowitz, T. R. Stockert,
M. Woodhouse, M. F. A. M. van Hest, Sol. Energy Mater. Sol. Cells
2017, 159, 536.

[29] J. van Deelen, C. Frijters, Sol. Energy 2017, 143, 93.
[30] N. Cavallari, F. Pattini, S. Rampino, F. Annoni, M. Barozzi,

M. Bronzoni, E. Gilioli, E. Gombia, C. Maragliano, M. Mazzer,
G. Pepponi, G. Spaggiari, R. Fornari, Appl. Surf. Sci. 2017, 412, 52.

[31] M. L. Crozier, P. Adamson, A. Brunton, S. Henley, J. D. Shephard,
G. Kartopu, S. Irvine, P. M. Kaminski, J. M. Walls, IEEE 40th
Photovoltaic Specialist Conf., 2014, pp. 2784–2788.

[32] E. Markauskas, P. Gečys, A. Žemaitis, M. Gedvilas, G. Račiukaitis,
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