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Abstract
The Cu (In,.,Ga,)Se, (CIGS) solar cell technology is a potentially high-efficient
approach with unique properties compared with silicon photovoltaic, like flexible
lightweight substrates and different colored designs. So far, the full potential of the
transparent conductive oxide layers has not been exploited yet as no front contacts
are applied, resulting in significant losses from the cell-to-module level. In this study,
Ag front contacts are applied by parallel dispensing onto indium tin oxide layers of sil-
icon heterojunction substrates and CIGS substrates. Subsequently, a thermally curing
process is carried out to form the conductive contacts. The curing conditions are var-
ied between 200°C 2 T, 2 100°C combined with 20 min > t. 2 1.5 min. The study
aims to determine the curing parameters enabling low-resistivity contacts by using
low-temperature curing Ag paste and ultralow-temperature curing Ag paste. The lat-
eral electrode resistance and the contact resistivity of printed electrodes are mea-
sured. The

calorimetry (pastes) and microstructure analysis of printed electrodes are used to

results of simultaneous thermogravimetry-differential scanning
explain the electrical parameters of the printed electrodes. In general, higher curing
temperatures and longer curing durations encourage the sintering and densification
process of the applied electrodes resulting in low-resistivity contacts. Contact
resistivities below pctim <5 mQ-cm? and lateral electrode resistance of
Riateral = 17 @ m~? are obtained for different paste systems. However, optimal curing
conditions of low-temperature curing pastes can cause thermal damage to the CIGS
device. Therefore, ultralow-temperature curing pastes seem to be promising candi-

dates for front contact metallization of CIGS substrates.
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GENSOWSKI ET AL.

1 | INTRODUCTION

In recent years, different research groups and industry are continu-
ously working toward improvements of the metallization of silicon
heterojunction (SHJ) solar cells concerning low-resistivity contacts to
transparent conductive oxide (TCO) layers and low silver
consumptions.> The architecture of the SHJ technology is described
in the literature.*> The SHJ approach only allows low-temperature
processes of up to T, < 250°C to form the contact between printed
electrodes and the TCO layer to avoid degradation of the amorphous
silicon layer.>®” Mainly curing temperatures in the range of
T, ~ 200°C are reported for printed electrodes.® 1! Pastes with such
curing conditions on SHJ solar cells are usually called low-temperature
curing pastes. These high-viscous paste formulations are generally
made up of micrometer-sized and/or nanometer-sized metal particles,
binder resins, organic solvents, and curing agents.>? Typically, lateral
electrode resistivity below pjteral € 15 puQ-cm have been achieved
with those paste formulations.”***% On R&D level, low-temperature

615 rotary

curing pastes are applied by flatbed screen printing,
printing,* inkjet printing,*” and dispensing technique.?®? Neverthe-
less, flatbed screen printing remains the common industrial technique
to create printed contacts on silicon solar cells.> Widths of screen-
printed Ag electrodes down to ws = 16 um have been achieved using
special, knotless screens and low-temperature curing pastes.®

In addition, front contacts on thin-film Cu (In;.,Ga,)Se, (CIGS)
modules are also composed of low-temperature curing pastes.2-22
Here, the electrodes are also applied onto TCO layers and orientated
perpendicular to the P1P2P3 interconnections. The architecture of

t,232% its unique features,?® and its industrial

26,27

this thin-film concep
manufacturing processes are illustrated in the literature. It should
be mentioned that front contacts on CIGS substrates are not as com-
mon as on silicon solar cells. Front contacts on CIGS substrates are
much more of a potential solution to overcome the significant cell-
to-module efficiency gap. Bermudez et al. have described this phe-
nomenon, including potential optimization approaches.2®

Gensowski et al. have demonstrated that front contacts obtain
higher CIGS module performance outputs than nonmetallized CIGS
modules. Besides, a front-side metallization enables lower dead area
of the active module area due to the usage of wider cells. The elec-
trodes are applied by flatbed screen printing and parallel dispensing.®
Nevertheless, published results show the limitation of front contact
metallization of CIGS modules. Nowadays, curing temperatures of
T. ~ 200°C are used to obtain the contact formation between printed
electrodes and TCO layers, especially indium tin oxide (ITO)
layers.t®2°23 However, the CIGS technology requires even lower
temperature processes than SHJ solar cells to prevent thermal damage
to the CdS/CIGS interface. Ultralow-temperature curing pastes seem to
be a promising candidate that enables the contact formation in a tem-
perature range of 130°C = T, 2 100°C. Few studies have presented the
application of ultralow-temperature Ag pastes on silicon-perovskite
tandem solar cells by flatbed screen printing.2° Pingel et al. have
shown lateral electrode resistances of Riytera & 5 Q cm™ when apply-

ing T. = 130°C as the curing temperature.?’ Until now, the availability
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of paste formulations which reach low-resistivity contacts combined
with very ultralow-temperature processes is severely limited.®!

In this study, well-performing curing parameters for a low-
temperature Ag paste as well as an ultralow-temperature curing Ag
paste are investigated to form low-resistivity contacts to ITO layers.
The curing temperature T. is varied in the range of
200°C 2 T, 2 100°C and the curing time t. of 20 min 2 t. 2 1.5 min.
Both high-viscous suspensions are applied onto SHJ substrates and
CIGS substrates by parallel dispensing. The lateral electrode resistance
Riateral and the contact resistivity p.t.m of the printed Ag electrodes
are measured. The study goal is to define the potential curing parame-
ter space which achieves low-resistivity contacts on ITO layers taking
into account the temperature sensitivity of CIGS modules. Therefore,
nonmetallized CIGS substrates are likewise treated by the same ther-
mal processes to determine the modules' |-V parameters and identify
the potential resulting thermal damages. Additionally, the Ag pastes
are analyzed by simultaneous thermogravimetry-differential scanning
calorimetry (TG-DSC), and the microstructure characterization of
selected Ag electrodes is conducted by scanning electron microscopy
(SEM).32’33

The parallel dispensing technique is an extrusion process for solar
cell metallization. Here, highly filled suspensions are extruded through

13435 It is a

micrometer-sized nozzles which are arranged in paralle
contactless printing process; only the paste threads get in contact
with the substrate. These electrodes are characterized by their homo-
geneity and high aspect ratio resulting in relatively high effective silver
usage compared with screen-printed structures.'® High-temperature
curing pastes and low-temperature curing pastes have been success-
fully applied as front contacts on different solar cell applications by

parallel dispensing.1°:18-2336

2 | MATERIALS AND METHODS

This study includes three different types of substrates and two Ag
pastes in order to evaluate the thermal damages of CIGS substrates
depending on the curing conditions or rather the contact formation of
printed Ag electrode to ITO layers depending on the curing condi-
tions. The different substrate materials are the following: (1) small-
sized CIGS modules. The material stack Mo/CIGS/chemical bath
deposition (CBD)-CdS/i-ZnO/ZnO:Al/ITO is coated onto 3 mm thick
glass substrates (Figure 1A,B), and the P1P2P3 scribing lines are real-
ized sequential during the material deposition steps. The glass sub-
strates are 156 mm x 156 mm in size; here, the aperture area of the
small-sized CIGS modules is A,perture = 157.30 cm?. In this case, one
CIGS module consists of 29 cells (cell width w. = 4.069 mm). This
type of substrate is further described in our previous studies.?®?®
(2) CIGS TLM substrates. The material layers are identical to the
small-sized CIGS modules but have no P1P2P2 scribing lines. The dif-
ferent layers are entirely deposited onto the 3 mm thick glass sub-
strates (Figure 1C). NICE Solar Energy GmbH has provided all CIGS
substrates. (3) SHJ substrates. The SHJ precursors are a commercial

product; here, the top layer is also an ITO layer.
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FIGURE 1 Cross-section sketch of a CIGS module. (A) The

material stack Mo/CIGS/(CBD)-CdS/i-ZnO/ZnO:Al/ITO is deposited
on a 3 mm thick glass substrate. Two cells are interconnected by
P1P2P3 scribing lines. This contact area corresponds to a module's
dead area. (B) Vertical alignment of P1P2P3 scribing lines and front
electrodes (*electrode pitch; **cell width w; and ***P1P2P2 scribing
lines). (C) CIGS TLM substrate. The material stack Mo/CIGS/(CBD)-
CdS/i-ZnO/ZnO:Al/ITO is deposited on a 3 mm thick glass substrate.

In this case, a low-temperature curing Ag paste A**” and an
ultralow-temperature curing Ag paste B are applied onto those differ-
ent substrate materials by parallel dispensing. Both paste formulations
consist of an epoxy-phenolic resin system, solvents, and spherical Ag
powders with varying particle sizes. Paste A is developed for the met-
allization of SHJ application, whereas paste B is developed for the
metallization of perovskite application. The paste manufacturer rec-
ommends for paste A a curing temperature of T, = 200°C and for
paste B a curing temperature of T, = 130°C.

Experiment | examines the thermal damage of CIGS modules
depending on the curing conditions. For that, substrate material (1) is
used. The small-sized, nonmetallized CIGS modules are cured by using
a continuous convection oven RO400FC from Essemtec AG
(Switzerland). Curing temperatures of 200°C = T. = 100°C in 10°C
increments combined with curing times of t. = 1.5, 5, 10, 15, and
20 min are applied to the samples. Three samples each are processed
with the same curing combinations. In total, 165 samples are manu-
factured. Subsequently, contact strips are fixed to the heat-threaded
CIGS modules to carry out the |-V measurements at standard test
conditions. The samples are nonlaminated.

Experiment Il investigates the contact formation between Ag

electrodes to the ITO layers of the solar cell depending on the curing

conditions. Here, especially the lateral electrode resistance Rjstera and
the contact resistivity p. v are addressed. The lateral electrode resis-
tance Ryteral is defined in Equation (1), where nNgjectrode i the number
of electrodes, Rgg.gg busbar-to-busbar grid resistance, and dgg.gg

busbar-to-busbar distance.>®

Nelectrode * RBB—BB (1)

Riateral =
2dBB—BB

The metal grids are applied onto the substrate materials (2) and
(3) by parallel dispensing. The parallel dispensing process is conducted
at a commercial table robot with our R&D print head.3? Here, 10 noz-
zles are arranged in parallel on a nozzle plate. The electrode pitch is
1.556 mm. The low-temperature curing paste A is extruded through
35 um nozzles and a process velocity of Vprocessipaste A = 100 mm st
is used. For the ultralow-temperature curing paste B, nozzle openings
of D = 70 um and a process velocity Vprocessjpaste 8 = 140 mm s Lare
chosen. The dispensing gap is set to dgap, = 500 um, which describes
the distance between the nozzles of the print head and the substrate
surface. Subsequently, the curing is performed as described for
Experiment I.

The Ag electrodes are optically characterized by confocal laser
scanning microscopy (CLSM) LEXT OLS 4000 from Olympus
(Germany) and Schottky emission SEM.224° The CLSM images are
analyzed by a python™-based Fraunhofer internal software*' The
samples for SEM characterization are prepared by Argon ion beam
polishing to achieve smooth sample surfaces.*? The SEM SU-70 from
Hitachi (Japan) and Auriga 60 from Zeiss (Germany) with the InLens
secondary electrons detector are used for characterizing the silver
particle interconnections to each other or rather the silver particle
connections to the ITO layer. In addition, the lateral electrode resis-
tances of the Ag electrodes are measured by the industrial standard
cell tester of Jonas & Redmann (Germany) using contact stripes. The
contact resistivities p. v are determined by the TLM Scan from pv-
tools GmbH (Germany). To perform the transfer length method (TLM)
measurements, the samples are cut in 10 mm stripes.*>*4

Furthermore, both pastes are analyzed by simultaneous
thermogravimetry-differential scanning calorimetry (TG-DSC) STA
449 F3 Jupiter® from Netzsch (Germany).>3#° Approximately, 250 mg
of paste is placed in an aluminum crucible. The heating rate is set to
10°C min~! in a nitrogen atmosphere. Samples are heated from
T1e-psc = 20°C up to Trg.psc = 100°C, Tig.psc = 150°C, and
Tte-psc = 200°C, and the final temperature is kept constant for

tre-psc = 60 min (isothermal plateau).

3 | RESULTS AND DISCUSSION

3.1 | Evaluation of suitable curing conditions for
CIGS modules

Figure 2A shows the open-circuit voltage per cell V.. and Figure 2B

the maximum module point Pn,, of small-sized CIGS modules'
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(A) Open-circuit voltage Vo per cell and (B) maximum module point Py, of small-sized, nonlaminated CIGS modules depending

on curing conditions measured by h.a.l.m. flasher I-V-tool at standard conditions. The mean value of three samples per curing parameter
combination is mapped in the diagrams. The small-sized CIGS modules have aperture areas of A perture = 157.30 cm? and cells with widths of
w¢ = 4.069 mm and are nonmetallized. The gray contour lines and values illustrate the open-circuit voltage per cell and the maximum module

point, respectively.

dependency of the curing temperature T, and curing time t.. The CIGS
modules are free of any front contacts. Here, the red coloring corre-
sponds to a mean open-circuit voltage of Vo = 630 mV cell™! and
the green coloring to a mean open-circuit voltage of
V,. = 700 mV cell~* (Figure 2A). Curing temperatures of T, < 160°C
combined with a short curing time of t. = 1.5 min and curing temper-
atures of T, < 110°C combined with curing times of t. < 10 min result
in average open-circuit voltages of V.. 2 691 mV cell™. A gray-
colored, dashed contour line visualizes this area in the plot. Small-
sized CIGS modules have a mean open-circuit voltage of
Voo =639 mV cell™! when the curing process is conducted at
T. = 200°C for t. = 5 min and T. = 180°C for t. = 20 min. The open-
circuit voltage of small-sized CIGS modules is reduced either by rela-
tively high curing temperatures in combination with already short cur-
ing durations or lower curing temperatures in combination with a
relatively long curing duration. This open-circuit voltage drop may be
caused by thermal damage in the CdS/CIGS interface. Further thermal
damages in the CIGS layer itself may be possible as well. 2%:2223

A decrease in open-circuit voltage may affect the module perfor-
mance (Figure 2B). In this case, the red coloring of the color scale is
equivalent to an average maximum power point of Py, = 1.80 W
and the green coloring to a mean maximum power point of
Pmpp = 2.14 W. An
Vo =698 mVcell™! results in a mean module performance
of Prpp = 2.11 W (curing parameters: T. = 110°C and t. = 10 min). In

comparison, a mean open-circuit voltage of Vo = 639 mV cell ™! leads

average open-circuit voltage of

merely to a module performance of Py, = 1.83 W (curing parame-
ters: T, = 200°C and t. = 5 min). This decrease in module perfor-

mance corresponds to a significant relative loss of APy, = 15.30%el.

Based on this experimental data, curing conditions of below
T. < 120°C combined with t.<15min or 160°C = T, 2 130°C
combined with t. <5 min are recommended when applying front
contacts onto CIGS modules to prevent these losses in open-circuit
voltage and, thus, in module performance. Furthermore, curing param-
eters of 150°C = T, 2 130°C combined with t. < 20 min are suitable
for contact formation; however, those conditions still have the risk of
slight thermal damages and diffusion processes in the device.

3.2 |
contacts

Required curing condition for low-resistivity

Dispensed structures are uniform and homogenous along the entire
electrode length and electrode height. A high optical aspect ratio is
also characteristic for those structures.>¢*¢ Figure 3 presents two dis-
pensed Ag electrodes printed with low-temperature curing Ag paste A
(Figure 3AB) and ultralow-temperature curing Ag paste B
(Figure 3C,D). The low-temperature curing paste A and a curing pro-
cess of T, = 200°C for t. = 20 min form a low-resistivity contact to
the ITO layer of SHJ substrate. The ultralow-temperature curing paste
B enables a low-resistivity contact to the ITO layer of SHJ substrate,
for example, when applying a curing temperature T. = 150°C for
t. = 10 min. Both contacts consist of cavities and voids, sintered as
well as separated silver particles and organics, especially polymers.
The contact zone itself shows silver particles with sintering bonds to
the ITO layer and polymers that stick single silver particles to the ITO
layer. The silicon pyramids are not fully covered with silver particles
as gaps are present. The state of the particles and the amount of
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FIGURE 3 SEM images of dispensed
Ag electrodes on SHJ substrate using
InLens secondary electrons detector.

(A) Electrode is printed with low-
temperature curing Ag paste and then
cured at curing temperature of

T. = 200°C for t. = 20 min
(magnification of 1.5kx). (B) Silver
particles of low-temperature Ag paste are
sintered between each other and have
formed a contact zone to the ITO layer
(magnification of 30kx). (C) Electrode is
printed with ultralow-temperature curing
Ag paste and subsequently cured at
curing temperature of T, = 150°C for

t. = 10 min (magnification of 1.5kx).

(D) Silver particles of ultralow-
temperature curing Ag paste are sintered
between each other and are stuck to the
ITO layer (magnification of 30kx).

Lateral electrode resistance Ri,teral as a function of curing temperature T. and curing time t. of dispensed electrodes (left) and

corresponding cross-section SEM images of those structures (magnification of 30k x) (right). The low-temperature curing Ag paste A is applied on
SHJ substrates by parallel dispensing. Then, the contact formation process is conducted by varying the curing conditions. (A) T, = 200°C and
te = 1.5 min; (B) T, = 200°C and t. = 20 min; (C) T. = 150°C and t. = 1.5 min; (D) T, = 150°C and t. = 20 min; (E) T, = 130°C and t. = 5 min;

and (F) T. = 130°C and t. = 20 min.

organics in Ag electrodes depend strongly on the curing process con-
ditions influencing the densification of the entire electrode. In general,
it is well known that low-thermal processes of metal contacts lead to
porous, voided structures compared with high-thermal processes of
metal electrodes which achieve in compact, densified structures.®”

In this contribution, Ag electrodes which are printed with low-

temperature curing paste A by using 35 um nozzles show a mean core

electrode width of Weore|stujpaste-a = (47 £ 1) UM (Wshading|sHJjpaste-A =
(57 £ 1) um) when applied to SHJ substrates or rather a mean core
width of Weore|ciGs|paste-a = (50+1) pm (Wshading\CIGS\paste-A = (62
+ 1) um) when applied to CIGS substrates. These Ag electrodes fea-
ture a mean optical aspect ratio of AR spjjpaste-a = (043 £ 0.04) and
AR, ciGs|paste-a = (0.34 £ 0.03), respectively. The optical aspect ratio
of an electrode is defined as the ratio of the maximal electrode height
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hemax to the shading electrode width Wspading. Generally, an electrode
shape can be described by different geometrical parameters pre-
sented in the literature.3*%® When extruding ultralow-temperature
curing paste B through nozzle openings of D = 70 um with a process
velocity of Vprocess = 140 mm s~1, the resulting core electrode width
IS Weore|sHulpaste-B = (66 = 4) UM (Wshading|sHJ|paste-8 = (81 £ 5) um) or
rather Weore|CIGS|paste-B = (74+4) um (Wshading\GGS\paste—B =(97
+7) um). The mean optical aspect ratio of these structures is
AR sHJjpaste-s = (0.61 £0.07)  or AR cigs|paste-8 = (0.49 £ 0.09),
respectively. However, in previous studies, we have demonstrated the
potential of the dispensing process in terms of low silver consumption
and narrow electrode widths beyond the results of the present

publication.*”%”

3.21 | Low-temperature curing paste A
The lateral electrode resistance Rsteral @s a function of the curing pro-
cesses is presented in Figure 4 (left). The low-temperature curing
paste A is printed onto SHJ precursors in this case. The color scale
ranges from Ryteras = 0.0 @ m~1 (green) to Ristera = 4.0-10* Q@ m~?!
(red). Data points that are not available are colored in gray, as the Ag
electrodes are not abrasion-resistant after the curing process, and
thus, the characterization methods cannot be carried out. It is evident
that high curing temperatures above T. =2 180°C combined with cur-
ing times at least of t. = 10 min result in low-resistivity contacts of
Riateral = 5.0-10% @ m~L. Dispensed Ag electrodes which are cured at
T. = 200°C for t. = 1.5 min have a lateral electrode resistance in the
mean of Rperal = 3.0-10° @ m~L. In contrast, lateral electrode resis-
tance of Riteral = 7.7-101 Q@ m~1 is determined for dispensed Ag elec-
trodes combined with a curing process of T, = 200°C and t. = 20 min.

The SEM images visualize the different states of silver particles
after thermal processes, which explain the different lateral electrode
resistances (Figure 4A,B). A curing temperature of T, = 200°C and
curing time of t. = 20 min enable significant sintering of single silver
particles and thus densification of electrodes. Therefore, the total sur-
face area in the system decreases and the particle contact area
increases by forming sinter necks. Such densification enhances the
electrical conductivity of electrodes drastically. To cure Ag electrodes
at T, =200°C and t. = 1.5 min will leave the silver particles sepa-
rately to each other and the proportion of organics seems to be higher
than for t. = 20 min. Single sintering bonds between silver particles
can be observed, especially starting from tiny particles due to melting
point depression.*”* Both Ag electrodes contain voids, cavities, and
gaps. Such porous structures printed with low-temperature curing
pastes are typical, as shown in many studies. Schube presented that
these cavities and gaps especially occur at silver/TCO interfaces due
to the higher affinity of silver/silver interface sintering. Further, these
voids may be caused by evaporation of solvents and polymerization
processes.” Greer et al. and Pokluda et al. described the sintering
processes of nanometer-sized particles in great detail *7>°

In addition, it is evident that curing temperatures below
T, < 150°C lead to Ag electrodes with high lateral electrode

PHOTOVOLTAICS I T A s

resistances of Riateral = 3.0-10* Q@ m~2 or even not abrasion-resistant
structures. Such high lateral electrode resistances indicate that the
stabilizer shells (=capping layer on silver particles) have already been
removed, allowing direct (point-like) particle-particle contacts with
still low electrical conductivity. The SEM images illustrate that the sil-
ver particles have not formed sinter necks and individual silver parti-
cles are isolated in the organics at a relatively large distance to other
particles. It seems that the organics of the low-temperature curing
paste A have not resulted in any shrinkage and densification under
these curing temperatures (Figure 4E,F).

The contact resistivity p.tim is measured by TLM measurements
and is shown in Figure 5. Ag electrodes on ITO layers of SHJ solar
cells show contact resistivities of pctim < 3.6 mQ-cm? for curing tem-
peratures above T. = 180°C (Figure 5A). Curing temperatures below
T. < 150°C enable no contact formation between the Ag electrode
and the ITO layer of SHJ solar cells. To evaluate the impact of the ITO
of SHJ substrates and CIGS substrates to the contact resistivities, a
comparison of those substrates is shown in Figure 5B and Table 1.
Here, the curing temperatures 200°C = T. = 170°C are combined with
a curing time of t. = 10 min. All mean values for contact resistivities
are smaller than pctim < 5 mQ-cm?. Ag electrodes on CIGS substrates
tend to have lower contact resistivities than Ag electrodes on SHJ
substrates. For example, Ag electrodes onto an ITO of SHJ substrates
show an average contact resistivity of pcrimshy = (3.1 £ 0.3) mQ-cm?
and Ag electrodes onto an ITO of CIGS substrates have an average
contact resistivity of pcrimicies = (2.5 £ 1.3) mQ-cm? (curing condi-
tions: T, = 190°C and t. = 10 min). The contact resistivities are similar
to those presented in the literature.?° The reference Ref. corresponds
to dispensed Ag electrodes on CIGS substrates. In both studies, the
same low-temperature curing paste was used for the parallel dispensing
process achieving comparable electrode widths.?° In addition, screen-
printed and dispensed electrodes result in a comparable level of contact
resistivity.'??° When interpreting the results of contact resistivities, the
measurement inaccuracy of the TLM should be kept in mind.>* Further-
more, it must be pointed out that the manufacturing process and the
composition of the ITO layers have a distinct effect on the contact
formation of the electrodes to that layer and consequently on the
contact resistivity values, as described in the literature.>>>°

The data allow the following observation: The lateral electrode
resistance Rateral predicts if a contact between the Ag electrode and
the ITO layer is formed or not. In this study, Ag electrodes which
show lateral electrode resistances below Rjateral < 5.0-10% @ m~* form
contact with contact resistivities below pcim < 5.0 mQ-cm?.

To sum up the different results, shown in Figures 3-5, the
performance index ly.g is introduced to quantify the trade-off
between the thermal damages of CIGS modules and the lateral
electrode resistance Rjaeras Of printed structures (Equation 2). A
performance index of ly,.g = 100% is equivalent to an open-circuit
voltage of Vocijimitjmax = 710 mV cell™ and a lateral electrode
resistance of Riateral-limitimin = 10 Q m Yandis targeted. In contrast, an
open-circuit voltage of Voc.jimitjmin = 610 mV cell™* and a lateral
electrode resistance Rjateral-imitjmax = 40,000 Q m~! lead to the

performance index of ly.gr = 1%. These upper and lower limits of
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(A) Contact resistivity p. t.m depending on curing temperature T, and curing time t. of dispensed electrodes (low-temperature

curing paste A) on SHJ substrates and (B) SHJ and CIGS substrates. On the right, the curing temperatures T. are combined with a curing time of
t. = 10 min. The reference refers to the contact resistivities p. r.m shown in the literature.?°

TABLE 1
and substrate (SHJ, CIGS, and Gensowski et al.2°).

Contact resistivity pcrim (mQ-cm?)

Overview of mean contact resistivity p. t.m depending on the curing temperature T, combined with a curing time of t. = 10 min

T.=170°C T. = 180°C T. = 190°C T.=200°C
SHJ 35202 33202 31+03 29+02
CIGS 2.1+08 21+06 25+1.3 22+1.3
Gensowski et al.®° - 41+14 2409 25+10

Note: The low-temperature curing paste A is used for the parallel dispensing tests.

lateral electrode resistance and open-circuit voltage are assumed. The
weighting factors of the open-circuit voltage vv.o. and lateral
electrode resistance Vg.jateral are defined in Equations (3) and (5).

lv—r =0.5-w_oc +0.5 Vr_iateral, (2)

Wooc=1- ((Voc—limit\max - Voc) kg 100): (3)
0.9

k1= , 4

! ((Voc—limit\max _Voc—limit\min) . 100) ( )

VR-lateral = ((Rlateral—limit\max - Rlateral) : k2) +0.1, (5)
0.9

ko= (6)

(Rlateral—limit\max - Rlateral—limit\ min)

The performance index ly.g varies in the range of ly.gr = 44.70%
and ly.r = 85.74% for the low-temperature curing paste A (Figure 6).
The trade-off of open-circuit voltage losses and electrical conductivity

losses of printed structures is within the gray-colored dash contour

lines of ly.r = 71.13% and hence corresponds to a range of different
curing condition combinations. For instance, curing conditions of
T.=200°C and t. < 5 min or T, = 150°C and t. 2 15 min allow a per-
formance index of l\..g 2 71.13%. Thus, the combination of higher cur-
ing temperatures T. and short curing times t. causes a similar
performance index as lower curing temperatures T, and longer curing
times t. within the range of the gray-colored, dashed contour lines of
lv.r = 71.13%. The performance index ly.r = 85.74% is achieved
using a curing temperature of T.=200°C and a curing time of
t. = 1.5 min for low-temperature curing paste A. However, a well-
performing CIGS module requires low-resistivity contacts to the ITO
layer. Following this, the white-colored, dotted line should be
considered when choosing curing conditions for printed metal grids of
low-temperature curing paste A.

In addition, the thermal analysis of the low-temperature curing Ag
paste A provides explanations of the curing behavior of the paste and
thus of the electrical properties of the printed structures. The data of
the TG-DSC measurements are plotted over time in Figure 7.
Here, three temperatures Trg.psc are chosen as isotherms at
Tre-psc = 100°C (dotted line), Trg.psc = 150°C (dashed line), and
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FIGURE 6 Performance index ly_r as a function of curing
temperature T, and curing time t. (low-temperature curing paste A).
The performance index |y.g values the compromise between thermal
damages of CIGS cells (—V,.) and lateral electrode resistance Ryteral
of printed structures. The gray contour lines and values illustrate the
performance index ly..gr. The white-colored dotted line visualizes the
threshold to form a contact between the printed electrode and ITO
layer (—pc1im)-

Tre.psc = 200°C (complete line). It is obvious that the three TG
curves show a significant drop over the measuring time tyg.psc where
the relative losses in mass differ significantly. This drop indicates
the evaporation of solvents as described in the literature.®>* The iso-
thermal states at Trg_.psc = 100°C and T1g_psc = 150°C cause signifi-
cant losses in mass within the constant temperature range of
Amjoorc = —1.5% and Amgso-c = —2.5%, respectively. In contrast,
the isothermal state at Ttg_psc = 200°C results in slight losses in mass
within the constant temperature range of Amygo-c = —0.4%. Conse-
quently, most of the proportion of the solvent is already evaporated
before reaching the isothermal state at Tyg.psc = 200°C and only a
few residuals volatilize. It seems that the low-temperature curing
paste A consists of 93% of nonvolatile materials. The SEM image
shows densified and sintered particles when using a curing tempera-
ture of T, = 200°C (Figure 4). It is presumed that the binder resin of
the paste is not burned within the chosen temperature range as the
TG curve does not show a second drop. Schube et al. noticed such a
second drop at Trg.psc = 284°C for a different low-temperature cur-
ing paste.®

Oh et al. investigated a low-temperature curing polymer Ag
paste by thermogravimetric analysis and categorized the TG curve
into three sections (I: slow response, II: rapid response, and lll: sat-
urated response).” These categories can also be established in the
TG curve with an isothermal plateau at Ttg.psc = 200°C; here, cat-
egory Il of rapid response begins at Trg.psc = 155°C. Besides the
evaporation of solvents, the binder reacts, and the sintering process

PHOTOVOLTAICS I TB A
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FIGURE 7 Thermal behavior of low-temperature curing Ag paste
A. TG-DSC data over time for isotherms of T1g_psc = 100°C (dotted
Iine), TTG»DSC = 150°C (dashed Iine), and TTG-DSC = 200°C

(complete line).

of particles is initiated. This thermal behavior of low-temperature
curing paste A concedes with the electrical parameters of those
printed Ag electrodes. It explains why no contact formation of the
printed electrodes to the ITO layer below curing temperature
T, < 150°C occurs. The proportion of volatile materials is too high,
and the level of the sintering process of the silver particles is too
low. It should be noted that the duration of the curing process
itself is not represented in the TG-DSC, except in the isothermal
states.

3.2.2 | Ultralow-temperature curing paste B

Figure 8 presents the lateral electrode resistance dependency on the
curing processes. The electrode lateral electrode resistance is illus-
trated through the color scale which ranges from Rizteral = 0.0 @ m~?!
(green) to Riteral = 4.0-10* Q@ m™? (red). The majority of the experi-
mental parameter space of this study enables lateral electrode resis-
tances below Risteral < 8.3-102 Q@ m™1. More precisely, most curing
parameters enable lateral electrode resistances in the range of
1.00-102 @ M~ 2 Riztera 2 1.73-10' @ m™%. The SEM images show
that the ultralow-temperature curing Ag paste B consists of two dif-
ferent Ag powders with different average particle sizes. Especially,
those small silver particles are sintered to each other and the individ-
ual particle shape is no longer evident. These small silver particles are
positively linked to bigger silver particles and thus cause more
densified structures. The organics of the paste formulations are not
uniformly distributed over the entire cross-sectional area of the Ag
electrode; the organics are more arbitrary localized (Figure 3B). Also,

in this case, higher curing temperatures lead to stronger sintering of
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Lateral electrode resistance Ratera as a function of curing temperature T, and curing time t. of dispensed electrodes (left) and

corresponding cross-section SEM images of those structures (magnification of 10kx) (right). An ultralow-temperature curing Ag paste B is applied
onto SHJ substrates by parallel dispensing. Subsequently, a thermal process is conducted by using different curing parameters. (A) T, = 200°C
and t. = 1.5 min; (B) T, = 150°C and t. = 10 min; (C) T, = 130°C and t. = 10 min; and (D) T, = 110°C and t. = 10 min.
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(A) Contact resistivity p.t.m depending on curing temperature T, and curing time t. of dispensed electrodes (ultralow-temperature

curing paste A) onto SHJ substrates and (B) onto SHJ and CIGS substrates. The contact formation processes are performed for t. = 10 min.

single particles and densification. Curing temperatures below
Tc < 120°C are crucial to form electrically conductive Ag electrodes or
even abrasion-resistant Ag electrodes on a substrate.

Ag electrodes which are printed with the ultralow-temperature
curing Ag paste B have mean contact resistivities below

PeTim < 7.0 mQ-cm? (Figure 9A). Ag electrodes which are cured at

curing temperatures of T, < 120°C do not form any contact to the
ITO layer of the SHJ solar cell. Figure 9B and Table 2 compare the
contact resistivity of Ag electrodes on ITO layers (SHJ substrate) and
ITO layers (CIGS substrate). The Ag electrodes have similar contact
curing  temperatures  of

resistivities  independent of the

200°C 2 T, 2 130°C at a curing time of t. = 10 min. These contact
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TABLE 2 Overview of mean contact resistivity p. t.m depending on the curing temperature T, combined with a curing time of t. = 10 min

and substrate (SHJ and CIGS substrates).

Contact resistivity p.tim (MQ-cm?)

SHJ CIGS
T.=130°C 4.6 +04 6.7+17
T. = 140°C 45+0.2 89+0.8
T.=150°C 4.6+0.3 6.6 +23
T.=160°C 44 +0.5 43+2.7

Note: The ultralow-temperature curing paste B is applied by parallel dispensing.
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FIGURE 10 Performance index l\..gr depending on curing

condition (ultralow-temperature curing paste B). The gray contour
lines and values illustrate the performance index ly_g. The white-
colored, dotted line visualizes the threshold to form a contact
between the printed electrode and ITO layer (—pctim)-

resistivities range from  pcrimiz200°c = (3.7 £0.2) mQ-cm?  to
PeTLMmz0ec = (4.6 £0.4) mQ-cm? for Ag electrodes on ITO layers
(SHJ substrates). The deviations within one experimental group are
low, especially compared with Ag electrode on ITO layers of CIGS
substrates. All Ag electrodes which are applied on ITO layers exhibit
contact resistivities below p.tm < 10 mQ-cm?. There is no clear ten-
dency for the mean contact resistivity of Ag electrodes on CIGS sub-
strates. Still, the contact resistivities tend to be higher than those on
SHJ substrates. It should be mentioned that the sample preparation of
CIGS substrates for TLM measurements was challenging as the Ag
electrodes were quite brittle and poorly adhesive. Single Ag elec-
trodes have come loose at the edges of the 10 mm stripes during the
mechanical separation. It seems that curing temperatures above
T. > 160°C minimize the structure adhesion of the electrodes to the
ITO layers. Higher curing temperatures may cause negative effects on
the ultralow-temperature curing Ag paste B.

The performance index ly.r values the trade-off between the

open-circuit voltage Vo. of CIGS cells and the lateral electrode

SHJ CIGS
T.=170°C 42+02 6.6+15
T. = 180°C 43+04 39+18
T.=190°C 40+04 34+21
T, =200°C 37+£02 59+24
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FIGURE 11 Thermal behavior of ultralow-temperature curing Ag
paste B. TG-DSC data over time for isotherms of Ttg.psc = 100°C
(dotted line), Tyg-psc = 150°C (dashed line), and Tyg.psc = 200°C
(complete line).

resistance R,teral Of printed contacts depending on the curing temper-
ature T, and the curing time t. for ultralow-temperature curing paste
B (Figure 10). Performance indexes between Iy = 65.05% and
ly.r = 93.67% are realized. In this case, curing parameters that
are within the range of the gray-colored dash contour line of
lv.r = 85.56% and the white-colored dotted contour line are recom-
mended. The performance index of ly.gr = 93.67% is obtained when
using the curing temperature of T. = 160°C and the curing time of
t.=1.5 min. This corresponds to a mean open-circuit voltage
of Voe =696 mV cell™? and a mean lateral electrode resistance of
Riateral = 31.1 Q@ m™%.

The achieved performance indexes of ultralow-temperature cur-
ing paste B also indicate that different curing parameters enable
comparable performance index ly.g, as already observed for low-
temperature curing paste A. For example, combining the curing tem-
perature T, = 190°C and the curing time t. = 5 min results in a per-
formance index of l,.gr = 77.06%, whereas the curing temperature of
T. = 150°C and the curing time t. = 15 min enable the similar perfor-

mance index of ly.r = 78.21%.
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Figure 11 shows the thermal behavior of ultralow-temperature
paste B up to an isothermal condition of Tyg.psc = 200°C. The TG
curve with the isothermal state of Tyg.psc = 100°C shows a loss in
mass of Amqgorc = —1.2% in total. Consequently, the printed
structures are not abrasion-resistant because even the proportion of
solvents is not fully evaporated. Heating the paste sample to
Tre-psc = 150°C causes a relative remaining mass of mysg-c = 91.7%,
following the evaporation of solvents has mostly occurred. In addition,
the reactions of binders as well as the sintering process of particles
proceed. This is supported by the electrical measurements of the
printed structures and the SEM-based microstructure analysis.
The SEM images of printed electrodes which are cured at T, = 150°C
show sintered particles. At the end of the measurement, the TG curve
with the isothermal state at Ttg.psc = 200°C shows a relative mass
of myogec = 88.3% and it seems that the losses in mass would con-
tinue when carrying on with the measurement. Additionally, the DSC
signal is at a positive level in the isothermal state at Ttg.psc = 200°C.
Both results allow the hypothesis that the thermal degradation of the
binders and a further densification of the particles have started. This
hypothesis could be strengthened by the weakening adhesion of the

electrodes to the ITO layer and their more brittle appearance.

4 | CONCLUSION

In this work, a variation of curing temperatures and curing times of
dispensed electrodes was conducted to specify the corresponding lat-
eral electrode resistances and contact resistivities to ITO layers. First,
a low-temperature curing Ag paste as well as an ultralow-temperature
curing Ag paste was applied by parallel dispensing onto ITO layers of
SHJ and CIGS substrates. Following this, a microstructure analysis
of printed electrodes was performed by SEM. The goal was to define
the curing conditions which enable low-resistivity contacts to the ITO
layer, while considering the temperature sensitivity of CIGS modules.

The used CIGS modules allow thermal processes for front contact
formation of T. < 160°C combined with t. <5 min without thermal
damage to the device. Curing conditions of T, < 200°C and t. < 5 min
are applicable under the risk of slight losses in the open-circuit voltage
Voe. Nevertheless, the low-temperature curing Ag paste A requires
curing temperature of above T, 2 170°C to form contacts of contact
resistivities below pctim < 5 mQ-cm?. However, these results show
opposite trends in choosing the most suitable curing parameters for
printed contacts of paste A on CIGS modules. Following this, the
performance index ly.r is introduced to quantify the compromise
between the thermal damages of CIGS modules and the lateral
electrode resistance Rpterar A performance index of ly.g = 100%
is targeted. Performance indexes from Iy gpaste-a =44.70% to
lv-Rjpaste-o = 85.54% are reached for low-temperature curing
paste A. For example, the curing conditions of T.= 200°C and
t. = 1.5 min are recommended resulting in a performance index of
Iv-Rjpaste-a = 85.54%.

Furthermore, for the first time, parallel dispensing was used to

apply an ultralow-temperature curing Ag paste for solar cell

metallization. Ultralow-temperatures Ag pastes seem to be promising
for front contacts onto CIGS modules as curing temperatures of
T. = 130°C are sufficient to achieve lateral electrode resistance of
Riateral 2 32 Q@ m~ L. Various curing parameters enable high perfor-
mance indexes when contacts are printed with ultralow-temperature
curing paste B. The combination of T, = 160°C and t. = 1.5 min is
suitable, leading to an outstanding performance index of Iv.gppaste-
g = 93.67%. The performance index ranges from ly.gjpaste-8 = 65.05%
to lvrjpaste-8 = 93.67%. In general, ultralow-temperature curing paste
B allows higher performance indexes than low-temperature curing A,
mainly due to low lateral electrode resistances Ry,era at low curing
temperatures within the scope of experimental parameters. However,
the contact resistivities as well as the possibility for fine-line printing
need to be further improved for ultralow-temperature pastes. Another
application for this paste system could also be perovskite solar cells.
Finally, the thermal behavior of each paste system determined by TG-
DSC measurements supports the microstructure analysis results and
the printed electrode's electrical parameters.
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