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Hyperspectral Photoluminescence Imaging for Spatially
Resolved Determination of Electrical Parameters of

Laser-Patterned Perovskite Solar Cells

Christof Schultz, Markus Fenske, Laura-Isabelle Dion-Bertrand, Guillaume Gélinas,
Stéphane Marcet, Janardan Dagar, Andreas Bartelt, Rutger Schlatmann, Eva Unger,

and Bert Stegemann*

Absolute calibrated hyperspectral photoluminescence (PL) imaging is utilized to
access, in a simple and fast way, the spatial distribution of relevant solar cell
parameters such as quasi-Fermi level splitting, optical diode factor, Urbach
energies E,, and shunt resistances Ry, without the need for electrical meas-
urements. Since these metrics play a significant role in evaluating the process
windows for electrical series interconnection by laser patterning, this approach is
followed to systematically locate and quantify electrical losses that may occur as a
result of the laser-patterning process for monolithic series interconnection. It is

recycling, making them attractive for photo-
voltaic applications.™? In recent years, labo-
ratory-scale PSCs have experienced a huge
increase in power conversion efficiency,
reaching over 25%, which is in the range
of crystalline Si-based solar cell efficien-
cies.”! However, the efficiency of PSCs is
decreasing from lab-scale sizes toward
large-scale  perovskite solar modules
(PSMs) due to the challenging transferability

shown that both picosecond and nanosecond laser pulses can be used for
successful series interconnection. In both cases, only minor lateral material
alterations occur, localized in a few pm wide region adjacent to the edges of the
scribe lines. Furthermore, the acquisition and analysis of these hyperspectral PL
datasets provide insights in the material removal process, from which it is
concluded that the perovskite is rather resilient against the thermal impact of the

laser.

1. Introduction

Organic-inorganic metal halide perovskites (MHPs) are promising
light absorber materials for low-cost and high-efficiency solar cells.
Perovskites solar cells (PSCs) offer outstanding optoelectronic
properties such as a long charge-carrier lifetime and diffusion
length, strong optical absorption (10*~10°> cm ™), bandgap tunabil-
ity over a broad spectral range (x~1.2-3.0 eV), very low defect den-
sity and high defect tolerance, low voltage losses, as well as photon

of the processes and the decreasing quality
of the perovskite films, which limits com-
mercialization and thus practical PSC
applications.

One of these challenges in up-scaling
PSCs and PSMs is the monolithic series-
interconnection of the cells, which is
inevitable for large areas and requires the
development of reliable patterning
processes.”® The series interconnection
is obtained by alternating layer deposition
and laser-based patterning steps (P1, P2, and P3). While the
P1 and P3 electrically separate the front and back contact layer
of neighboring cells, respectively, the intermediate patterning
step P2 locally opens the absorber and charge-transport layers
and, thus, provides an electrical path between the back contact
of one cell and the front contact of the neighboring cells.
Pulsed lasers are the tool of choice for patterning the three scribe
lines, due to their contactless application with a high reproduc-
ibility and precision. In earlier work, the general principles of
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laser patterning of thin films'® and its application for monolithic
series interconnection of PSME#1%12 were comprehensively
described. There, it was demonstrated that, irrespective of the
detailed configuration of the perovskite layer stack, the success
of laser-based patterning is based on precisely controlled energy
input. Since the aim is always to produce well-defined scribe
lines without unintended material modifications due to excess
laser energy, patterning of MHP remains challenging due to
the pronounced thermal sensitivity of the perovskite material
itself and the inevitable introduction of excess laser energy, in
particular at the pulse-to-pulse overlap regions or at the scribe-
line edges. In both cases, the introduced excess energy can easily
cause material alterations, forming electronic defects which
might result in nonoptimal electrical functionality, as shown
in our recent work.[**?!

To meet these challenges, a versatile, nondestructive, easy-to-
use, and fast method for evaluating the patterning process is
needed to quantify the lateral distribution of key solar cell param-
eters, which is increasingly important for successful process con-
trol in laser patterning and optimizing the device performance.
Photoluminescence measurements have been proven as versatile
method to access material properties!™* ¢ for decades. It has
been applied to derive the optoelectronic material properties
and can be utilized to get insights into defect-related charge-
carrier recombination.**°! In recent years, spectrally resolved
photoluminescence (PL) imaging has been implemented in
high-resolution microscopes, now enabling a rapid analysis of
solar cells and modules. This technique, called hyperspectral
PL imaging, combines the established PL imaging and spectrally
resolved measurement technique in one method which has
evolved to a key nondestructive measurement.”” Based on such
measurements, pristine perovskite layers have been investigated
in the past and mathematical calculations have been established,
enabling the derivation of various material as well as important
solar cell parameters. In the present study, we performed
absolute-calibrated hyperspectral PL imaging at inhomogeneous
perovskite layers, i.e., perovskites which have been patterned by
laser, and applied these methods, to identify undesired effects of
laser scribing on the MHP layer and to be able to draw conclu-
sions on the influence of the patterning process on the material
behavior at the scribe-line edges and bottoms. While in the con-
ventional approach, PL imaging is typically applied to character-
ize solar cells, focusing on the detection of spatial intensity
variations to assign them, e.g., to local variations in sample com-
position,'>**? we show that hyperspectral PL imaging adds a
huge benefit when applied to laser patterned samples since sev-
eral opto-electronic material properties, such as quasi-Fermi level
splitting (QFLS),"*'”) the Urbach energies (E,),**** the PL
quantum yield (PLQY),!"”! the optical diode factor (ODF),*>~%!
the PL central emission wavelength, and the shunt resistances
Ra®?! can be easily derived. This provides direct information
about the opto-electronic material properties in the vicinity of
the laser-scribed lines and greatly facilitates the determination
of suitable process windows to optimize for laser patterning.

For these studies, the P3 scribe line from complete PSCs is
investigated. In principle, two designs are common for the
P3, either only the back contact is patterned or, more commonly,
both the back contact and the absorber layer are patterned
(as shown in Figure 1). We decided for the latter option, but
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Figure 1. Schematic illustration of the utilized sample layer stack and the
laser-based monolithic series interconnection with the three patterning
steps P1, P2, and P3.
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ensured that the removal of the perovskite absorber layer did
not damage the underlying TCO contact in any way, preferring
to leave some residual perovskite in the trench, which does not
affect the electrical isolation between the neighboring cells. After
P3 patterning, the metal back-contact layer was then removed to
allow PL measurements to be performed on the perovskite layer.

To investigate the different influence of the laser pulse length,
P3 patterning was performed with both nanosecond and picosec-
ond laser pulses at laser fluences that are within the optimal
process windows determined previously.*** The P3 patterning
process was chosen because it is of particular importance for the
cell efficiency. It separates neighboring cells by cutting through
the back contact and the perovskite absorber layer down to the
front contact layer whereby excess energy easily can modify
the perovskite and cause electrical power losses, which is less
critical in the P2 or P1 step.

In the following, the mathematical approach for the quantita-
tive determination of the material and solar cell parameters listed
earlier is presented and directly applied to the P3 laser patterned
PSCs. The underlying measured data were acquired by means of
global hyperspectral PL using two different excitation wave-
lengths (405 and 532 nm). Using this approach, we show that
these metrics can be utilized to investigate the effects of laser
patterning itself on the pristine layer stack. This is followed
by a discussion on the qualitative evaluation of the influence
of the lasers pulse length on the material properties in the context
of determining the optimum patterning process window.

2. Experimental Section

2.1. Sample Preparation

The sample preparation processes followed the procedure for
perovskite baseline samples described in detail in refs. [5,30]
resulting in the layer stack schematically depicted in Figure 1
and is summarized as follows: Standard inch-size glass sub-
strates were coated with 120nm indium tin oxide (ITO,
Riheet © 15 Q [lfl). The ITO front contact was laser patterned
(P1) to establish a monolithic series interconnection, as also
shown in Figure 1. This step defines the width of the resulting
cell stripes and electrically separates the individual cells from
each other. All samples were then cleaned in an ultrasonic bath
(900 s each in a soap solution of deionized water and acetone and
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in isopropanol), dried with N, and then treated with UV—ozone
for 900s. A tin-oxide (SnO,) solution was set by dissolving
SnCl,+2H,0 in ethanol and stirring for 12 h at room temperature
and subsequently deposited by spin-coating to form the SnO,
electron-transport layer (ETL). The spinning speed was first
set at 1500 rpm for 30s and then increased to 2500 rpm for
an additional 30 s. Finally, the ETL was cured in ambient atmo-
sphere at 180 °C.*”! Then, the triple-cation perovskite solution
Cs0.05FA0790MAg 16PbBrg 511549 was deposited also by spin-
coating.?>*" Next, the hole-transport layer (HTL) was deposited
by dissolving a 36.2 mgmL ™" concentration of spiro-OMeTAD
precursor in chlorobenzene, doped with 4-tert-butylpyridine
(TBP, 14.4 ylml™"), Li-TFSI (8.8 ulml™"), and cobalt(Ill) com-
plex (14.5ulml™") dopants. The spiro-OMeTAD solution was
spin-coated over the perovskite film at a spinning speed of
1800 rpm for 30s.*? To enable an electrical connection to the
subsequently deposited back contact, a path was created through
the perovskite absorber layer by laser patterning (P2 patterning
step). The back-contact layer was formed by evaporation of gold
under a low pressure. Its final thickness was about 100 nm. The
third patterning step (P3) electrically separated the back-contact
layer. Note: All the materials utilized in this work (see Table 1)
were directly used for device fabrication without further modifi-
cation, such as dilution.

2.2. Laser Patterning

The patterning of the perovskite samples was carried out by
using a commercially available, customized laser system
(Rofin Baasel Lasertech). This system was equipped with a
nanosecond (ns) laser source (SL3PV) and a picosecond (ps) laser
source (Time Bandwidth, Duetto), both emitting laser pulses
with a wavelength of 532nm and pulse durations of about
20ns and 10 ps, respectively. The maximum pulse energy of

Table 1. Materials and solutions used for PSM fabrication.

Materials Supplier
Formamidinium iodide (FAI) Dynamo
Methylammonium bromide (MABr) Dynamo
4-tert-butylpyridine (TBP) Dynamo
Cobalt (11l) complex Dynamo
Indium-tin-oxide-covered glass substrates Lumtec
Spirobifluorene (spiro-OMeTAD) (>99.8%) Merck
Tin chloride (SnCI22H20) dehydrate Sigma-Aldrich
Dimethyl sulfoxide anhydrous (DMSO, > 99.9%) Sigma-Aldrich
N,N-Dimethylformamide anhydrous (DMF, 99.8%) Sigma-Aldrich
Chlorobenzene Sigma-Aldrich
Ethanol (99.8%) Sigma-Aldrich
Cesium iodide (Csl) Sigma-Aldrich
Li-bis (trifluoromethanesulfonyl)imide (Li-TFSI) Sigma-Aldrich
Tin chloride dihydrate (SnCl,+2H,0) Sigma-Aldrich

TCI Deutschland GmbH
TCI Deutschland GmbH

Lead (Il) iodide (99.99%, trace metals basis)
Lead bromide (PbBr;)
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the ns laser was about 32 pJ at 20kHz, and a maximum pulse
energy of 48 pJ at 100 kHz was available for the ps laser. The laser
beam diameters 2w, at the focal position were determined
according to the method of Liu,?*! leading to values of
28.1 pm =+ 10% for the ns laser and 26.7 pm =+ 10% the ps laser.
The laser system is equipped with fixed optics to guide the laser
beam to the sample surface and an x—y motion system to trans-
late the samples with speeds up to 1.2 m s~ ', while maintaining a
positioning accuracy below 5 pm for each stage. To avoid mate-
rial degradation and to collect dust and debris resulting from the
ablation process, the samples were patterned in a closed chamber
with a continuous nitrogen flow.

P3 patterning was performed with both ns and ps laser pulses
in such a way that both the metallic back contact and the perov-
skite layer were patterned. The applied patterning parameters
were elaborated in a previous study and can be found there in
detail.®! Following this previous study, the P3 scribe lines were
patterned multiple times (3x) without any lateral displacement
to achieve sufficient electrical isolation of neighboring cells while
maintaining a narrow interconnection width. The optimal pro-
cess windows for P3 patterning have been previously determined
based on morphological chemical and electrical analyses.
Accordingly, laser fluences of about 2.31 and 1.16 ] cm™ were
used here for ns and the ps laser patterning, respectively.
Both values are within the respective optimal process windows.
The overlap between subsequently patterned pulses was about
12% for a single pass.

2.3. Characterization Techniques

The PL global measurements were performed with a commer-
cially available hyperspectral imaging system (IMA, Photon,
etc.).”” Two continuous wave lasers with wavelengths of 405
and 532 nm were used to excite the sample. The laser excitation
source was spread homogeneously over the entire field of view
allowing global imaging. The incident photon flux could be
adjusted and was set to 86 mW cm ™2 for each laser of the meas-
urements presented here. Images were acquired with a micros-
copy objective (20x) with the PL directed onto a Si CCD camera
via a volume Bragg grating at room temperature. The spatial res-
olution was close to the diffraction limit and was around 1 pm
and the spectral resolution better than 2.5 nm. The schematic
representation of the data acquisition procedure, that basically
includes: 1) data acquisition, 2) wavelength rectification, 3) pho-
tometric calibration and background removal, and 4) quantitative
data analysis, is given in Figure 2.

3. Determination of Material and Solar Cell
Parameters

3.1. Background and Data Acquisition

Several previous studies have demonstrated the applicability
of PL imaging for material characterization in photovoltaics,
even for thinfilm materials such as CIGSe and perov-
skites.['®17-21:3433] Several methods for deriving electronic and
optoelectronic properties and determining the parameters listed
previously have been established, calculating the metrics usually
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Figure 2. Simplified procedure of the hyperspectral photoluminescence (PL) data acquisition and subsequent treatment for quantitative analysis.

from a single image; only the calculation of the ODF requires PL
measurements recorded at different, but known, excitation inten-
sities. In this work, we will focus on the calculation of the QFLS,
the PL peak shift, the Urbach energy, the PLQY, ODF, and Ry, as
these quantities effectively represent the impact of the laser flu-
ence on the electrical performance of the scribe-line surrounding
material (e.g., carrier-trapping and charge-carrier extraction) and
thus of the series-interconnected solar cells. In our recent work,
we have shown that the impact of the laser scribing on the perov-
skite material is confined to a narrow range aside the scribe
line.! Thus, by imaging a sufficiently large range aside from
the laser scribe, the remotely located and thus putatively unaf-
fected material can be used as reference for comparison with
the directly affected material located close to the scribed line.
In this way, the success of the patterning process itself can be
qualitatively evaluated. To accomplish this purpose, the following
step-by-step procedure describes how to derive first the QFLS
and then the related parameters, as listed before, from the
acquired hyperspectral PL datasets.

First, the PL images must be noise-corrected (dark noise of the
cameras chip) as part of the data acquisition and it must be
ensured that the recorded images contain all emitted photons
of a certain wavelength interval—either by using an integrating
sphere or by computational correction. The image size should
ideally cover a lateral area in the range of the laser scribe-line
width (=50 pm) to use distant areas as reference where no ther-
mal impact from, introduced by the laser scribing, would be
expected. In the case of ns laser pulses, the thermal diffusion
length can be calculated by using an established formula,®
in PSC the approximated length is in the range of 1pm.
Thus, a lateral spacing of about the laser scribe-line width is
sufficient to use remote areas as reference.

3.2. Calculation of the QFLS

The QFLS Ap refers to the splitting of the quasi Fermi levels at
the electron and the hole contacts under illumination. Typically,
the effective QFLS (Apeg) is measured since the illuminated
sample area is not infinitely small and extends over larger areas
with several grain boundaries. These internal interfaces cause
internal losses reducing the ideal QFLS. The PL emission ®p
of the solar cells at thermal equilibrium and at room temperature
can by described by the generalized Planck’s law using the
Boltzmann approximation for a black body.!"®*”! Since the solar
cell is not an ideal black body, the samples absorptance A(E), i.e.,
the ratio of absorbed photons to the number of incident photons
or the absorption probability, has to be considered."®! The emis-
sion of photons into the hemisphere Q above the sample surface
(at room temperature and under illumination) can approximated
by Equation (1)1¢3”)

Sol. RRL 2023, 7, 2300538 2300538 (4 of 10)
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d)PL "‘A(E) 47[37!3626(#?#) (1)

The reduced Planck constant is represented by h, cis the speed
of light within the considered material, E is the energy of the
considered wavelength, and kT is the thermal energy. The effec-
tive angle of photon emission is typically smaller than a full
hemisphere. Only photons, emitted under an angle below the
critical angle, are able to exit the perovskite sample surface, while
at higher angles total internal reflection occurs. To account for
this behavior, Q can be approximated by n/n, (n, = refractive
index of the photon-emitting material) and ¢ can be replaced
by co, the speed of light in vacuum.®

Before the calculation of the local QFLS can be carried out, the
central wavelength (PL peak position) of the PL emission
spectrum must first be determined, since this central wavelength
corresponds to the distinct energy of the optical bandgap of the
semiconductor material and the majority of the photons are
emitted from the material via this transition. Thus, the QFLS
is assigned to this central wavelength.

To detect shifts of the central wavelength in the scribed lines
or in the edge areas of the lines, the local central wavelength,
derived from pixel-by-pixel analysis of the PL spectra, at which
the PL emission maximum occurs was determined in each case.
The results of the determination of the central wavelength is pro-
vided in Figure 3 (upper row), showing two images of scribe lines
patterned with (A) ns and (B) ps pulses with optimum fluences
and the respective optimal fluences determined previously.!***
In both cases, the central PL wavelength next to and within
the scribe lines is in a narrow range of 758 nm =+ 3 nm, corre-
sponding to an optical bandgap energy of about 1.64 eV. A typical
example of the spectrally resolved PL curve with a maximum at
758 nm is given in Figure S1, Supporting Information. The low-
intensity signal inside the laser-scribed trench originates from
small amounts of residual perovskite, that apparently remained
in the trench, thus ensuring that the underlying TCO layer was
not damaged during laser patterning.

However, the images indicate a pronounced redshift of the
central wavelength at the inner scribe-line edges, up to a few tens
of nm, which is accompanied by small dots distributed over the
sample surface. The shift of the central wavelength at the inner
edges can be attributed to strong material degradation during the
patterning process itself. For the scribe-line characteriza-
tion, however, the inner edges play a rather minor role.
Interestingly, the small redshifted dots spread over the sample
surface allow conclusions to be drawn about the material removal
process. Obviously, critical heating and explosive boiling occurs,
producing splashes that condense incongruently and are widely
distributed over the sample surface. This hypothesis has been
established in our previous studies and simulations of the
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Figure 3. A B) Spatially resolved images of the local central wavelength of
PL emission and C,D) the corresponding quasi-Fermi level splitting
(QFLS). The samples were patterned by (A,C) ns and (B,D) ps laser pulses
at optimum fluences of 1.36 and 2.31) cm™?, respectively.

ablation process, see refs. [5,38], and is further supported by the
scanning  electron microscopy and  energy-dispersive
X-ray spectroscopy images shown in Figure S2, Supporting
Information, which reveals an accumulation of iodine at these
dots. This effect will be addressed in more detail in a subsequent
paper. However, it can be stated here that the occurrence of
debris in the vicinity of the scribe lines may generally negatively
influence the subsequent layer deposition steps. Thus, it is also a
measure for the characterization of the laser scribe lines and can
be used to qualitatively evaluate the patterning process.

It should be noted that the different appearance of the scribe-
line edges is due to deviations from the ideal Gaussian intensity
distribution, which affects the laser beam shape at the focal posi-
tion. This somewhat reduced beam quality is related to an already
slightly degraded laser crystal, which can occur with frequent and
continued use in practice. Ideally, the beam would be perfectly
circular. However, the nonideal intensity distribution is not
expected to affect the active zone noticeably, since the scribe-line
edges indicate a shift in the central wavelength only in a very
narrow range, i.e., much less than half a scribe-line width.

Once the central wavelength has been determined,
Equation (1) can be rearranged to determine the effective
QFLS Ay for each pixel in the recorded hyperspectral PL data-
set. At open-circuit condition and without any internal losses, or
by neglecting additional internal losses, the effective QFLS can be
directly converted to the externally accessible open-circuit voltage
(Voe = Aueir/q ; q is the elemental charge), which is one of the
most important parameters for the electrical solar cell perfor-
mance. In Figure 3 (lower part), the derived effective QFLS is
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shown for ns (C) and ps (D) laser patterning, respectively. In both
cases, the QFLS in the regions unaffected by the laser is about
1.19eV, which is below the intensity maximum of the PL
observed at 1.64eV (cf. Figure 3A,B and S1, Supporting
Information) and can be assigned to interfacial recombination
processes.?? The images show in both cases, i.e., ns and ps laser
patterning, an abrupt decrease in the calculated QFLS at the
scribe-line edges by up to 60 meV and slighter fluctuations in
the vicinity of the scribe lines. The positions of the abrupt change
of Apeg coincide exactly with the positions where the central
wavelength of the PL emission is shifted to higher wavelengths
corresponding to lower energies. Moreover, the abrupt change of
the QFLS at the outer scribe-line edges indicates that the perov-
skite material has not been altered by the patterning process
beyond the previously approximated thermal diffusion length.
From the analysis of the QFLS images, it can be concluded that
the application of both ns and ps laser pulses at optimum fluence
does not cause thermally induced modifications, confirming the
interpretations of previous works.!"*!

3.3. Calculation of the Urbach Energy

The Urbach energy E, expresses the temperature-dependent
onset sharpness of absorption in highly ordered, crystalline semi-
conductors.*®*! It is a measure of the sum of static disorder (i.e.,
due to grain boundaries or compositional differences causing
bandgap fluctuations) and dynamic disorder caused by thermal
effects.'®*? In general, the Urbach energy is related to the den-
sity of state distribution near the band edges and is therefore
commonly used as an indicator of the electronic quality of thin
films used as absorbers in solar cells.[****** Thus, determining
the Urbach energy is a useful tool to identify and address
material-related issues that may affect device performance. A
lower E, typically indicates a lower concentration of defects or
trap states within the material, which corresponds to a higher
material quality that is crucial for efficient solar cell performance.
In addition, a lower E, also implies a sharper absorption edge,
meaning that more of the incident solar spectrum can be
efficiently absorbed. This is important for maximizing the
photocurrent generation in solar cells. Since the Urbach energy
can also influence the charge-carrier transport, a lower E, is
generally associated with a longer carrier diffusion length and
more efficient carrier transport, leading to higher solar cell
performance.

For disordered materials such as organic or semi-organic
solids, which include PSCs, the applicability and significance
of the Urbach energy is still under discussion.®**
Nevertheless, it has been shown also for PSC that the empirical
correlation between low Urbach energies and the open-circuit
voltage deficit holds.*'=**! Thus, E, can be directly interpreted
as measure of the local solar cell performance, since it provides
information about material quality, defect states, non-radiative
recombination, and the efficiency of light absorption. With
regard to the characterization of the laser-scribed lines, it is thus
a sensitive measure to reveal laser-induced material alterations.

In thermodynamic equilibrium, the emissivity and the absorp-
tivity of a given body are in equilibrium, i.e., ¢p; (E) x Ap(E), as
stated by Kirchhoft’s law of thermal radiation. This law also

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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applies to the emitting (¢p1) and absorbing (Apy) spectra which
directly show the absorption and emission behavior around the
optical bandgap. Under these assumptions, the Urbach energy
can be extracted from the PL spectrum, by determining
the inverse low energy slope of the logarithm of the PL
spectrum plotted against the emission energy, according to
Equation (2)*¢*%

Fy = (%) o @

This procedure was applied to each pixel and resulted in the
Urbach energy mapping. In Figure 4, the calculated Urbach
energy mappings, for the ns (A) and ps (B) laser-patterned sam-
ples, are shown. The images show a rather homogenous level of
the Urbach energies in the scribe-line vicinity and for remote
area of a value of about 30meV. Higher values of about
45meV can be seen directly at the inner scribe-line edges.
Here, too, an abrupt change in the calculated Urbach energies
can be found, which is well pronounced for ps laser pulses
(B) and slightly less pronounced for the utilization of ns laser
pulses (A). Additionally, it is striking that the broadly scattered
splashes, seen in the central wavelength images (Figure 3A,B),
cannot be observed here and thus do not appear to play a role
in the Urbach energy. The enhanced Urbach energies at the
inner scribe-line edges indicate deep tail-states causing the
observed redshift of the central wavelength and fit also well with
lowered QFLS which was observed in Figure 3. With regard to
the characterization of the laser scribe, it can be concluded that
the lowered Urbach energies at the scribe-line edges can be, as
already stated before, assigned to residues or debris as a result of
the patterning process itself. The analyses of the outer scribe-
lines edges do not show a significant difference in the calculated
Urbach energies. Thus, it can be concluded that both ns and ps
pulses are well-suited for laser patterning since they do not cause
detectable material modification.

3.4. Calculation of the PLQY
PLQY measurements are valuable for assessing the efficiency of

light emission in perovskite materials and understanding the

Urbach energy (meV)
60

50

40

30

Figure 4. Spatially resolved images of the Urbach energy for the case of
laser patterning by A) ns and B) ps laser pulses at optimum fluences of
1.36 and 2.31) cm ™2, respectively.
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impact of defects or processing conditions on the luminescence
properties and thus power generation in PSCs. The PLQY is the
ratio between the number of emitted photons (Pen,) and the num-
ber of absorbed photons (¢.5,). Under open-circuit conditions, the
external charge extraction is zero. Thus, the PLQY represents the
ratio of radiative recombination (¢,.q) to the sum of the radiative
and non-radiative recombination (Pnr.a), as expressed by
Equation (3).

¢em d)PL d)rd
PLQY = = =
Q ¢ab ¢L X R ¢rad + ¢n-rad

G)

The number of emitted photons (¢p;) is directly measured
with the absolute calibrated hyperspectral setup. The number
of incident photons can be derived from the laser power, which
must be converted into the number of emitted photons with
regard to their specific photon energy (¢1). Only the degree of
reflectance (R) needs to be known, it can be derived from
UV-vis spectroscopy measurements. In our case, the reflectance
is estimated to be 5%. A further aspect is the possible photon
recycling. Since our investigated PSCs have a relatively long
charge-carrier lifetime and diffusion length, photon recycling
could occur and have a significant impact on the internal lumi-
nescence conditions**%! and thus on the electronic material
properties. Nevertheless, we assume that the relative change
of the PLQY is sufficient to evaluate the laser-patterning
processes.

Generally, a high QFLS indicates efficient charge-carrier sep-
aration and a high potential difference for electron and hole
transport. This often leads to a high PLQY because photogener-
ated electron-hole pairs are more likely to recombine radiatively,
implying that a significant portion of the absorbed light is con-
verted into luminescence and potentially into electrical current.
However, the relationship between QFLS and PLQY can be
influenced by factors such as defects or compositional alterations
of the material, that both quantities are possibly not directly
correlated anymore.

Based on Equation (3), the PLQY images were calculated for
the case of ns and ps laser pulses with optimum fluence and are
shown in Figure 5. Three interesting features can be observed
there. First, when comparing the inner edges of the laser scribe
lines, a distinct region with remarkable lowered PLQY

B PLQY (%)

Figure 5. Spatially resolved images of the PL quantum yield for the case of
laser patterning by A) ns and B) ps laser pulses at optimum fluences of
1.36 and 2.31) cm ™2, respectively.

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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(compared to the PLQY observable at remote positions) can be
identified in the case of ns laser pulses (A), which is not observed
for ps laser pulses (B). Second, the number of broadly scattered
dots adjacent to the laser scribe line is significantly higher for ns
laser pulses and third, their PLQY is higher than the PLQY in
distant region. The latter could be the result of either iodide-rich
debris, acting as sink and collecting charge carriers. Another
explanation could be the absence of charge-transport layers,
enabling a higher lifetime at these sites. However, neither
explanation is entirely satisfactory, since debris is considered a
disordered residue with rather poor radiative efficiency and
the delamination of the charge-carrier-transport layer from the
perovskite does not seem very likely. The origin of the behavior
remains unclear and further investigations are needed to clarify
this. More important is the difference at the inner scribe-line
edges. With regard to Equation (3), the lower PLQY observed
for ns laser pulses can be attributed to a higher degree of
non-radiative recombination, presumably caused by the thermal
treatment of the material by the laser pulse. These results are in
good agreement with the previous analyses of the QFLS and
underline that the application of ps laser pulses is more efficient
with regard to the amount of removed material and introduces
less modifications.

3.5. Calculation of the ODF

Originally, the diode factor of a solar cell is derived from electrical
measurements of the current density—voltage (J-V) behavior,
which is affected by the recombination processes that
occur."®*>"#71 Tt is a sensitive measure of the electron capture
and release processes that cause a shift in QFLS*®!. The lower
the non-radiative recombination, the lower the QFLS, which is
also expressed in a low value of the diode factor. Since the
QFLS is related to the V. and thus to the fill factor, a low diode
factor is desirable. Recently, it has been shown that intensity-
dependent PL measurements can be used to determine a very
similar parameter, namely the ODF. The ODF can be derived
from the slope of the logarithmically plotted PL intensity (¢pr)
as a function of the logarithmically plotted excitation intensity
(¢1), as described by Equation (4).

Aln(gp)
Aln(¢y)

The detailed derivation of how the ODF can be determined,
which assumptions must be made, and why both the diode factor
and the ODF are equivalent for complete devices is explained
elsewhere.”>?**”] However, the ODF represents the change in
luminescence behavior as a function of the excitation intensity.
Ideally, the proportionality is 1 for solely band-band recombina-
tion, while higher values indicate additional internal non-
radiative processes such as competing recombination pro-
cesses.?>?%l In real devices, however, the ODF is rarely 1.
Usually this value is slightly higher. To utilize this parameter
for scribe-line evaluation, its relative change in the vicinity of
the scribe line is a sufficiently accurate measure.

Typically, the ODF is derived from measurements recorded
with different excitation intensities at the same wavelength. In
our case, the samples were excited successively with two different

¢pL ~ ¢ — ODF = (4)
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lasers at 405 and 532nm, each with an intensity of about
86 mW cm™* (0.86 sun equivalents). The difference in the num-
bers of photons then results from the difference in the energy of
the excitation photons. Thus, the difference in the charge-carrier
generation behavior must be considered, which was realized by
correcting the measured PL intensity by the spectral sensitivity
(spectral response) from external quantum efficiency measure-
ments. Accordingly, Figure 6 shows the calculated ODF for sam-
ples patterned with ns (A) and ps pulses (B) at optimum laser
fluence.

The ODF calculated from the images in Figure 6 reveals a
range between 2.0 and 2.5 for both the ns and ps laser-patterned
samples, which is notably higher than the ideal case. Moreover,
the calculated ODF varies considerably aside the laser scribe lines
and some of the broad spread splashes even show higher values
up to 4. Additionally, in the case of ns laser pulses, the inner
scribe edge shows a narrow region with a very low ODF.
Interestingly, only some of the spread splashes exhibit higher
ODF values, whereas some others show a behavior similar to
the untreated perovskite material. These observations cannot
be clearly explained by physical processes, so further investiga-
tions are needed to clarify this behavior. However, with regard to
the evaluation of the laser-scribing processes, it can be stated that
no material modifications in the vicinity of the scribe lines can be
observed which is in good agreement to the previous results.

3.6. Calculation of the Local Shunt Resistance

The local shunt resistance (Rg,) is a measure of the solar cell that
correlates with the charge-carrier dynamics, i.e., current leakage,
which in turns can be utilized to qualify the laser-scribing
process. Originally, the method for calculating the local shunt
resistance was introduced by Augarten et al.”®\. In this work,
we use an adapted approach, based on his “global method”,
and described in the following by Equation (5).

v _ Apegr
dI Jsc X (1 - %)

Thus, for the calculation of the local shunt resistance, the val-
ues of the local voltage and the local current are required. The

Ry = (5)

Figure 6. Spatially resolved images of the local optical diode factor (ODF)
for the case of laser patterning by A) ns and B) ps laser pulses at optimums
fluence of 1.36 and 2.31) cm™2, respectively.

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 7. Spatially resolved images of the local shunt resistance for the
case of laser patterning by A) ns and B) ps laser pulses at optimum
fluences of 1.36 and 2.31) cm ™2, respectively.

local voltage is provided pixelwise by the previously calculated
effective QFLS (Apicgr). At a localized shunt position, the emitted
PL intensity is decreased compared to unaffected, pristine mate-
rial. Thus, the short-circuit current is scaled proportionally to the
PL intensity drop between the pristine and “perfect” material and
the material in the vicinity of localized defects. It is assumed that
the number of emitted photons is proportional to the number of
excess charge carriers and that each photon generates one
electron.”® Then, the local current is given by the quotient of
the PL emission of the corresponding pixel (¢pixe) divided by
the maximum value of the PL emission for pristine material
(Pmax) subtracted from the short-circuit current. In our case,
the short-circuit current density was about 22 mA cm ™2 derived
separately from J-V measurements. It should be noted that for
inhomogeneously emitting samples the calculated Ry, value is
strongly affected by these PL fluctuations. Therefore, the absolute
value of Ry, has to be considered with caution whereas relative
changes still clearly indicate material modifications due to the
laser-scribing process. Figure 7 shows the calculated shunt resis-
tance images for the scribe lines patterned by ns (A) and ps (B)
laser pulses with optimum fluences of 2.31 and 1.36]cm™2,
respectively.

There, the images show clearly pronounced regions with
strongly changing shunt resistances. Additionally, in both cases,
a rather homogenous level of the calculated resistance can be
observed within the scribe lines and an abrupt change of the
Ry, is found at the scribe-lines edges. The abrupt change in
the Ry, at the scribe-line edges is very similar for both applied
lasers. Interestingly, the “islands” aside the scribe lines have a
strong influence on the calculated Ry, which has been observed
in previous images (c.f. Figure 5). The latter are assumed to orig-
inate from local material inhomogeneities, presumably bromide-
rich and iodide-rich regions, which might indicate the onset of
material degradation.®*?) A frequency distribution of the
calculated shunt resistance values is displayed in Figure S3,
Supporting Information. As a result of the Ry, analysis, no sig-
nificant differences in the calculated Ry, were found indicating
an equally good suitability of both laser pulse durations. Thus, it
can be concluded that both methods enable sufficient scribe-line
properties without introducing lateral material modifications that
up in an altered Rg,.
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4. Summary

Hyperspectral PL imaging followed by comprehensive data
analysis allows easy and fast access to the spatial distribution
of various opto-electronic and solar cell parameters, such as
QFLS, PLQL, ODF, Urbach energy, and shunt resistances of
solar cells without the need of specific electrical measurements.

This methodology was adapted and applied here to investigate
PSCs patterned with ns and ps laser pulses. Particular attention
was paid to the study of the role of the P3 step, investigating the
influence of laser impact on the perovskite layer, especially at the
scribe-line edges and the areas close to the laser lines. In this way,
the effects of ps and ns laser pulses on laser patterning were
revealed and an understanding of the nature and extent of mate-
rial modifications was obtained. Accordingly, both ps and ns
laser pulses can be used for successful series interconnection
with low power and resistance losses in the very narrow edge
regions.

Thus, undesirable material modifications that may occur dur-
ing laser patterning for series interconnection can be identified
and avoided and a comprehensive and detailed picture of the
influence of the laser impact on the material properties and thus
on the electrical properties of the interconnected cells is
obtained.

Our work shows that this approach is able to identify and avoid
undesirable material changes that can occur during laser pattern-
ing for series interconnection. Moreover, a comprehensive and
detailed picture of the influence of laser exposure on opto-
electronic material properties and thus on the electrical
properties of the interconnected cells is obtained. It has also been
demonstrated that the wide range of applications of hyperspectral
PL in material characterization is further extended by its benefi-
cial use in process optimization in laser patterning of laser-based
electrical series-interconnection, that is now applied to the anal-
ysis of laser-based interconnection of perovskite—CIGSe tandem
solar cells.””

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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