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Executive Summary

Deliverable D2.3 is part of the work package Absorber Development, focusing on the verification of large
area operational uniformity within LUMINOSITY project, which aims to develop scalable industry
compatible perovskite solar cell technology. Achieving uniform performance across large substrates is
crucial for successful industrial implementation towards larger sizes. The deliverable aims assess the
uniformity of solar cells deposited using scalable processing methods (slot-die coating in this work).
The cells consist of small area pixels, distributed over the large area of 10x10 cm?, collectively
representing an efficiency mapping of an area, which would be a relevant size for an upscaled module.
The aim of the deliverable is to reach >21% power conversion efficiency (PCE) over the SD-coated cells
with a standard deviation of 5% over the peak efficiency.

The developed solar cell stacks are processed in SD coating environment on glass and on flexible
substrates. The uniformity has been evaluated through the combination of optical, morphological and
electrical characterization techniques. Solar cell performance was assessed by monitoring variation in
open- circuit voltage, short circuit current density, fill factor followed by power conversion efficiency
distribution across the active area.

Initial results were indicated uniform distribution of performance across the tested area, confirming the
progress toward the deliverable’s and project’s objectives.

The outcome of this deliverable supports the advancement toward scalable industrial production and
will give input to relevant work packages focused on further optimization and reliability enhancement
of large-area perovskite solar cell.
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1. Table of Abbreviations

ETL: electron transport layer

EQE: external quantum efficiency

EV: evaporation

FF: fill factor

HTL: hole transport layer

ITO: indium tin oxide

Jsc: short circuit current

PCE: power conversion efficiency

PL: photoluminescence

R2R: roll-to-roll

S2S: sheet-to-sheet

SALD: spatial atomic layer deposition

SD: slot-die

SEM: scanning electron microscope

SP: sputtering

TCO: transparent conductive oxide

Vo Open circuit voltage

XRD: x-ray diffraction
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2. Introduction

Perovskite solar cell technology has shown remarkable progress in small area devices, achieving
efficiencies comparable to established photovoltaic technology. The transition of perovskite solar cell
technology from laboratory scale to industrial production demands both high performance and
uniformity across large area. Variation in device output, even over small distance, can significantly affect
long term stability and commercial viability. Ensuring uniformity has become key requirements in the
development of photovoltaic technology.

Scaling perovskite solar cell technology from laboratory-scale fabrication to industrial manufacturing
requires not only high device performance but also strong operational uniformity across large areas.
Variations in the key photovoltaic parameters can significantly impact PCE efficiency and long-term
stability. Therefore, ensuring reproducible performance on different sub-cells on a large-area substrate
is essential for commercialization.

Deliverable D2.3 focuses on the verification of large-area operational uniformity for perovskite
photovoltaic devices. The primary objective is to evaluate the spatial distribution of ]-V characteristics
across 64 sub-cells (<1 cm? each) patterned on a 10 x 10 cm? representative device. This configuration
mimics the performance behavior expected in a scaled-up module and provides quantitative insight into
the reproducibility of our fabrication processes.

Uniformity is assessed based on the variability of open-circuit voltage (V,.), short-circuit current density
(Jsc), fill factor (FF), and power conversion efficiency (PCE) under standard AM1.5G illumination. A key
performance target of this deliverable is to maintain a standard deviation within +5% of the peak values,
with a peak efficiency target of >21% at the sub-cell level. Achieving these metrics demonstrates strong
process control and compatibility with roll-to-roll (R2R) and sheet-to-sheet (S2S) scalable
manufacturing routes.

This deliverable provides an essential validation step for the transition from high-efficiency small-area
devices toward reliable and industrially relevant perovskite solar modules. The outcomes of this work
contribute directly to the LUMINOSITY objectives of developing stable, flexible, and up scalable
perovskite solar cell technologies.

3. Background

3.1.Requirements and challenges for upscalability

The rapid advancement of metal-halide perovskite photovoltaic (PV) technology over the past decade
has enable the laboratory-scale devices to reach record power conversion efficiencies (PCEs) exceeding
27% in single-junction architectures?, highlighting the intrinsic optoelectronic quality of perovskite
materials and their potential to rival or surpass other thin-film PV technologies. This progress has
largely been enabled by low-temperature, solution-processable deposition routes, which allow
functional absorber layers to crystallize at temperatures typically below 150 °C. As a consequence,
perovskite PV is uniquely positioned for integration into flexible substrates and scalable roll-to-roll
(R2R) production environments, offering a fundamentally different industrial pathway compared to
conventional high-temperature vacuum-processed PV technologies.

From a manufacturing perspective, the thin-film, low-thermal-budget characteristics of perovskites
enable the use of polymeric foils and ultralight flexible laminates. Devices fabricated on such substrates
benefit from mechanical flexibility, reduced weight, and compatibility with free-form design strategies,
facilitating applications in building-integrated photovoltaics (BIPV), vehicle-integrated photovoltaics
(VIPV), portable electronics, and emerging infrastructure where conventional rigid glass modules are
undesirable or suitable. Moreover, the possibility of processing perovskite layers in ambient or

1 Interactive Best Research-Cell Efficiency Chart | Photovoltaic Research | NLR
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controlled-ambient conditions significantly reduces energy consumption and capital expenditure
compared with vacuum-based PV processing lines, potentially enabling cost-effective PV manufacturing
in Europe.

Despite these advantages, translating laboratory-scale performance to industrial-scale production
presents several scientific and engineering challenges, primarily related to scalability and reliability.
Achieving commercial viability requires not only maintaining high efficiencies at large areas but also
ensuring stable, reproducible performance across meters-long substrates during R2R processing. While
single-cell laboratory devices typically measure <1 cm?, large-area modules require uniform film quality
and stable interfaces across areas several orders of magnitude larger. Minor fluctuations in precursor
composition, wet-film thickness, crystallization temperature, solvent drying dynamics, or
environmental factors such as humidity may introduce local variations that accumulate into substantial
losses at module level.

Industrial upscalability of perovskite PV imposes stringent constraints on the entire fabrication
workflow. A scalable process must reliably meet the following requirements:

3.1.1. Consistent layer thickness over large area deposited substrates

Uniformity of the absorber and charge-transport layers is critical for spatially homogeneous optical
absorption and charge extraction. The transport layers are usually in the order of 10-20 nm, and the
perovskite absorber is in the order of 600-800 nm. Variations of only a few relative percent (i.e.,, 5% or
more) in precursor wet film thickness or in crystallized dry film thickness can cause local defects,
pinholes, or thickness-related current mismatch when devices are series-connected. Techniques such
as slot-die (SD) coating, blade coating, and gravure printing provide viable pathways for achieving such
uniformity; however, these techniques require fine control over ink rheology, flow rate, meniscus
stability, and substrate temperature.

3.1.2. Stable crystallization dynamics and reduced defect density

Perovskite formation involves complex multi-step crystallization pathways including nucleation,
intermediate phase formation, solvent coordination, and grain fusion. On large substrates, maintaining
spatially uniform crystallization is non-trivial due to temperature gradients, air convection, and solvent
evaporation differences. Non-uniform crystal growth results in heterogeneous grain sizes, defect
concentrations, and variations in trap-mediated recombination rates. Minimizing such variability is
essential for achieving the targeted device-to-device efficiency spread (e.g., +5% relative standard
deviation).

3.1.3. Reproducible electrical performance across many sub-cells

Large-area modules are assembled from multiple interconnected sub-cells via laser processing, each
contributing to the overall module current. A single underperforming pixel may limit the output of the
entire series-connected string. Statistical analysis—such as PCE mapping across a number of pixels—is
therefore indispensable to quantify the reproducibility of the deposition, crystallization, and interface
formation processes.

3.1.4. Minimal environmental sensitivity during processing

Ambient humidity, oxygen concentration, and airborne contaminants can strongly influence perovskite
ink chemistry, nucleation, and defect formation. While inert-atmosphere fabrication often yields highest
efficiencies, commercial RZR manufacturing will ultimately require ambient or near-ambient processing
using environmentally friendly solvent systems. Developing inks and formulations that tolerate these
conditions without compromising crystallinity or long-term stability remains a core scientific challenge.

WP2,D2.3,V1.0
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3.2.Upscaling Framework and the LUMINOSITY Development Pathway

The LUMINOSITY project adopts a structured, multi-step upscaling strategy, summarized in Figure 1,
representing a progression from fundamental cell development toward industrially relevant device
formats in three main steps:

3.2.1. Demonstration of state-of-the-art small-area devices

This phase prioritized optimizing the photovoltaic stack, interface energetics, defect passivation, and
absorber quality at small scale, where experimental variables could be precisely controlled. As
demonstrated in Deliverable D2.1, perovskite solar cells achieved high efficiencies with a clearly defined
trajectory toward >21% PCE at sub-cell level. At this stage, scalability considerations (ink rheology,
drying dynamics, roll-to-roll compatibility) were secondary.

3.2.2. Transition to scalable processing environment (core focus of D2.3)

In this intermediate phase, the previously optimized material system is transferred to a scalable
deposition platform such as sheet-to-sheet (S2S) slot-die coating. The goal is to recover or approach the
benchmark efficiencies obtained at small scale, while mapping the statistical distribution of efficiency
across representative large-area substrates. Efficiency mapping of large numbers of pixels reveals both
macroscopic uniformity (e.g., gradients along the coating direction) and localized imperfections (e.g.,
edge drying effects). Deliverable D2.3 focuses specifically on this step, demonstrating coating of
large-area substrates across multiple partners and providing quantitative evaluations of uniformity,
reproducibility, and deposition-related systematic variations.

3.2.3. Realization of large-area modules with minimized upscaling losses

The final step involves translating the optimized S2S process to R2R manufacturing and fabricating
modules approaching relevant dimensions. This phase requires solving additional challenges related to
continuous substrate motion, tension control, in-line annealing, defect detection, and module
interconnection strategies. Such developments build on both the high-efficiency small-area devices from
Step 1 and the statistical uniformity assessments from Step 2. Deliverable D2.2 complements this by
evaluating the long-term stability of the perovskite devices needed for commercial deployment.

X2
‘g"\\(‘)\)J . Large area

Q (2 cells/modules,
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S mall cells,
'i&\\) scalable process
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.Smallcells,
non-scalable
process

Figure 1 Steps towards upscaling of perovskite solar cell technology.
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4. Results and Discussion

The goal of this deliverable is to verify the perovskite solar cells stack and large area homogeneity of SD
coated layers. The deliverable consists of coordinated efforts of three main partners: EMPA, HZB and
TNO. HZB and EMPA developed and demonstrated the state-of-the-art scalable device efficiencies on
rigid substrates, while TNO focused on the stack development on flexible substrates. All partners have
utilized SD coating technique at S2S process, which is scalable to TNO’s R2R SD coating platform. The
achieved results are provided per partner in the following order:

1. Development on glass substrates with large area coatings (10x10cm?) (HZB)
2. Development on flexible substrates with intermediate size (5x5 cm2) (EMPA)
3. Development on flexible substrates on 15x15 cm? area (TNO)

4.1.HZB - rigid substrate with targeted surface area coating:

For large-area coating, pre-patterned ITO-coated glass substrates (100 x 100 mm2) were employed.
Each substrate was designed to accommodate 96 individual devices (0.1 cm? area) arranged in a 4 x 4
matrix of 25 x 25 mm? standard-sized substrates at HZB. The patterned ITO substrate marked with the
described sub-sections is shown in Figure 2a. The lighter colour area represents the uncoated region
(glass only) and the darker region represents ITO-coated glass.

A larger SD coater head with a 150 mm coating width was utilized to uniformly deposit the SAM and
perovskite layers across the entire substrate. The coating parameters were scaled proportionally to the
increased coating width. Specifically, the flow rate of the SAM ink from the syringe pump was increased
by approximately sixfold relative to the small-area coating condition to maintain equivalent wet film
thickness and coating uniformity. Minor adjustments in coating speed and head-substrate gap were
performed to ensure stable meniscus formation and defect-free film deposition over the large substrate
area.

Uniformity of the deposited layers was evaluated using steady-state PL imaging of the
ITO/SAM/perovskite stacks, as shown in Figure 2c. The PL images revealed a minor spatial variation
across the entire 100 x 100 mm? area, confirming that both the SAM and perovskite layers were
uniformly coated even under large-area processing conditions. The dark and bright regions in the PL
map correspond to the ITO-coated and uncoated regions, respectively, and the absence of intensity
fluctuations across the ITO-coated zones confirms minimal coating-induced nonuniformities.

a b c
Device stack TCO Layout PLImaging

10cm

d € PCE heatmap f Average PCE

e S =C= e

9 Cells >PCE g~ 90%
20 T opy~1%
¥

17

Figure 2 A representation of fabrication process steps for large area group coating. (a) A representative imag of the
layer stack, (b) the 100mm x 100 mm patterned Glass/ITO substrate, (c) PL image of SAM and Perovskite, (d) cell
layout with 6*16 = 96 cells, (e) PCE heatmap. Each square is the average of 6 cells, (f) Boxplot of the PCE showing a
std. dev. below 5%.
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The statistical distribution of device performance across the large substrate demonstrated remarkable
uniformity. The peak PCE exceeded 22%, while the average PCE across all 96 devices was around 20.6%.
As illustrated in Figure 2e, the PCE distribution heatmap shows highly consistent performance
throughout the entire coated region, with a performance variance of less than 5%. The achieved
numbers reach the targeted developments within this deliverable.
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Figure 3 Perovskite layer characterization fabricated by slot-die coating. (a) Photoluminescence signal of perovskite
absorber layers indicating an Eq4 of 1.54eV and calculated iVoc.(b) Top view and cross-section SEM of optimized
perovskite absorber layer.

To further assess coating-direction uniformity, the device PCE values were plotted as a function of
position along the coating direction (Figure 2f). The near-flat profile observed confirms minimal
performance variation along the substrate length, indicating that the flow dynamics and wet film
formation during the coating process remained stable across the entire coating span.

The quality of the perovskite absorber layer is determined by PL (Figure 3a) and SEM (Figure 3b)
characteristics. A bandgap of 1.54 eV has been measured, resulting in iVoc of 1.1 V. The perovskite
absorber layer shows the layer quality, revealing grain sizes lower than the film thickness. These
findings show the potential of improving the perovskite solar cells for D2.4.

4.2. EMPA- flexible substate with intermediate size:

For demonstration of intermediate large area coating, 50 x 50 mm? pre-patterned PEN/ITO substrates
were used. Devices were then fabricated as indicated in Figure 4a, with spin-coated NiOx, blade-coated
SAM, slot-die coated perovskite, and evaporated C60, BCP, and Cu. On each 50 x 50 mmz2 device, 16 cells
were fabricated spread across the device. The champion cell fabricated using this architecture achieved
an efficiency of 18.3% (Figure 4b) and the champion devices displayed high uniformity of cell
performances across the 5x5 cm? area, as shown by the PCE map in Figure 4c. These results indicate
that the deposited perovskite absorber is of high quality and uniformity. However, we note that the
highest performing cells tend to be located at the centre of the 50 x 50 mm? film, and lower performing
cells tend to be located at the edges. This may be due to different drying dynamics at the edges of the
film compared to the middle, however further investigation is required to understand these differences.

WP2,D2.3,V1.0
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Figure 4(a) Schematic representation of the layer stack and fabrication process used for large area PSC on flexible
substrates. (b) Champion cell performance. (c) Cell PCE map of 5 x 5 cm? champion device.

To further investigate the quality and uniformity of the perovskite layer, 5x5 cm? slot-die coated
perovskite on PEN/ITO substrate was prepared and measured via XRD mapping. XRD spectra were
taken at 25 locations spread evenly in a grid across the film (Figure 5a, inset). In all locations, the
recorded XRD spectra displayed clear peaks at ~12.5° for Pbl; and ~14°for perovskite (Figure 5a). The
intensity of the perovskite peaks was then mapped to access uniformity of the perovskite crystallinity
across the layer (Figure 5b). This mapping showed good uniformity at the top of the film (rows A, C, and
E, at the beginning of coating and quenching) but intensity was drastically increased at the bottom of
the film (rows I and G, at the end of coating and quenching). This is likely due to backwashing, where
excess perovskite ink is left at the end of the film after slot-die coating, leading to thicker films with
uncontrolled drying. We also see some evidence that signal intensity is slightly reduced at the edges of
the films compared to the centre. This lines up well with the cell mapping and suggests this reduction in
signal is accompanied by a reduction in efficiency. This is likely caused by the “coffee ring” effect which
is a natural drying kinetics of a wet film at the boundaries, causing a discrepancy in the drying between
the edges and centre of the film.
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Figure 5 (a) XRD spectra measured at different locations of slot-die coated perovskite film. Inset: image of perovskite
film with approximate locations of spectra indicated. (b) XRD mapping of the maximum intensity of the perovskite
peak. Within the pixels, the numbers indicate maximum peak intensity, peak location, and FWHM, respectively.
Coating/quenching direction is from top to bottom.
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Further optimisation of the perovskite ink will be performed to minimise the “coffee ring” effect,
however, as we scale up and move from S2S to R2R, small inhomogeneities in perovskite crystallisation
at the films edges becomes less relevant to device performance. This is especially true for the
backwashing defect at the end of the film, which will not be a risk on a moving, continuously coated
substrate within the defined module dimensions. Moving forward, further characterization including
XRF and PL mapping will be performed on these samples to give complimentary insights into the
thickness, elemental composition, and optoelectronic properties of the perovskites films.

4.3.TNO - Flexible substrate with targeted surface area coating

TNO has the capability to develop the perovskite PV technology used in LUMINOSITY on various coating
environments, using various substrates. As for the scalability, SD coating process is selected. TNO has
S2S and R2R SD coating platforms. S2S processing tools are either located under inert environments or
under ambient conditions. Inert environments enable development of high efficiency stack without
having limitations to the type of the solvent on toxicity aspects. The main focus of TNO in LUMINOSITY,
however, is to start developing an environmental friendly, scalable solvent system that can be coated
under ambient R2R SD processing conditions. For this reason, to identify and tackle the challenges, TNO
focuses on scalable solvent systems and develops the perovskite stack using ambient S2S SD processing
tool, mostly on flexible substrates (rigid substrate is used for reference). The development approach of
TNO taking in LUMINOSITY and the specific point of focus for D2.3 is shown in Figure 6.

The coated substrates are in 150 x 150 mm?2 dimensions Figure 7a. Different SD coating heads are
available for a defined area coating (125 mm head width) or a full area coating (148 mm head width).
For this work, a the SD head with 125 mm width has been used. On the flexible substrate, an array of 32
pixel cells are defined. The coated perovskite layers are optically investigated for their uniformity using
transmission and reflection optical scans (Figure 7b). The reflection scan reveals information between
the HTL - perovskite interface, while the transmission scan reveals information on the homogeneity of
the transmitted light, an indication of thickness homogeneity of the film. Reflection and transmission
scans show homogeneous layer formation over the area of 125 x 125 mm?, defined by the used SD coater
width. Figure 7c demonstrates a photo of a SD coater setup in TNO facilities. In the photo, the coating

table and the die head is seen.
This Deliverable

Benchmark Implement R2R
state-of-the-art compatible
stack on S2S solvents at S2S
platform scale

Scale up to R2R
level

N o o - -

Figure 6 Stage-gate approach for RZR Perovskite process development at TNO. D2.4 focuses on the ambient processed
$28 SD coated perovskite solar cells using scalable solvent systems suitable for RZR processing.
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Figure 7 a) Illustration of substrate design including 32 pixels. b) Transmission and reflection optical scans for the
initial characterization of the deposited perovskite films. c) a photograph of a SD coater equipment located in TNO
facilities.

Perovskite solar cells were coated using combination of ambient S2S SD coating (for HTL and
perovskite), S2S evaporation (for ETL), S2S spatial ALD (sALD, for ETL-Buffer), and S2S Sputtering (for
top ITO) as shown in Figure 8a. The measured variation in layer thicknesses were below 5% rel.
Deposited cells were screened for their JV characteristics in the reverse and forward scan directions,
Voo, FF and Js.. The coated flexible substrates were measured using four point probe in the voltage range
-0.2 Vto 1.2 V under AM1.5 conditions (Figure 8b). The mapped PCE at the reverse ]V scan is shown in
Figure 8c. The maximum PCE reached 14.9%, most of the cells above 13%, while the cells at the edges
of the coating and at the beginning of the coating showed relatively lower efficiency. The low efficiency
at the initial part of the coating is due to initial priming of the SD head, injecting relatively thick layer of
ink in the beginning. The lower efficiency towards the sides of the coating along the direction is due to
“coffee ring” effect, as similarly observed by EMPA. The while areas are the pixels that were not
measured due to malfunctioning probes at the contact points. The reverse and forward PV parameters
are demonstrated in Figure 8d. As it is seen, the Jsc and V.. values demonstrate negligible hysteresis,
while the FF shows a higher hysteresis, manifesting itself in the PCE values during JV scan. This is due
to the roughness and the conductivity of the bottom TCO, and crystallization kinetics of the perovskite
formulation. Further optimization on perovskite absorber development is ongoing.
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Figure 8 a) Perovskite solar cell architecture b) Photo of the flexible substrate measured under a solar simulator
(AM1.5 conditions) using four point probe. c) PCE mapping of the SD coated cells and d) their PV characteristics
during reverse and forward voltage scans.

The analysis of the perovskite absorber is done via XRD, SEM, and EQE as shown in Figure 9. XRD
analysis has been done on perovskite absorber layers that are deposited in two different HTLs to
investigate the crystallization dynamics (Figure 9a). In both cases, the predominant diffraction peak
originates from the alpha-Perovskite phase, which is the light absorber phase of the perovskite crystal
structure. In addition, an excess amount of Pbl; peak is seen, which is one of the reason of the observed
hysteresis in the PV characteristics. Further effort on improved conversion of the perovskite and
stabilizing the Pbl; in the perovskite absorber during crystallization is ongoing. Figure 9b demonstrates
the SEM images of perovskite absorbers deposited on two different HTLs. As seen in the images, the
perovskite layer appears to be rough, although the roughness is more evident in HTL2. EQE analysis
shows the external quantum efficiency of the perovskite solar cell as a whole, demonstrating the
conversion from around 400 nm up till 810 nm, where the cut off with the x-axis indicates the perovskite
absorber bandgap as 1.53 eV. Even though a higher EQE profile towards higher wavelengths, the losses
at lower wavelengths indicates that the HTL/perovskite interface should be further optimized.
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Figure 9 a) XRD spectra of perovskite absorber developed in this work. b) SEM images of perovskite absorbers

deposited on different HTLs. c) EQE spectra of perovskite absorbers deposited on different HTLs, indicating a bandgap
of 1.53 eV for the perovskite absorber.
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5. Conclusions

In conclusion, LUMINOSITY has demonstrated high efficiency perovskite solar cells, processed via
scalable SD coating technique, over an area of up to 100 x 100 mm?2. From the most optimized
experimental process, the best cells demonstrated efficiencies beyond 22%, with a standard PCE
distribution of below 5% rel, indicating the achievement of aimed targets in this deliverable. This
process is being transferred to flexible substrates, and to scalable solvent systems that will enable
reaching high efficiency R2R perovskite solar cell stacks at the later phases of the project.

6. Degree of Progress

The progress is 100% complete.

7. Dissemination level
Public

WP2,D2.3,V1.0
Page 16 of 16



