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Abstract. To achieve a monolithic series interconnection of tandem solar cell devices consisting of a perovskite
top cell and a CIGSe bottom cell, a two-terminal interconnection scheme is introduced that includes an
additional, fourth patterning step, the so-called iso-cut, which separates the window layer stack between the two
solar cells. The implementation of this interconnection scheme requires a process development for a total of four
structuring steps, which was achieved by systematically varying the laser parameters. Based on a detailed
characterization of the individual scribe line properties with respect to their scribe line depth, morphology,
electrical functionality, chemical composition and their influence on adjacent and underlying layers, the optimal
patterning parameters and suitable process windows were derived for each step, which is a prerequisite for a loss-
free monolithic series interconnection in a tandem module.
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1 Introduction

Within the last years, the power conversion efficiencies
(PCE) for lab-scale metal-halide perovskite solar cells
(PSCs) have been continuously improved [1] and recently
reached efficiencies close to its theoretical limit. In order to
overcome this limit and to utilize the irradiance of the sun
more efficiently, an additional solar cell is typically used,
which form together a tandem solar cell device. Tandem
solar cells, composed of two in series interconnected
individual solar cells stacked on top of each other are
known as tandem devices in 2-terminal configuration.
There, each sub-cell is optimized for the conversion of a
specific range of the incoming sun light; the upper cell is
more sensitive for the short-wavelength range whereas the
lower cell is optimized for the longer-wavelength range.
The tuning of the spectral sensitivity of each sub-cell
depends on the utilized absorber material. For perovskite
solar cells, as well as for copper-indium-gallium-diselenide
(CIGSe) solar cells, the tuning of the bandgap energies over
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a broad range can be realized through compositional
engineering. Thus, PSCs and CIGSe solar cells are suitable
and complementary partners for tandem solar cell devices
in 2-terminal configuration [2], whereby the perovskite cell
is usually designed as a semi-transparent top cell [3]. On
laboratory scale, two-terminal perovskite-CIGSe tandem
solar cells have already been demonstrated with power
conversion efficiencies approaching 25% [4]. The fabrica-
tion of tandem solar modules that go beyond the lab-scale
tandem devices and have high power conversion efficiencies
represents the next step for broad commercialization. For
the fabrication of photovoltaic modules in such industrially
relevant sizes, reliable patterning processes are required for
the creation of monolithically series-interconnected perov-
skite top cells and CIGSe bottom cells.

Hence, the aim of this work is therefore to determine the
optimal laser patterning parameters and to provide a
guideline for the patterning of perovskite-CIGSe solar cells
in order to enable monolithic series interconnection. This
guideline is based on theoretical considerations that take
into account material properties, ablation behavior, and
electrical requirements to provide laser patterned scribe
lines with optimal electrical functionality for monolithic
series interconnection.
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Fig. 1. Schematic cross-sectional representation of the perovskite-CIGSe layer stack with the respective materials and layer
thicknesses. The adapted principle of monolithic series interconnection with four patterning steps (P1, iso-cut, P2, P3) adapted to
tandem solar cells with a window layer stack is shown. The total width of all four lines including intermediate distances determines the

interconnection width (dead area width).

In general, monolithic series-interconnections of single
junction thin film solar cells is achieved by alternating layer
deposition and patterning steps, typically referred to P1,
P2, P3. The first (P1) and the last (P3) patterning steps
electrically separate the front and back contact layers of
neighboring cells, respectively. In contrast, the P2
patterning step removes the absorber layer locally to
provide an electrical pathway from the back contact of one
cell to the front contact of the adjacent cell. Thereby, the
series interconnection is created. In two-terminal PSC/
CIGSe tandem solar cells, the top PSC cell is intercon-
nected in series with the CIGSe bottom cell via an
intermediate window layer stack composed of CdS /i-ZnO/
ZnO:Al This intermediate window layer stack enables a
more efficient charge carrier transport. However, it has to
be separated by an additional scribe line, the iso-cut, to
prevent the flow of photo-generated charge carriers from
the bottom cell to the P2 scribe line. In earlier work, a novel
interconnection scheme for such 2-terminal tandem devices
comprising an iso-cut was developed (see Fig. 1) [5]. It can
be seen that without this iso-cut, the top-cell would
bypassed instead of interconnected in series with the
bottom-cell. Thus, the iso-cut is patterned between the
deposition of the window layer stack and the subsequent
deposition of the top cell.

Pulsed lasers are the tool of choice for all these
patterning tasks, as they allow layer-selective material
removal with a high reproducibility at the same time. The
general principles of laser patterning of thin-films,
especially the laser-material interaction processes with a
focus on laser-induced material modifications, have been
investigated and described in detail in previous work [6-9].
In general, the success of laser scribing is based on precisely
controlled energy input and is mainly dependent on the
thicknesses, absorption behavior, and detailed configura-
tion of the layer stack to be patterned. Consequently,

optimal scribe lines are characterized by well-defined scribe
line edges without unintended material modifications (i.e.
due to excessively introduced laser energy) in their vicinity.
The task of laser patterning of a specific scribe can be
divided in two parts, one being the configuration of the
patterning setup and the other being the determination of
the resulting process window which includes suitable and
promising patterning parameters. The configuration of the
setup refers to the utilized laser, its wavelength and pulse
duration as well as the chosen patterning approach (such as
direct ablation, induced ablation, and induced direct
ablation; cf. Fig. S1 [9]). Often, the configuration of the
setup is already determined by the (optical) properties of
the considered layer or layer stack. Once the configuration
of the setup is established, the parameters forming the
process window must be carefully considered to achieve the
required scribe line properties such as width, depth, and
smoothness of the scribe line bottom. In addition, the scribe
line specific electrical requirements (i.e. high isolation
resistance for the P1, iso-cut and P3; low series resistance
for the P2) must be achieved. Since the change in laser
energy per laser shot and the pulse-to-pulse overlap results
in the cumulative energy input, the patterning process can
be adapted to the specific requirements of the respective
patterning steps. That is, for the P2 a clean and smooth
scribe line bottom which is essential for low contact
resistances, so a high pulse-to-pulse overlap is preferred.
Otherwise, a rather low overlap is advantageous, as it
minimizes the total energy introduced per laser spot area,
which helps to avoid unintended material modifications.
In our study, for each scribe line required for monolithic
series-interconnection of perovskite-CIGSe tandem solar
cells, the listed points are discussed and clear conclusions
are drawn. Moreover, several scribe lines are patterned
with systematically varied fluence within the derived range
of suitable fluences (process window). A characterization of
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these scribe lines with regard to geometric properties,
material-selective ablation, excess energy input, and an
analysis of the composition of the residual material within
the scribe lines is performed by laser-scanning microscopy
(LSM), scanning-electron microscopy (SEM) with addi-
tional energy-dispersive X-ray spectroscopy (EDX) and
electrical measurements. The electrical measurements
were carried out line-by-line with a 2-point setup. This
approach enables the direct determination of the electrical
functionality of each scribed line without being influenced
by the overall device performance and possible further
losses. These investigations provide a comprehensive
picture of the electrical, morphological, and compositional
scribe line properties as a function of the laser fluence.
From this, the conditions for an optimal process window
and a high process reliability were derived. Following the
same procedure as for the patterning of single perovskite
solar cells explained in reference [10], we specify a range of
suitable patterning parameters (process window) for the
individual scribe lines as well as the selected fluence at
which optimal scribe line behavior can be expected. The
conclusive discussion of the question of how to pattern
scribe lines with optimal properties also provides a
guideline which applies even to different layer stacks.

2 Experimental
2.1 Sample preparation

The sample preparation processes followed the procedure
for perovskite and CIGSe baseline samples described in
detail elsewhere [7,11,12]. The monolithic tandem device
layer-stack is prepared in substrate configuration on a glass
substrate. A CIGSe cell is deposited on the glass and a
perovskite cell is deposited on top. The CIGSe bottom-cell
comprises a 800 nm Mo back contact, a CIGSe absorber
layer of about 1600 nm, a 60 nm CdS buffer layer and a
i-Zn0/Zn0:Al window layer stack of about 100 nm. The
top cell consists of a perovskite absorber layer of
approximately 500 nm composed of Csg 15F'Ag g5Pbls 55Brg 45
sandwiched between a self-assembled monolayer (SAM)
functioning as a hole-transmitting layer (HTL) and a Cgq
electron-transmitting layer as (ETL). Finally, an approxi-
mately 130nm thick indium zinc oxide (IZO) layer is
deposited as front contact.

2.2 Laser patterning

The sample patterning was carried out using a commer-
cially available, customized laser system (Rofin Baasel
Lasertech). This system is equipped with a nanosecond
laser source (SL3PV) and a picosecond laser source (Time
Bandwidth, Duetto). The ns laser emits laser pulses with a
wavelength of 532 nm, its pulse durations is approximately
20 ns. A maximum pulse energy of about 32 p.J is emitted at
20 kHz. The ps laser emits laser pulses with a wavelength of
1064 nm or 532 nm, its pulse durations are approximately
10ps and the maximum pulse energy of about 83 wJ is
reached at 100 kHz for 1064 nm. The laser beam diameters
in focal position were determined by applying the method

of Liu [13], for the ns laser a diameter of 28.1 pm £ 10%
and for the ps laser diameters of 40 pm + 10% and 26.7 pm
+10% were determined for 1064 nm and 532 nm, respectively.
The laser tool is equipped with fixed optics guiding the
laser beam to the sample surface; whereas the sample
translation is realized by a a2y motion system which
enables velocities up to 1.2m/s while at the same time, a
positioning accuracy of about 5pm for each stage is
maintained. In order to avoid material degradation due to
the ambient atmosphere and to collect dust and debris
generated by the patterning process itself, the samples
were patterned in a closed chamber with a continuous
nitrogen flow and a window glass that allows the laser
beams to pass through.

2.3 Characterization techniques

The scribe line geometry was examined using laser-
scanning microscopy (Keyence VK-X260). This micro-
scope illuminates the sample with a laser (408 nm). The
installed planar achromatic objectives with a magnification
of 10x to 150 x allow a spatial image resolution of a few tens
of nanometers. The specified accuracy in the vertical
direction is in the range of few nanometers.

The electrical functionality of scribe lines was derived
from resistance measurements that were repeated several
times and statistically evaluated. The scribe line length is
10mm, across this length the resistances for electrical
isolation (P3) and the series resistance for interconnec-
tion (P2) were measured with contact needles in 2-point
configuration. For all electrical measurements, piercing
through the layer stack by the contact needles was
prevented by an adhesive copper tape in between which
also improves the electrical contact resistance.
The vertical edges of the test patches separated by the
laser were scratched manually using a diamond-tip
needle.

The morphology of the laser scribed lines was also
examined by scanning-electron microscopy (SEM,
Hitachi S4100). This instrument is equipped with a
detector for energy-dispersive X-ray spectroscopy
(EDX), which allows an analysis of the composition of
the material within the scribed lines and their vicinities.
The analyses of the composition of the scribe line
trenches aim to reveal compositional material alterations
in this area. For this purpose, the corresponding scribe
lines and their vicinities where excited by an electron
beam and the corresponding element-selective mappings
were recorded. We used an accelerating voltage of 10kV.
For this, the excitation depth is in the range of about
0.8 pm to 1 pm, which is suitable for the respective layer
thicknesses; the spatial resolution is approximately
0.5 pm [14]. For data evaluation, three profiles across
each scribe line were extracted from the images,
containing the elemental counts as a function of the
xy-position. Subsequently, these profiles were smoothed
(moving average) and normalized. Accordingly, the
elemental count of an undisturbed remote area is 1.
Higher or lower values correspond to lower layer
exposure and layer removal, respectively.



4 C. Schultz et al.: EPJ Photovoltaics 14, 16 (2023)
I
] T " % !

1.0 | \§
a1 . {1567 =
: — G
R L= -
ey ] -—— \‘ 8
°a 064 £5 " damaging the glass substrate 41.0E7 ©
o K= -
T | R
o 158 3
o
044 £ “\‘ lose7 &
|
|
|
0.2 - ;‘
"u 0.0
0 B B B L B L B B B B L B
12 3 4 5 6 7 8 9 10 11 12

Laser fluence (J/cm?)

Fig. 2. P1 scribe line depth (left y-axis, black squares) and electrical resistance across the scribe line (right y-axis, blue squares) as a
function of the applied laser fluence. The range of suitable fluences is marked by the light green area, the selected fluence with an

asterisk. The gray area illustrates the Mo back contact.

3 Results and discussion

3.1 Setup configuration and scribe line essentials

The first step is to determine the configuration of laser
patterning setup. In the case of our perovskite-CIGSe
tandem solar cells a Mo-coated glass substrate is used onto
which the subsequent layers were deposited. The opaque-
ness of the Mo layer restricts patterning of the subsequent
layers through the glass substrate (i.e. by induced ablation,
cf. Fig. S1B), except for the P1 scribe line itself.

When selecting the most suitable laser pulse duration,
the thermal sensitivity of the material under investigation
must be considered [7]. For perovskite-CIGSe tandem solar
cells, a ps laser is in principle well suited, as the CIGSe has a
strong thermal sensitivity of [15]. It is assumed that ps laser
pulses enable almost athermal ablation due to their short
pulse lengths. However, ns laser pulses are well-suited for
P2 patterning as they enable the conversion of the CIGSe
absorber material into a conductive, Cu-rich phase [16,17].
Unintended material alterations can always be caused by
improper patterning parameters [9]. The selection of the
wavelength applied for patterning depends strongly on the
optical properties, especially the absorption coefficient, of
the individual layers of the stack to be processed (cf. Fig.
S2). It has been found that the use of a wavelength of
532nm is advantageous since the front contact layer as
well as the intermediate layer is transparent to this
wavelength and enables induced direct material ablation
[15] (cf. Fig. S1C). As a result, the patterning can be
carried out with minimal laser energy. Moreover, this
wavelength can typically be provided by solid state laser,
which are widely used. For P1 patterning of the Mo layer,
it is expected that the application of 1064nm and of
532 nm laser pulses will not lead to significant differences
in the ablation behavior due to the broad band absorption
behavior.

The scribe line width required for the specific electrical
functionality affects the configuration of the patterning
setup in terms of laser beam diameter and optical lenses
and generally depends on the considered layer stack or on
the material that subsequently fills the scribe line.
A detailed study of the electrical losses for monolithic
series interconnections is given by Brecl et al. [18] for a
single junction CIGSe solar module. In order to approxi-
mate the required scribe line widths based on this study,
several assumptions have to be made about the material
properties with respect to the electronic constants.
Typically, these considerations result in widths in the
range of about 20 wm, either to provide low-ohmic contacts
for P2 patterning or to create scribe lines with sufficiently
large resistances as required for P1, iso-cut, and P3
patterning. Advantageously, it has been shown that these
scribe line widths can be achieved by commercially available
optical components with reasonable effort.

3.1.1 P1 patterning

The P1 scribe line is intended to electrically separate
neighboring cells or regions, at the same time the widths of
the cells are determined. The P1 patterning process has
been investigated by several groups who analyzed the
ablation behavior of differently deposited Mo layers on
glass substrates [19-21]. It was shown that by applying
glass-side patterning (cf. Fig. S1B) with rather low pulse-
to-pulse overlap, a beneficial ablation behavior in terms of
scribe line quality (rims, width, glass damage, etc.) can be
achieved by making use of the internal strain of the Mo
layer [22-24]. A systematic variation of the laser fluence
and the corresponding measured scribe line depth and
electrical resistance across the scribe line is shown in
Figure 2. The applied pulse-to-pulse overlap is about 15%
(see Tab. 1 for a complete list of the laser parameters used).
It can be observed that at fluences of about 1.5 J/cm® the
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Table 1. Experimentally determined optimal parameters used for laser patterning.
Unit P1 Iso-cut P2 P3

Patterning regime Induced Induced direct Direct Induced direct
(cf. Fig. S1) ablation ablation ablation ablation
Pulse duration Tp S ~107 1 ~107 1 ~107° ~107"
Wavelength A nm 1064 532 532 532
Pulse-to-Pulse overlap % ~15 ~25 ~65 ~35
Laser fluence F J/cm? 3.36 0.53 9.38 3.16

instable layer ablation

Fig. 3. Comparison of SEM images of P1 scribe lines patterned with three characteristic fluences: (A) 1.16 J/cm? (incomplete layer

ablation), (B) 3.36J/cm? (optimal scribe line properties), and (C)

5.79 J/cm? (onset of glass damages). The color bars indicate the

respective patterning regimes and the chosen patterning fluences. The magnification the images is 1000x, the excitation voltage is

10kV.

ablation of the Mo layer starts, but still leads to (partiallyg
incomplete ablation. At higher fluences of about 3.36 J/cm
the required scribe line depth of 800nm is achieved
continuously, indicating the reliable ablation of the
complete Mo layer. At fluences up to 5J/cm? the scribe
line depth remains constant; with increasing fluence the
scribe line depth slowly increases again. This observation is
attributed to the explosive ablation of the Mo after a
certain amount of energy was introduced and the tensile
strength of the Mo layer is exceeded. Below this threshold
of about 1J/cm? the deposited energy creates only cracks
in the Mo layer and is not high enough to remove the layer.
With increasing fluence the ablation of the Mo starts
abruptly until the underlying glass substrate is damaged by
the excessive energy input, which can be seen by the
increasing scribe line depth from about 5.J/cm?.
Corresponding to the step-like increase of the scribe
depth, the measured electrical resistance increases from its
sheet resistance (well below 1 /[]) to about 20 MQ which
refers to the highest resistance that could be measured with
the measuring device used. Based on these observations, a
suitable range of patterning parameters is found between
1.5J/cm® and 5J/cm? as shown in Figure 2. There, the
light green area refers to the range of suitable patterning
parameters. A direct comparison of SEM images of
representative surfaces aside the laser scribe lines is shown

in Figure 3. These scribe lines are patterned closely above
the ablation threshold (A), with the selected fluence (B),
and with excessive energy input at too high fluence (C).
The SEM images show that too low fluence results in
instable scribe line widths, while excessive energy input
causes damages of the underlying glass substrate. At the
selected fluence, reliable scribe line patterning is charac-
terized by homogeneous lines with a well reproducible line
widths and edges without rims or cracks. Thus, it is
considered as optimum, as it can be deduced from Figure 2
and Figure 3. The optimal fluence for P1 patterning is
about 3.36 J/cm?®, which is sufficiently far away from both,
incomplete layer ablation (<1.5J/cm?) and the onset of
glass damage (>5J/cm?).

3.1.2 Iso-cut patterning

After patterning the Mo back contact and depositing the
CIGSe absorber including the CdS/i-ZnO/Zn0O:Al window
layer stack, the patterning of the latter is carried out to
prevent bypassing the top-cell. In contrast to P1 patterning
of the sole Mo layer, the heat-sensitive CIGSe absorber is
located underneath the window layer stack. Thus, iso-cut
patterning is the most crucial step. As discussed earlier, the
CIGSe absorber layer is very sensitive to thermal influences
[7,25]. Thus, in order to avoid unintended material
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Fig. 4. Iso-cut scribe line depth (right y-axis, black squares) and electrical resistance across the scribe line (left y-axis, blue squares) as
a function of the applied laser fluence. The range of suitable fluences is marked by the light green area, the selected fluence with an

asterisk. The cyan area illustrates the intermediate CdS/i-Zn0O/Zn0:Al window layer stack.

alterations, the patterning should be carried out with
carefully adjusted fluence and low pulse-to-pulse overlap.
Thus, for the determination of the optimal patterning
parameters, a pulse-to-pulse overlap of about 25% was
applied while the laser fluence was systematically varied
(see Tab. 1 for a complete list of the laser parameters used).
In Figure 4, the resulting scribe line depth and electrical
resistance across the corresponding scribe line as a function
of the applied laser fluence are shown.

There, it can be observed that the measured scribe line
depth rises immediately to the thickness of the window
layer stack and increases continuously up to a fluence of
about slightly below 2J/cm®. At higher fluence, the scribe
line depth saturates or even decreases again. A similar
trend can also be observed for the measured resistances
across the scribe line. There, the highest resistance was
measured for the lowest fluence that still results in the
ablation of the window layer stack. With increasing
fluence, the measured resistance decreases from its
maximum of about 11 k) down to about 3 k{) at about
3.5J/cm? Tt is assumed that this behavior is related to the
alteration of the CIGSe absorber, which is increasingly
modified at higher fluences, while the application of low
fluences prevents these alterations and only leads to
induced direct material ablation of the window layer stack.
Moreover, these results indicate a rather narrow window of
suitable fluences (indicated by the light green area in
Fig. 4) in which optimal scribe line properties can be
achieved.

In Figure 5 SEM images of scribe lines patterned at the
ablation threshold (A), at the selected fluence (B), and
with excessive fluence (C) are shown. These images clearly
show that the scribed line at the ablation threshold

incomplete separates the window layer stack (A) and that
the application of excessive fluence (C) induces material
alterations of the CIGSe, as indicated by the scribe line
bottom, which has a solidified appearance compared to the
sharp structures of the CIGSe when patterned at selected
fluence (or even lower).
In order to understand this observation, a composi-
tional analysis was carried out by EDX spectroscopy.
Figure 6 shows the evaluation of the material composition
of laser scribed lines and their vicinities as a function of the
applied fluence. There, the left y-axis depicts the course of
the normalized relative amount of Zn (L line) and the right
y-axis correspondingly the course of elemental copper
(L line), which belong to the window layer stack and the
CIGSe absorber, respectively, whereby the value 1 refers in
each case to the area untreated by the laser. The
corresponding data points were extracted from the EDX
mappings of the individual elements (examples can be
found in Fig. S3). The datapoint marked with an asterisk is
assigned to the previously derived selected fluence for
optimal patterning. The graphs in Figure 6 show, that the
application of even very low fluences (below 0.5J/cm?)
results in an immediate drop of the Zn signal (left y-axis),
while for higher fluences the signal remains at a very low
constant level. At the same time, the Cu signal rapidly rises
remaining also at an almost constant level for moderate
fluences, while it increases slightly at higher fluences (above
37/ ch). Correspondingly, by comparing these curves
with the SEM images shown in Figure 5, the strong
decrease of the Zn signal clearly indicates the removal of
the window layer stack and the rising Cu signal can be
assigned to the exposed CIGSe absorber. It is assumed,
that the increase of the Cu signal at higher fluences is
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incomplete

Fig. 5. Comparison of SEM images of iso-cut scribe lines patterned with three characteristic fluences: (A) 0.28.J/ cm? (incomplete
separation), (B) 0.53J/cm? (optimal scribe line properties), and (C) 1.18.J/cm? (onset of transforming the CIGSe absorber into a
conductive phase). The color bars indicate the respective patterning regimes and the chosen patterning fluences. The magnification of

the images is 1000x, the excitation voltage is 10kV.
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Fig. 6. EDX investigation of the material composition in the iso-cut scribe lines as a function of the applied laser fluence. The blue open
circles are assigned to elemental Zn (L line), which is an indicator for the window layer stack (left y-axis). The black squares refer to
elemental Cu (L line), which represents the underlying CIGSe absorber (right yaxis). The selected fluence is marked with an asterisk.

related to the phase transformation of CIGSe, which shows
the evaporation of Ga and In while Cu-rich material
remains in the trench [16,26].

The observed behavior suggests that the window layer
stack can be selectively ablated with a fluence (~0.53 J /cm?)
which is slightly above the ablation threshold. Applying this
fluence enables the complete removal of the window layer
stack without substantial compositional alterations within
the underlying absorber layer, thus it is considered the
optimal fluence. The application of higher fluences still
results in the ablation of the window layer stack, but in
parallel, the transformation of the CIGSe into a conductive
phase also sets in, which agrees well with the measured
resistance and the observed solidified appearance of the
CIGSe within the iso-cut scribe line.

3.1.3 P2 patterning

In contrast to P1 and iso-cut patterning aiming to electrically
separate the respective layers, the objective of the P2 scribe s
to provide a low-ohmic contact between the back and front
contact layer via opening the absorber layers. In order to
achieve a low ohmic contact between the front and the back
contact, typically, the complete removal of the absorber
layer is required. The P2 patterning step is a balancing act
between complete material removal and the avoidance of
damages to the underlying contact layer (i.e. deterioration of
the sheet resistance). In accordance to Ohm’s law, wider
scribe lines provide lower contact resistances, which can be
achieved by a high pulse-to-pulse overlap which often also
results in a clean and smooth scribe line bottom for this
perovskite-CIGSe layer configuration.
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A special feature of CIGSe solar cells is that the P2
patterning can be carried out by transforming the CIGSe
into a conductive phase instead of removing the entire
absorber material down to the Mo back contact. This
approach isbased on the direct ablation process (cf. Fig. S1A)
and was initially presented by Westin et al. [27]. Subse-
quently, we further elaborated this approach and showed
that the phase transformation of the CIGSe for P2 patterning
results in electrical properties which are comparable to the
standard P2 approach [16]. Thus, for P2 patterning of
perovskite-CIGSe solar cells, the phase transformation
process for P2 patterning appears to be beneficial compared
to the material removal process, as it provides similarly low
contact resistances while reducing the risk of damaging the
underlying Mo layer.

In order to obtain the optimal fluence for this approach
based on phase transformation, the laser fluence for P2
patterning was systematically varied while the pulse-to-
pulse overlap was about 65% (see Tab. 1 for a complete list
of the laser parameters used). In Figure 7, the measured
scribe line depth and the corresponding series resistance
down to the Mo as a function of the applied fluence are
shown. There, it can be observed that the measured
scribe line depth continuously increases with increasing
fluence and slowly saturates at about 9.J/cm?® Moreover, it
can be seen that already below 1J/cm® the perovskite
absorber is completely removed, followed by the removal of
the intermediate window layer stack up to the almost
complete removal of the CIGSe absorber layer at about
10J/em?, leaving highly conductive Cu-rich residual

material within the scribe line [16,27]. The application of
higher fluences (within the range of available fluences of up
to 10.J/cm?) does not lead to deeper scribe lines. On the
contrary, the scribe line depths decrease slightly which is
attributed to the fact that molten absorber material “refills”
the scribe line. The series resistance of the P2 scribe line
was measured after deposition of the IZO layer. Here, an
opposite trend compared to the scribe line depth can be
observed. With increasing fluence, the series resistance
decreases continuously from about 235 Q- cm? (reference,
without scribe line) to 0.04 Q-cm? for a fluence of
about 9.4J/cm® At higher fluences the measured series
resistances remains almost constant at this very low level.

Consequently, within the range of suitable fluence
represented by the light green area in Figure 7, optimal
scribe lines are achieved at a fluence of about 9.4J/cm?,
which are characterized by geometrically well-defined
scribe lines and solidified, phase transformed residual
material at the scribe lines bottom, providing a low ohmic
series resistance to the Mo back contact [16,26]. In Figure 8
the SEM images of scribe lines patterned with insufficient
fluence (A), selected fluence (B), and too high fluence (C)
are shown. There, it can be observed that insufficient
fluence results in incomplete transformation of the CIGSe
absorber, as is indicated by the shallow scribe line. In
contrast, excessive fluence results in melting and boiling of
the material which forces the formation of splashes which
were found in a wide area next to the lines [8]. Moreover,
the formation of splashes clearly indicates excessive input
of laser fluence which also causes melting of the scribe line
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Fig. 8. Comparison of SEM images of P2 scribe lines patterned with three characteristic fluences: (A) 6.3J/ cm’® (incompletely
transformed CIGSe), (B) 9.4 J/cm? (optimal scribe line properties), and (C) 10.0J /em? (strong formation of splashes). The color bars
indicate the respective patterning regimes and the chosen patterning fluences. The magnification of the images is 1000 %, the excitation

voltage is 10kV.
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Fig. 9. EDX investigation of the material composition in the P2 scribe lines as a function of the applied laser fluence. The blue triangles
correspond to elemental Pb (M line) used as indicator for the perovskite absorber (left y-axis). The black squares refer to elemental Cu
(L line), which corresponds to the underlying CIGSe absorber (right y-axis). The selected fluence is marked with an asterisk.

edges. This molten material might partially flow from the
scribe line edges towards the scribe center reducing the
scribe line depth. This case is shown in Figure 8B, where
the scribe line depth comprises almost the entire depth of
both absorbers, indicating the complete removal of the
perovskite layer and the window layer stack, while the
strong thermal treatment initiates the phase transforma-
tion of the CIGSe absorber layer. The latter is essential to
transform the CIGSe into a conductive phase for a low-
ohmic series interconnection.

The changes in the elemental composition of the
material within the scribe line as a function of the laser
fluence are shown by Figure 9 for selected scribe lines. In
this figure, the normalized elemental amounts of Pb (M
line) and Cu (L line) are shown, indicating the perovskite
and the underlying CIGSe absorber, respectively. It can be
seen that the Pb content immediately decreases after the
laser treatment and remains at constant low level for
fluences above 2J/cm® At the same time, the
Cu signal rises continuously, reaches its maximum at

about 6.J/ cm? and decreases thereafter. The application of
higher fluences does not affect the Pb signal, but the Cu
signal drops rapidly. The course of the Pb signal indicates
that the entire perovskite absorber is removed at a fluence
of about 2J/cm? while higher fluences are needed to
completely phase transform and partially remove the
CIGSe absorber. Considering the corresponding SEM
images, the course of the Cu signal can be interpreted as
follows: For low fluences (below 2J/cm?) the perovskite
layer is continuously ablated exposing the CIGSe
underneath. Obviously, the highest Cu signal is achieved
at about 6J/cm? which might be explained by already
strongly phase-transformed CIGSe without massive
ablation of the absorber layer (cf. Fig. 8A, shallow
trench). As a result, the detected amount of Cu is highest
with respect to the excitation volume comprising almost
the entire CIGSe layer, while at higher fluences (beyond
6J/cm?) the ablation of the CIGSe leads to a continuous
decrease of the excitation volume and thus to a decreasing
Cu signal.
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Fig. 10. P3 scribe line depth (right y-axis, black squares) and electrical resistance across the scribe line (left y-axis, blue squares) as a
function of the applied laser fluence. The range of suitable fluences is marked by the light green area, the selected fluence with an
asterisk. The blue area corresponds to the IZO front contact, the brownish area refers to the perovskite layer, and the cyan area depicts

the window layer stack.

Thus, the optimal scribe line properties are found at the
selected laser fluence for P2 patterning of about 9.4 J/cm?.
There, the perovskite absorber layer as well as the
intermediate window layer stack are reliably ablated and
the CIGSe absorber is completely transformed into a
conductive phase remaining as residual material in the
scribe line.

3.1.4 P3 patterning

The P3 scribe line is also intended to electrically separate
neighboring cells, thus its properties should also be similar
to the previously discussed P1 scribe line and the iso-cut. In
previous studies, the P3 patterning process for CIS and
CIGSe solar cells has been already investigated [15,28]. It
has been shown that for successful P3 patterning in terms
of the resulting electrical functionality of the solar cell, the
CIGSe absorber layer including the window layer stack
does not necessarily have to be completely removed. A P3
patterning approach, which easily causes compositional
changes in the scribe line vicinity [25] is assumed to lead to
enhanced charge carrier trapping [7]. In contrast, due to the
thermal sensitivity of the CIGSe, it is beneficial to
selectively ablate only the window layer stack, thus
avoiding laser-induced material alterations.

Due to the possibility of performing an induced direct
material ablation process, significantly lower laser fluences
are required, preventing compositional alterations in the
vicinity of the P3 scribe lines. In contrast, for P3 patterning
of perovskite solar cells, it was elaborated that the thermal
impact during the patterning step does not negatively
affect the electrical functionality. Thus, a complete
removal of the front contact layer and the underlying
perovskite absorber is common [10]. It is advantageous to
adapt this approach to the current case of P3 patterning of
our perovskite-CIGSe tandem devices. In this case, the

patterning of the P3 scribe line includes the removal of
the IZO front contact, the perovskite absorber, and the
selective ablation of only the underlying window layer
stack.

For all these scribe lines a rather low pulse-to-pulse
overlap is beneficial since it prevents excessive energy input
into the surrounding material while only a continuous
separation must be ensured. As discussed earlier, a rather
low pulse-to-pulse overlap should be preferred to prevent
these material alterations. In our study, an overlap of about
35% was applied for P3 pattering while the laser fluence
was systematically varied (see Tab. 1 for a complete list of
the laser parameters used). In Figure 10, the resulting
scribe line depths and the corresponding resistance across
the scribe line as a function of the applied fluences are
shown; the range of suitable fluences is marked by the light
green area, the selected fluence is marked with an asterisk.
There, it can be seen that even the lowest applied fluence
creates almost the desired scribe line depth. With
increasing fluence the scribe line depths increase slightly
to reach a rather stable level corresponding to the total
thickness of the front contact, the perovskite, and the
window layer stack. The large error bars, especially for
fluences below 2.5J/cm?, result from the averaging of
several adjacent profile measurements with partially
strongly fluctuating scribe line depths. At the same time,
the corresponding resistances measured across the scribe
line clearly show a maximum value of about 50 k() at a
fluence of about 3.16 J/cm®. Below and above this fluence
the resistance rapidly drops. An indication of the behavior
is given by Figure 11 showing SEM images of representa-
tive scribe lines. For the cases of too low applied laser
fluence (Fig. 11A) the incomplete removal of the window
layer stack leaves “bridges” enabling no proper electrical
separation. In contrast, the application of excessive fluence
(Fig. 11C) reliably removes these “bridges” but alterations
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incompletely separation

Fig. 11. Comparison of SEM images of P3 scribe lines, patterned with (A) 1.82J/cm?, (B) 3.16 J /em?, (C) and 5.12 J/cm? resulting in
incomplete separation, optimal scribe line properties, and the onset of phase transformation of the underlying CIGSe absorber layer,
respectively. The color bars above and below mark the optimal fluences for patterning and summarize the substantial findings,
respectively. The magnification the images is 1000x, the excitation voltage is 10kV.
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Fig. 12. EDX investigation of the material composition in the P3 scribe lines as a function of the applied laser fluence. The blue
triangles represent elemental Pb (M line) and the blue open circles represent elemental Zn (L line), which are indicators for the
perovskite absorber and the intermediate window layer stack, respectively. The elemental Cu (L line) signal is represented by black
squares and is used as an indicator for the CIGSe absorber (right y axis). The selected fluence is marked with an asterisk.

of the CIGSe absorber set in, as indicated by a partially
solidified surface of the scribe line bottom: as a result, a
proper electrical separation across the scribe line is
prevented. The selected fluence (Fig. 11B), on the other
hand, is sufficiently high to reliably create the required
scribe line depth. In addition, there is sufficient electrical
separation, as this fluence is still below the onset of laser-
induced alterations of the CIGSe (indicated by the absence
of solidified areas at the scribe line bottom).

To investigate the elemental compositions of the
material in the scribe line vicinity, the elemental counts
of Pb (M line), Zn (L line), and Cu (L line) were utilized to
identify the perovskite, the intermediate window layer
stack, and the CIGSe absorber, respectively. The behavior
of the elemental counts as a function of the applied fluence
is shown in Figure 12. There it can be seen that with

increasing fluence, the Zn signal and the Cu signal rise,
while the Pb signal drops. With further increasing fluence
the Pb signal slightly decreases to a constant value.
In contrast, the Zn signal drops rapidly whereas the Cu
signal remains constant and rises again at about 7.J/ cm?.
This behavior indicates the immediate removal of the
perovskite, exposing the underlying window layer stack.
A further increase of the laser fluence causes the ablation of
the window layer stack at about 3J/cm? with the Cu
signal remaining at a rather constant level. Only at higher
fluences (about 6.J/cm?) the Cu signal increases further.
This behavior clearly indicates an optimal behavior of the
scribe line properties at the selected fluence for P3
patterning of about 3.16 J/ cm?, which is marked with an
asterisk. There, the results clearly show the complete
removal of the front contact, the perovskite, and the
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window layer stack exposing the CIGSe absorber, but
remaining unchanged in the region of the optimal fluence.
Beyond this optimal fluence, the CIGSe absorber becomes
continuously phase transformed, resulting in a strong
increase of the Cu signal.

Thus, when using fluences below 2.5 J/ cm?, patterning
results in incomplete layer separation whereas higher
fluences produce sufficiently deep scribe lines but also
promote laser-induced material alterations (cf. Fig. 11). At
a fluence of around 3.16J/cm® both, reliable material
ablation with sufficient laser separation and the avoidance
of unintended material alterations are possible (for a
summary of the laser parameters see Tab. 1).

4 Summary

The laser-based patterning of perovskite-CIGSe tandem
solar cells for monolithic series interconnection has been
investigated. In a first step, the configuration of the laser
patterning setup was derived. The application of ps pulses
enables the removal of the thin window layer stack (iso-cut
and P3) while avoiding unintended thermal effects. In
contrast, the use of ns pulses for P2 patterning, appears
advantageous at present. But due to the strong thermal
sensitivity of the CIGSe, it can be assumed that similarly
good results can be achieved with ps laser pulses as already
shown on single junction CIGSe solar cells [17,29].

The wavelength of 532nm enables material selective
material by induced ablation, further decreasing the
fluence required for material removal and consequently
reducing the risk of unintended material alteration. Based
on these considerations, the laser fluence was systemati-
cally varied for each scribe line and analyzed by laser-
scanning microscopy and EDX spectroscopy to character-
ize the scribe line depth and width and the material
composition within the scribe line, respectively. Resistance
measurements were also taken across all scribe lines to
verify their electrical functionality. By using this approach,
optimal process windows were determined for each scribe
line. Moreover, the results clearly show that by carefully
considering the material properties in terms of their
behavior during laser patterning, the configuration of
the patterning setup can be derived, which enables a
straight-forward approach to define process windows and
to approximate optimal patterning parameters even
without electrical measurements of the solar cell. In a
next step, the determined optimal patterning parameters
will be applied for the production of a complete device in
order to prove the series interconnection in a tandem
module on the basis of the j-V characteristic curve.
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Figure S1: Direct ablation (A), induced ablation (B), and
induced direct ablation (C) for an absorbing layer on a
transparent glass substrate (A, B) and a transparent layer on
a glass substrate (C) irradiated by a laser beam.

Figure S2: Comparison of the absorption coefficients of the
specific layers used in the perovskite-CIGSe tandem solar cell.

Figure S3: EDX mappings of the P2 lines, patterned with (A) 6.3
J/em? (too low fluence), (B) 9.4 J/cm? (optimum fluence), (C)
10.0 J/cm? (too high fluence). Shown are the relative amounts of
elemental Cu and Pb as the main absorber constituents of both
solar cell absorbers. The excitation voltage is 10 kV for all images.
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org/10.1051/epjpv,/2023007 /olm.
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