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ABSTRACT

Photoluminescence-based characterization techniques are widely employed in perovskite solar cell research, offering a noninva-

sive and contactless means of obtaining information about the implied open-circuit voltage ( iV,.) and, hence, the absorber qual-

ity. Driven by the idea of developing a robust yet quantitative in-line imaging method for perovskite/Si tandem solar cells, we have

extended an intensity-dependent photoluminescence method initially reported for single-junction solar cells. This method enables

local quality assessment of the perovskite thin-film absorbers processed over planar and textured silicon bottom solar cells with

high spatial resolution. A single effective parameter k, also called optical ideality factor, is extracted, which accounts for the

complex superposition of locally competing recombination processes. This work demonstrates that our method, called k-imaging,

is a robust and versatile characterization tool for perovskite/Si tandem solar cells that allows the assessment of the general thin-

film absorber quality as well as of specific defects for both scientific and industrial applications. Consequently, it accelerates

perovskite research and paves the way for highly reproducible perovskite deposition processes toward commercialized perov-

skite/Si tandem solar cells.

1 | Introduction

Photovoltaics (PV) has evolved into a mature renewable energy
technology, which bears the potential to cover a large fraction
of the world’s electrical demand by harvesting the virtually
inexhaustible resource of the sun. As established silicon PV tech-
nologies are approaching their theoretical power conversion effi-
ciency (PCE) limit around 29.5% [1], researchers globally search
for new PV technologies and materials. In recent years perovskite
solar cells (PSC) have generated particular interest from industry
and research [2].

Metal halide perovskite (Pero) semiconductors are a low-cost
material class with excellent optoelectronic properties such as

high absorption, long carrier diffusion lengths, and a widely tun-
able bandgap [3-6]. For these reasons, this material class con-
tains many candidates that appear perfectly suited for the
next-generation thin-film solar cells. In particular, so-called
perovskite/Si tandem solar cells promise high performance with
only a moderate cost increase compared to established silicon
single-junction PV technologies [3]. Laboratory-scale perov-
skite/Si tandem solar cells currently yield a PCE of up to
34.6%, which significantly exceeds the limit of single-junction sil-
icon solar cells [7]. However, realizing such outstanding perfor-
mance at the module scale is, in part, held back by the practical
challenge of producing uniform high-quality perovskite layers
onto silicon subcells on full wafer scale [2, 8]. Perovskite thin
films are polycrystalline and mechanically soft, exhibiting high
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defect concentrations if not processed at optimal conditions
[9, 10]. Viable coating techniques for implementation in indus-
trial production are thermal evaporation [11, 12], inkjet printing
[13-15], blade coating [15, 16], slot-die coating [17, 18], and spray
coating [19, 20]. While these are considered promising for upscal-
ing, each one also exhibits specific challenges with regard to
defect susceptibility, layer thickness uniformity, or compositional
homogeneity [21]. Regardless of the prevailing technique, mono-
lithic perovskite/Si tandem solar cells involve numerous produc-
tion steps, with the perovskite coating being one of the final
and most critical steps. High production yield for the perovskite
thin film is of utmost importance, given that substantial finan-
cial efforts have been spent on the bottom cell already in the
entire production chain. Therefore, monitoring of perovskite
thin-film quality in tandem solar cell production is essential
in order to minimize production costs by achieving low rejection
rates [22, 23].

Noninvasive photoluminescence (PL) -based techniques are ideal
for in-line inspection as the PL provides immediate insights
into the charge carrier dynamics and thin-film quality (i.e., the
PL correlates with the open-circuit voltage V) [24, 25].
Moreover, PL analysis provides insights into the absorber layer
quality even before completion of the solar cell device stack
[24-26]. Various PL-based characterization methods are used
in the perovskite community, namely intensity- and voltage-
dependent techniques combined with spatial, spectral, or tempo-
ral resolution [16, 25, 27-33].

Among the PL-based thin-film quality analysis methods, the pho-
toluminescence quantum yield (PLQY) provides the highest level
of insight as it correlates to the absolute quasi-Fermi-level split-
ting and iV [24]. In perovskite/Si tandem solar cells, however, a
major proportion (~85%) of the perovskite PL emission is
absorbed by the Si bottom cell [34], which results in a substantial
underestimation of the PLQY if the same calibration routines are
applied as for perovskite thin films in single-junction solar cells.
As a consequence, there is no direct differentiation whether a
decrease in PLQY is caused by a deterioration in perovskite qual-
ity or by a beneficial enhancement in photon trapping. This sys-
tematic error inherent to tandem cells undermines its key
advantage over noncalibrated systems. Furthermore, the neces-
sity for laser excitation and an integrating sphere prevents its
implementation in situ and restricts it to spatially integrated
information. In contrast, PL imaging is a straightforward and ver-
satile technique to extract the local PL intensity. It is suitable for
large-scale implementation as it relies exclusively on cost-
efficient, commercially available, and fully modular industrial
machine vision components, such as light-emitting diodes
(LED) elements and conventional cameras [31]. However, to
date, the interpretation is challenging due to a lack of quantita-
tive information. Ambiguous effects can be misinterpreted easily,
as, for example, high PL intensity can be caused by high absorber
quality or by highly scattering thin-film regions.

In response, Hacene et al. introduced the method of k-imaging
for single-junction PSCs, which enables the generation of a quan-
titative quality metric while maintaining the versatility and
scalability of PL imaging [29]. This method employs intensity-
dependent PL imaging to extract information about the local
dominating charge recombination processes. Other methods that

investigate the recombination processes are generally based on
time-resolved measurements, which usually do not offer spatial
resolution at all or involve time-consuming scanning methods.
Following this methodology offers unique features including
its noninvasive nature, in-line applicability, and robustness. In
detail, the parameter k exclusively represents the intensity
dependence but is independent of constant optical effects,
which can differ drastically between and across samples.
The most relevant types of such artifacts are morphology-
induced outcoupling variances, especially common for solution-
processed thin films. When comparing different architectures,
also substantial stack-specific absorption occurs mainly by sub-
cells but also various other interlayers. Finally, it also eliminates
moderate spatial variations in the excitation and the detection
window which means advanced calibrations are not required.
We refined the original methodology by including interface
recombination into the interpretation and extended its applica-
bility to planar and textured perovskite/Si tandem solar cells.
This transfer, however, is not trivial due to the dramatic
decrease in outcoupled perovskite PL while irrelevant PL emis-
sion originating from the Si bottom cell appears and potentially
interferes with the measurement [34]. In more detail, the Si cell,
as the material with the highest refractive index, absorbs most
of the perovskite PL emission and re-emits it at its characteristic
wavelength. This is amplified even more when textured bottom
cells facilitate light trapping by internal reflections. Another
result of these reflections is the certain randomization of out-
coupling angles, while the detection cone is restricted by the
camera and lens positioning.

Overall, the method offers unique features, including its nonin-
vasive nature, in-line applicability, and robustness, making
it ideal for industrial quality monitoring. In addition, the evalu-
ation of thin-film quality with spatial resolution is a valuable
tool for process optimization and stability testing in academic
research as well.

2 | Results and Discussion
2.1 | Methodology

In pursuit of developing a noninvasive and robust in-line imag-
ing method that locally resolves the quality of the perovskite
thin-film absorber processed over a silicon bottom solar cell with
high spatial resolution, in this work, we advance the previously
introduced k-imaging method to the demanding case of tandem
solar cells [29]. This method accounts for the complex superpo-
sition of competing recombination processes by extracting a sin-
gle effective parameter k, using a basic recombination model
Ipy ~ I% on intensity-dependent and spatially resolved photolu-
minescence data.

2.1.1 | Model Fundamentals

To shed some light on the underlying concept, this k-imaging
method is motivated from fundamental rate laws of excitation
and recombination. The general dynamics of the charge carrier
density # in the perovskite thin film are described by the rate law:
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% =el, —an—bn?—cn? 1)
where el is the generation of charge carriers by photoexcitation
and a, b, c are the rate constants for the respective fundamental
recombination process [35, 36]. The exponent of n in Equation (1)
relates to the recombination order, i.e., the number of free charge
carriers involved in the respective mechanism discussed below.

In this model, the nonradiative trap-assisted recombination in
the bulk, also Shockley-Read-Hall (SRH) recombination, is
expressed by the first-order term with the rate constant a, as only
one charge carrier interacts with a constant number of intragap
defect states. The origin of second-order recombination is not
monocausal but occurs from both radiative bulk and nonradia-
tive interface recombination. First, radiative band-to-band bulk
recombination is the inverse equivalent of photon-excited carrier
generation. For that reason, at open circuit where charge extrac-
tion is not possible, high radiative recombination is desired and a
sign of good absorber quality [25]. However, nonradiative trap-
assisted interface recombination also exhibits an approximately
second-order mechanism. This process is more complex depend-
ing not only on the interfacial trap density but also on the charge
carrier asymmetry and the misalignment of bands at the inter-
face. Simplified, it is considered as a nonradiative bimolecular
recombination, leading to a potentially ambiguous interpretation
of any second-order recombination [37, 38]. This contribution is
regularly disregarded when interpreting recombination rate
laws, also in the publication by Hacene et al. but it is reported
to have a major impact if interfaces, especially unoptimized or
unintended ones, are involved [39]. The last, third-order term

with constant ¢, related to Auger recombination, is irrelevant
for perovskites at the relatively low intensities applied with
our method (<<1 sun) and, therefore, can be neglected in our
model [40].

In steady state, the differential equation simplifies to a direct rela-
tion between excitation intensity and charge carrier density [35]:

el =an+bn? 2

Further, PL is emitted by radiative band-to-band recombination,
hence described as:

Ip, = bradn2 3

By combining Equations, (2) and (3), the power law in Equation (4)
can be derived between excitation and PL intensity with k being the
exponent.

Ipp ~1 1e<xc Q)

Resulting from the recombination conditions described above,
this parameter ranges between 1 and 2. It can change over many
magnitudes of excitation intensity, however, with our experimen-
tal conditions it can be considered constant due to a relatively
limited excitation range of less than two magnitudes [35]. It is
to note that k is not equivalent to the recombination rate order
or any other physical quantity but combines the discussed pro-
cesses in a single effective parameter, giving insight into the local
dominating recombination (Figure 1a). If SRH recombination is
dominant, k tends toward 2, while both radiative band-to-band
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FIGURE 1 |

Fundamental method representation and practical procedure of k-imaging. (a) Relevant recombination paths, i.e., interface trap-

assisted, band-to-band, and Shockley-Read-Hall trap-assisted recombination and their effect on the local power-law factor k. (b) Excitation inten-

sity-dependent photoluminescence imaging of an exemplary level perovskite on textured silicon half stack (ii). (c) Determination of local k by

pixel-wise power-law fitting and (d) aggregation to a full image.

3 of 11

85UB0|7 SUOWIWIOD BRI 3(dealdde au) Ag pausenob ae Ssppie YO ‘8sN JO s3I 10} A%iq 1T 8UIIUO AB|IAN UO (SUOIPUOD-PUR-SLLBY/LIOD" A3 1M Ae1q BU UO//:SANY) SUORIPUOD Pue SWLB | 8L 88S *[5202/80/T2] Uo Arelqiauliuo A8|im ‘81Bojouyde | in4 npsu| Jeynis|fey Ad £20005202 1105/200T 0T/I0p/wioo A 1M ARIq Ut |uoy/sdny Wwouy papeojumod ‘€T ‘5202 ‘X86TLIEZ



recombination and interfacial recombination push k toward 1.
This parameter k reminds of the closely related and widely used
diode ideality factors, with a few systematic differences.

2.1.2 | Recapitulation and Differentiation of Related
Diode Ideality Factors

In addition to its fundamental derivation from recombination
rate laws, the parameter k is the purely optical and spatially
resolved equivalent of the external diode ideality factor n.y in
the absence of charge extraction, i.e., contacts, which is a
well-established parameter included in the simplified classical
diode equation in open-circuit condition (Equation (5))

\%
Jr=Joexp (nqtﬁ) (5)
(D:¢

where Jy is the recombination current, J, is the dark recombi-
nation current, q is the carrier charge, V¢ is the open-circuit
voltage, and kgT the thermal energy [41]. This parameter ey
extends the ideal diode theory to reality where nonideal recom-
bination cannot be neglected and n,,, deviate from unity. Typical
recombination processes and their resulting ideality factors are
the same as for k, discussed above. While the external diode ide-
ality factor is common in theoretical models, practically it
requires electrical measurements on a fully contacted device.
In contrast, the internal ideality factor n;, is more frequently
used as it can be determined already for incomplete devices
and even single-absorber layers, based on the optically measured
implied open-circuit voltages iV ¢, which represent the photo-
electrochemical limit, based on the ideal, fully radiative implied
voltage iVoc g (Equation (6)) [28, 42].

i’VOC = iVOC,rad + kBT In (PLQY) (6)

nine is then fitted similarly to the diode equation in Equation (5),
but using intensity-dependent implied open-circuit voltages iV ¢
[28, 43].

1%
Jr=J,exp (:ﬁ) 7
int

Naturally, the internal ideality factor is based on the present,
potentially incomplete interfaces, which causes a systematic
difference between n;,, and n, if other relevant interfaces
and following recombination mechanisms are introduced
upon device completion. While the determination of the inter-
mediate iV relies on calibrated photon intensities, direct fit-
ting of ny, is also possible, which opens the possibility of
measuring it even with noncalibrated PL imaging. Using the
criteria of open-circuit operation, we end up at the widely
observed power-law relation between integrated PL intensity
Iy, and excitation .

iV, )
Ipp ~ Jraqa ~ Jo€xp (Clk ;C) =Jg" ~ Ieit )
B

In our method, we take this one step further and apply this law to
spatially resolved PL maps while the original Equation (8) is
strictly true only if the electrochemical potential u = qiV ., which

was reported to be reasonable if spatial averages are taken [5, 44].
To highlight this difference, we refer to this exponent as k instead
of ny,, in literature also called optical ideality factor and end up
at the simple model (Equation (4)) our method is based on [4].
Overall, k-imaging has the potential to substitute the most
rigorous optoelectronic metric, which is PLQY, for applications
where its usage is technically not feasible or PLQY cannot main-
tain its absolute meaning due to secondary absorption in tandem
solar cells.

Last, we want to note that this fitting model is valid also for other
semiconductor materials, provided the fundamental rate laws are
applicable [29, 36, 43]. However, even in case of additional rate-
law consistent mechanisms like Auger recombination, the inter-
pretable range of k needs a specific modification.

2.1.3 | Experimental Approach

To investigate defects and inhomogeneities in perovskite thin
films, a measurement setup was developed to record the spatially
resolved and intensity-dependent PL images, which the k param-
eter is derived from. The setup consists of two tilted, intensity-
controllable LED bars (470 nm) to excite the perovskite side
of the tandem half-stack homogeneously (Figure 1b). The
electron-hole pairs created by the absorption of these highly
energetic photons cannot be extracted in the given open-
circuit conditions and, therefore, recombine through one of
the described recombination channels. The resulting PL signal,
emitted from the perovskite, is recorded by a camera equipped
with a suitable long-pass filter to eliminate the residual excitation
signal, see details in Figure S1, Supporting Information. The PL
dataset is recorded by performing an intensity sweep from about
0.005 to 0.2 sun equivalents. As only the model exponent k is
relevant for the method, a relative determination of the incident
excitation suffices. For that reason, the absolute absorbed excita-
tion intensity is interesting for the context but not required to
determine k. To correct for stray light and a camera-related base-
line signal, a simple background correction at zero excitation is
implemented. Finally, the k factors are fitted for each image pixel
by applying our model in Equation (4) and assembled in one
k-image (Figure 1c,d).

2.2 | k-Imaging in Perovskite/Si Tandem Solar
Cells

In the following, the applicability and versatility of k-imaging
applied to perovskite thin films is shown for perovskite/Si
tandem solar cells. Hacene et al. demonstrated the value of
k-imaging in the context of perovskite single-junction half-stacks.
In this work, we extend this approach to application on perov-
skite/Si tandem half stacks. To demonstrate its value for both
academia and industry, we present the method based on the
three most relevant perovskite-silicon stacks. Those include
(i) planar perovskite thin film on planar Si-subcell, (ii) level
(valley-filling) perovskite on textured Si-subcell, and (iii) confor-
mal perovskite on textured Si-subcell (Figure 2a-c). In particular,
compatibility of this method with textured substrates is a key fea-
ture as these are the standard for industrial solar cells. To empha-
size the relevance and quality of the presented half stacks,
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FIGURE2 | Schematic tandem morphology, exemplary photoluminescence image and k-image for the tandem stack types, (a) planar perovskite thin

film on planar Si-subcell, (b) level perovskite on textured Si subcell, and (c) conformal perovskite on textured Si subcell. (d) Correlation between spatially
integrated k factor measured with the k-imaging method and via photoluminescence quantum yield (different set of cells).

we show representative device performance data in Figure S2,
Supporting Information

2.2.1 | Robustness

The strength of k-imaging is its foundation on local, intensity-
dependent fitting instead of absolute PL intensities. This approach
results in robustness against constant spatial variation in the opti-
cal in- and out-coupling. That includes varying reflectivity due to
roughness and texture as well as slightly nonuniform incident
excitation intensity. This contrasts with basic PL imaging, which
is unable to differentiate between variation in the materials PL
response and unrelated optical influences.

A prominent example is shown in Figure 2a, where the PL
image demonstrates diagonal lines of significantly increased
intensity, while the k-factor indicates that there is barely any
influence on the recombination. The line structure is caused
by superficial processing defects in the planar Si surface,
modifying the local optical reflection, but not influencing the
quality of the perovskite layer. Moreover, Figure 2b shows a
measurement influenced by a vertical gradient in the incident
excitation leading to a corresponding gradient in the PL image
with significant variation of almost 50%. Nonetheless, the
corresponding k-image is unaffected for a wide range of varia-
tions. The resulting k-image might only be impacted if the spa-
tial excitation varies over an order of magnitude as the overall
recombination mechanism might not remain constant. Besides
optical effects, level-coated textures also include substantial
perovskite layer thickness variations. The resulting thickness

typically ranges from 100nm to 1pm and occurs laterally
within the texture dimensions of about one micrometer [45].
Since our imaging system is limited to a maximum pixel
resolution of 5 x 5 pm?, these variations cannot be resolved with
our setup, i.e., any potential impacts on k are averaged
over many pyramid dimensions. However, if a sufficient
submicron resolution is achieved, we expect an observable
effect on k. In Figure 2c a conformally coated perovskite thin
film is shown. The thin film was fabricated using a hybrid
two-step process consisting of evaporation of the inorganics
and inkjet printing of the organic cation precursor. Both
PL-image and k-image show a regular pattern across the sam-
ple. It is to be noted that this pattern is unrelated to the textures.
Instead, it is a printing pattern that emerges from a combination
of the specific sequential droplet deposition during organic
precursor printing and uneven organic deposition upon drying
of the individual ink droplets (coffee ring effect) [13]. After
the evaporation of the droplet’s solvent, this phenomenon cre-
ates a ring-shaped concentration gradient on the surface [46].
Due to the limited mobility of the organic species, local organic
excess remains on the surface and changes the local recombi-
nation in particular at the surface. The presence of this pattern
indicates inhomogeneous surficial cation distribution, leading
to a variation in the perovskite quality. Identification and
quantification of such variation is essential for the optimization
of process parameters. This example highlights why imaging
is an essential capability, not only for detecting random
defects but also for systematic, in this case periodic, layer qual-
ity variations that could not be detected with single-spot
measurements.
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2.2.2 | Validation

While direct correlation between the final device performance
and k as an indicator for perovskite thin-film quality seems to
be the most straightforward approach, it would be of quite lim-
ited use and is quite challenging to interpret. The major limita-
tion is the essential and systematic difference between evaluating
the spatially resolved optoelectronic quality of the perovskite
absorber and the total operational performance of the full device.
First, the detrimental implication of a specific defect or local vari-
ation is not necessarily apparent in the integrated device’s per-
formance, if other more significant defects in the absorber are
limiting device performance. Second, the optical ideality factor
k is inherently limited to the absorber and potentially neighbor-
ing charge transport interfaces while the performance represents
a more complex full stack with additional layers and interfaces.
Finally, the methodology of k-imaging is based on an open-
circuit condition, i.e., in the absence of any charge extraction.
That as well can lead to defects, inarguably being very prominent
in open circuit upon charge accumulation but much less signifi-
cant when fast charge extraction is present. Nonetheless, by
focusing on specific recombination mechanisms, Hacene et al.
and Babbe et al. confirmed that the optical ideality factor
k indeed reflects systematic changes in recombination or even
device parameters [29, 43].

Further, we validate the compatibility of our method with tan-
dem solar cells by comparison of our imaging-derived total k with
measurements using the most rigorous reference, which is a
state-of-the-art PLQY system. Although the PLQY is only deter-
mined as a spatial integral, it provides higher global accuracy due
to angular integration and spectral resolution, shown by the
example in Figure S3, Supporting Information.

The comparison in Figure 2d shows an excellent agreement in
the case of level and conformally coated perovskite on textured Si
substrates. Due to the randomization of light paths in these sub-
strates the intensity-dependent PL emission and the derived local
k agree very well with values obtained from PLQY measure-
ments. For planar cells, however, there is a significant deviation
in the absolute value of k (Ak =0.22) extracted by the imaging
setup and the PLQY system. It is important to note that this
difference is not relevant for the qualitative assessment of
perovskite thin films but only refers to the absolute value. We
attribute the increased discrepancy in the absolute k to a
prominent nonlinear characteristic, given that effects that are
linear with regard to the excitation intensity should not affect
the evaluation of the absolute value of k. The most apparent
nonlinear effect that might be more pronounced in planar
devices is photon recycling, which has a very prominent effect
on single-junction half stacks on glass [47]. Even though it is
greatly reduced in tandem solar cells as the Si bottom cell has
the highest refractive index in the layer stack and absorbs most
of the photons emitted, it is possibly more relevant in planar
stacks where emitted photons can be guided horizontally in
the device stack.

In conclusion, compared to plain PL imaging, k-imaging exhibits a
notable resilience against fluctuations in optical out-coupling and
excitation intensity. This presents a crucial benefit as it simplifies
both the technical implementation and subsequent interpreta-

tion, thereby rendering it a robust and reliable characterization
technique. Moreover, no fundamental applicability limitations
have been observed or are expected for any combination of con-
ventional substrate morphologies (e.g. texture) and perovskite
deposition techniques.

2.3 | Robustness and Repeatability

To demonstrate the robustness and repeatability of the k-imaging
method for a perovskite thin film on silicon bottom cells, contin-
uous measurement series are performed on single tandem cells.
Figure 3 exemplarily displays the results of a (ii) level perovskite
thin film on a textured silicon bottom cell. Both the total k and
the spatial variation and prominence of inhomogeneities show
low variation. Also, two well-defined and systematically different
measurement conditions are identified, hereafter referred to as a
dark and soaked states.

The main prerequisite for the applicability of our model is the
fundamental criterion that a (quasi-) steady-state is realized with
respect to charge carrier density within each intensity step and to
recombination channels throughout the entire measurement
time. Any deviation from these assumptions would lead to a
gradual systematic change in the perovskite, resulting in a distor-
tion of the obtained k-factor. Two essential contributions are dis-
cussed: the roles of electrons and ions. The stability of the
electronic steady state is justified since even long electron life-
times (<100 ps) and the equilibration time derived from them
are orders of magnitude shorter than the fastest possible response
times of the excitation and acquisition control (~100 ms) [48].
Therefore, assuming stable recombination processes in the
perovskite film, the assumption of an electronic equilibrium
within each excitation step is valid. Second, measuring the
k-factor is only meaningful if the recombination mechanisms
stay consistent across all excitation steps. The effect of light soak-
ing must be considered to ensure constant recombination condi-
tions of the perovskite, as it can directly affect the presence of
trap-assisted recombination. It has been widely reported that
many trap states within the bandgap originate from ionic defects
such as vacancies, interstitials, or charge accumulation at the
interfaces [49]. Therefore, prolonged illumination alters the dis-
tribution and density of trap states, leading to a systematic
change in carrier recombination behavior [50]. In agreement
with previous reports, the recording of the soaking-dependent
PL shows a significant increase in intensity and saturation after
about 60 min (Figure S4a, Supporting Information) [50-52]. The
analysis of the k-factor after different soaking times shows a simi-
lar trend with a high k (~1.8) at zero presoaking, defined as dark
state, and an equalization to lower values (~1.4), defined as
soaked state (Figure S4b, Supporting Information). Since light
soaking has much longer response times compared to electron
processes, these well-defined states can be systematically created
by suitable presoaking.

The total k, shown in Figure 3a, demonstrates two separate and
repeatable levels with a notable offset. The dark state measure-
ments show a consistent k of about 1.72, indicating that nonra-
diative SRH recombination is dominant in this state. However,
the k-factor of the soaked state is significantly reduced to about
1.41, indicating a reduced contribution of SRH recombination.
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study is represented by (a) total k, (b) the distribution of k, and (c) the k-images in both states. The total k-factor and their errors are indicated in the color

bar by markers of the respective color.

Those results fit well to the theory of reduced (or inactivated)
defect state densities induced by light soaking [50]. It is also
noticeable that the error bars of the dark series is consistently
larger than those of the soaked series. The main reason is the
higher PL signal, which leads to a lower statistical error. The sat-
urated soaked PL signal is about six times higher, resulting in a
higher signal-to-noise ratio. Another reason may be the increased
overall variation within the k-image in the dark state, visualized
by the greater width in the distribution of k (Figure 3b). However,
measurements have shown that small sample variations only
play a minor role in the total fit uncertainty compared to the
effect of an improved signal level.

In addition to the change in the overall k-factor between the dark
and soaked states, there is also a change in the prominence of
defects and inhomogeneities (Figure 3c) and thus the overall
distributional variance (Figure 3b). While the major defects
can be identified in both conditions, the affected area of point
defects becomes smaller and less pronounced. In addition, the
overall distribution width is approximately halved after soaking,
which complements the observation of decreasing spatial variance
with respect to recombination. This is consistent with the general
explanation of these two states since it is expected that the altered
ion distribution is particularly relevant for defects.

Overall, k-imaging is a reproducible method for obtaining spa-
tially resolved information about the dominant recombination
pathways. In addition, two well-defined and meaningful mea-
surement conditions were identified that provide insight into

open-circuit recombination in the dark and in the soaked
steady-state. For practical reasons, i.e., to avoid extended soaking
times, the dark is preferred over the soaked state as only this real-
istically offers fast, in-line applicable monitoring. In accordance,
all data reported here are recorded using the dark-state procedure
if not indicated otherwise.

2.4 | Defect Detection

In the following, we present prime examples of how our method
enables more insightful characterization by imaging the k-factor
with high spatial resolution, in contrast to conventional PL imag-
ing. The quality of perovskite thin-film absorbers can be affected
by various defects, both in the bulk and at interfaces [49, 53]. The
k-factor is a useful parameter to identify and measure the impact of
these defects on carrier recombination as the underlying model is
sensitive to both bulk and interface recombination. The method’s
capability to resolve defects is demonstrated by analyzing and cor-
relating recorded PL and k-images with scanning electron micros-
copy (SEM) images of two common but severe macroscopic
defects: a perovskite pinhole on a planar Si device and a sawing
defect within a textured perovskite/Si device.

2.4.1 | Pinhole

First, a large pinhole in the perovskite layer, spin-coated on a
planar Si device, is analyzed (Figure 4a—e). The SEM images
(Figure 4a,d) display a distinct contrast between the exposed
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SEM image

SEM & k-image

FIGURE 4 | Effects of critical processing defects such as (a-e) a pinhole in perovskite thin film on a planar silicon bottom cell and (f-j) a perovskite
thin film processed on a textured silicon bottom cell showcased by k-images, photoluminescence (PL) images, and scanning electron microscopy (SEM)
images. The merged images (c) and (h) correlate recombination with morphological information. The zoomed SEM inset in (d) shows a more detailed
image of the perovskite wrinkles (blue) and (i) shows uncovered silicon pyramid tips at the boundary of the sawing defect (red and black) compared to

the well-covered general surface (green).

inner area and the covered surroundings, with pronounced
wrinkles near the boundary. At first sight, the k and PL images
(Figure 4b,e) of the same section exhibit qualitatively similar
shape and features. The PL image displays a clear distinction
between the inner pinhole with expectably no PL, the wrinkles
and boundary around the pinhole with increased PL, and the
general surface further away with relatively homogeneous
PL intensity. However, considering the apparent morphology
variance between regions close to the pinhole and regions further
apart, the absolute PL intensity is not suitable for a reliable
analysis of the perovskite quality variation since it is drastically
affected by the PL outcoupling. An illustrative example of an
exclusively outcoupling related PL variation is presented in
Figure S5a, Supporting Information. To enhance the visualiza-
tion of the correlation between morphology and recombination
degree, the k- and SEM images are superimposed (Figure 4c).
The calculated k-factor inside the pinhole is not representative
due to lack of perovskite and consequential lack of PL emission.
The model fitting there is based on small amounts of reflected
and refracted PL and camera noise, resulting in high variance
and meaningless results. To avoid any misguidance, the inner
region is excluded in the superimposed image. Outside the
pinhole, we observe a strong correlation between a lowered

k-factor (~1.35) and more pronounced wrinkles near the
edge of the pinhole, apart from any PL outcoupling effect.
Similarly, some prominent radiating wrinkles show an effect
on charge recombination with a k of approximately 1.45. At
a greater distance, the wrinkle structure remains constant
with no discernible deviation from the uniform sample, and
the value of k also remains consistent at about 1.55. Overall,
there is a trend, that enhanced wrinkling is associated with a
decrease in k which is also supported by an equivalent defect
illustrated in Figure S5b, Supporting Information. Although
the origin of this shift in recombination cannot be fully explained
without further analysis, two influences are discussed. Wrinkles
are generally a sign of compressive stress relaxation during
crystallization [54, 55]. Therefore, it is reasonable to assume that
the extended wrinkle formation in the vicinity of the pinhole
indicates different stress conditions compared to the uniform
low-wrinkled surface. Unrelaxed stresses, whether compressive
or tensile, are reported to facilitate the formation of crystal
defects [54, 56]. These defects can lead to increased trap-assisted
surface recombination, which is then reflected in a lowered k.
Additionally, wrinkling causes local changes in layer thick-
ness, resulting in an altered ratio between bulk and surface
contributions.
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2.4.2 | Wire-Sawing Defect

Second, a sawing defect on a textured Si device is discussed
(Figure 4f-j), showing that even the impact on the perovskite
film on textured substrates is detectable using k-imaging.
Sawing defects are edges or trenches on the surface of pristine
silicon wafers that occur during wire sawing [57]. While they
are usually insignificant after the texture etching step, deep dents
can remain detrimental and cause inhomogeneous or insufficient
perovskite coverage. To demonstrate the general high quality of
our perovskite material, we show the performance data of a rep-
resentative unharmed textured tandem device in Figure S2,
Supporting Information, having a PCE of 26.0%. Figure 4f-h dis-
plays a sawing defect covered with a perovskite thin film on a
SEM image, along with the corresponding k-image and the super-
imposed image. The k-image shows lower values within the
defect area, leading to a strong spatial correlation to the morphol-
ogy represented by the SEM image. In contrast, while the PL
image in Figure 4j shows a slight increase in absolute PL intensity
inside the defect area, it is far less distinguishable from the unaf-
fected surroundings. This pronounced decrease of k, with barely
any sign in PL, is also observed on a larger scale, displayed in
Figure S5c,d, Supporting Information. The PL image is certainly
impacted by quality-independent effects since there are drastic
morphological discontinuities around the defect. Similar to the
pinhole example, k decreases to about 1.4 at the defect, while
the surrounding demonstrates values between 1.5 and 1.55.
The wrinkles inside the dent may contribute to the decrease
in k. However, when compared to the wrinkles on the general
surface, the effect is less spatially confined to wrinkles but instead
fills the entire defect. Therefore, we expect that the primary con-
tribution arises from a coverage-related issue, like a significant
difference in perovskite layer thickness and microstructure.
An indication that supports the argument of insufficient coverage
is the observation of exposed silicon pyramids at the edge of these
sawing defects. In contrast, the general surface is fully covered
(see insets in Figure 4i). These uncovered areas behave like reg-
ular pinholes creating shunts in the device. Since the dimensions
are in the single-micrometer range, there is no viable in-line
method to detect them directly. Our method, however, can detect
its impact on charge recombination.

To conclude, k-imaging is a sensitive technique that can identify
and quantify the impact of defects and morphological inhomo-
geneities. It allows for assessing general layer quality as well
as searching for specific deposition process-induced defects.

3 | Conclusion

While PL-based characterization methods are widely imple-
mented in solar cell research, common methods like PL-imaging
and PLQY either lack clarity in interpretation or are incompati-
ble with large-area in-line applications due to their technical
complexity. Photoluminescence, though, exhibits unique assets
like noninvasive and contactless correlation with the implied
V. and consequently absorber quality even in tandem solar cells.
In order to overcome those restrictions and gain a robust and yet
quantitative quality imaging method we extend the k-imaging
method to usage of perovskite thin films in perovskite/Si tandem

solar cells. k-imaging enables local quality assessment of the perov-
skite thin-film absorber by extracting the effective parameter k,
which gives insight into the competing recombination processes.

In this work, we demonstrate that k-imaging used for perovskite/Si
tandem solar cells displays exceptional robustness against optical
artifacts such as variations in the excitation and photon in- and
out-coupling. The latter is especially relevant as this enables com-
parability for measurements of perovskite/Si tandem solar cells
with varying stack composition and surface morphology, includ-
ing roughness and in particular industrially relevant textures.
Moreover, two repeatable but systematically distinct measurement
states were described, namely dark and soaked, which are justified
by ionic migration induced by light soaking. While the dark state is
more practical in large-scale application due to its simplicity, both
states yield valuable information for specific purposes. Lastly, by
correlation with SEM measurements we proved that k-imaging is
able to detect superficial as well as buried defects in the thin film,
regardless of the Si bottom cell morphology. Pinholes and sawing
defects, both being typical but also critical defects especially during
optimization of new perovskite compositions and coating meth-
ods, are prominently identified. Overall, k-imaging is a valuable
and versatile tool, suitable for application in both scientific opti-
mization and industrial process monitoring.

4 | Methods
4.1 | Preparation of Hole Transport Layer

The preparation of the hole transport layers (HTL) is equal for all
types of tandem cells. The substrates are (i) planar 25 x 25 mm?, (ii)
textured 25 x 25 mm? and (iii) textured 25 x 25 mm? ITO/silicon
bottom cells. The substrate is first washed by depositing isopropyl
alcohol (IPA) (100 pL) and subsequently removing it by spin-
coating (3000 rpm, 1000 rpm s~*, 30 s). Afterwards, the substrates
are dried on a 100°C hotplate for 10 min. The top half-stack is
started with the deposition of NiO,, (15 nm) by RF sputtering onto
the respective substrates at room temperature with a base pres-
sure of <3 x 107’ Torr, RF power of 100 W and argon flow rate of
18 sccm for 10 min. Then, 2PACz (0.5 mg mL™") solution in eth-
anol is deposited by spin-coating in a nitrogen glovebox at
3000 rpm for 30s and annealed at 100°C for 10 min.

4.1.1 | Perovskite on Planar Substrate

M  Csp0sFAg72MAy2,Pb  (Iy,7Brga3);s Perovskite Precursor
Solution Is Prepared, Dissolving a Mixture of Pbl,, PbBr,, Csl,
MABr and FAI in the Solvents DMF:DMSO (volume-Ratio
Being 4:1). The Perovskite Layer Is Deposited by Spin-Coating
in a Nitrogen Glovebox at 1000 rpm (200 rpm s™) for 10s and
5000 rpm (2000 rpm s™) for 30 s. Then Ethyl Acetate (150 pL)
as Antisolvent Is dropped 13 s before the End of the Second
Step. Afterwards, the Perovskite Layers Were Annealed at
100°C for 30 min

4.1.2 | Level Perovskite on Textured Substrate

To fully cover the sub micrometer-sized pyramids, a 1.7 m
Cs0.0sFA0.72MAg 2,Pb (Ip.77Bro23); perovskite precursor solution
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is prepared analogous to (i). The perovskite layers are deposited
by spin-coating in a nitrogen glovebox at 400 rpm (400 rpm s™)
for 3's and 2000 rpm (2000 rpm s™*) for 60 s, then ethyl acetate
(350 pL) as antisolvent is dropped 5 s before the end of the second
step. Afterwards, the perovskite layer is annealed at 100°C
for 30 min.

4.1.3 | Conformal Perovskite on Textured Substrate

The perovskite thin film is fabricated using a scalable hybrid two-
step deposition. Hereby the inorganics are deposited by evapora-
tion in a first step, followed by a second inkjet-printing step,
to deposit the organics. For the evaporated inorganic thin film,
lead iodide and cesium-bromide are co-evaporated. For this,
HTL-coated substrates are loaded into a CreaPhys evaporation
system. Subsequently, lead iodide (200 nm, 1 As™") and cesium-
bromide (20 nm, 0.1 As™") are evaporated. The standard recipe
for the printed organic cation precursor used in this work con-
tains FABr (39.8mgmL™") and FAI (31.3mgmL™") dissolved
using a 9:1 volume ratio of n-butanol to IPA. A vortex shaker
is used to dissolve the material. For inkjet printing, a Pixdro
LP50 inkjet printer by SUSS equipped with a Sapphire
QS-256/10 AAA print head (10 pL) from SUSS is used. By con-
trolling the print head with a wave function that has the follow-
ing parameters: width = 9 ps, space = 5.7 ps, level =45.88 V, and
rise = fall=64.7Vyus™', an average droplet size of 10pL is
achieved. The organics are printed using a jetting frequency of
2kHz and a resolution of 800 drops per inch (dpi). Just before
printing, the inorganic thin films are ejected from the nitrogen
atmosphere. A vertical step size (in print head travel direction) of
10 and horizontal step size (perpendicular to the print head travel
direction) of 10 is used. The printing process is done with a non-
angled print head (native printing) toward the printing direction.
After printing the organic cation precursor, the solar cells are
annealed on a hot plate (150°C, 15 min) in ambient atmosphere
(20°C, 40-45% relative humidity). Afterwards, they are then
stored in a nitrogen glove box.

4.2 | k-Imaging

Two 467 nm LED bars (LDL2-170/30-BL2, Creating Customer
Satisfation Inc.) powered by a power control unit (PD3-5024-4-EI,
Creating Customer Satisfation Inc.) excite the sample in a 45°
symmetrical alignment. The tilt is introduced to ensure a homog-
enous sample excitation and to reduce the detection of direct
specular reflection. The image is recorded by a sSCMOS camera
(CS2100M-USB - Quantalux 2.1 MP Monochrome sCMOS Camera,
Thorlabs) with a macro zoom lens (Zoom 7000, Navitar). To elimi-
nate the detection of excitation light, a 695 nm absorptive long-pass
filter (092 MRCIR - M550.0 X 0.75, Schneider-Kreuznach) is
attached to the lens. The camera system is located at a working
distance of 130 mm, recording a top-view image with a variable
detection window in between 8x 6 and 48X 36 mm? Images
are recorded within the full achievable excitation range, equivalent
to 0.005-0.2 suns, with linear step distribution. A background con-
trol with the image at zero excitation is performed to correct for
stray light and the camera dark noise. The k-factor is extracted
by fitting the intensity dependent, pixel-wise PL intensities with
the model Ip;, ~ I%.. The total k is determined by spatially integrate

the PL-images and then perform the model fit. Due to the inversed
procedure, the mean k (spatial average after pixelwise fitted k) is not
equivalent to the total k.

4.3 | k-Factor Measurement Using PLQY Setup

Spectrally resolved PL measurements were taken using a com-
mercial PLQY system (Quantum Yield Berlin, LuQy Pro). The
excitation source is a 532 nm laser inside an integrating sphere
in ambient air (relative humidity ~30%). The excitation is swept
logarithmically in a range between 0.005 and 0.2 suns, based on a
Jsc of 19.24 mA cm™2 and EQE of 0.9 at the excitation wave-
length. The PL emission is integrated for 2 s in the range between
640 and 840nm. The effective excited step (soaking) time is
(4£0.2) s. k is fitted analogous to the k-imaging, by application
of Iy, ~ Ile{xc-

4.4 | Scanning Electron Microscopy (SEM)

SEM analysis was carried out in a SEM (Zeiss LEO1530) with an
in-lens detector and an aperture size of 30 pm. The applied accel-
eration voltage for the surface analysis was 3kV.
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