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Executive Summary

Work Package 2 (Absorber Development) of the LUMINOISTY project is related to small scale perovskite
solar cell development. The task involved optimize the perovskite band gap and process conditions for
scalable processes, mainly focusing on slot-die coating technique. The deliverable D2.1, Gen01 cells,
aims to show a high efficiency flexible perovskite solar cell with a target power conversion efficiency
above 21% at small scale (<1 cm2). This demonstrates the capability of the consortium partners to
fabricate cutting-edge perovskite solar cells. This report provides insights into the current coating
processes at the partner laboratories and the route to reach the goal of above 21% PCE.

The report begins by showcasing the SDC device activities of the partners: HZB progressed from
achieving 24.8% efficiency on ITO/glass to 12.5% on Al/FTO, with intermediate results including 23.8%
on FTO/glass, and 19.5% on flexible PEN/ITO. TNO demonstrated 15.6% efficiency on Al foil, while
EMPA reached 18% on PET substrates. The deliverable identifies key challenges in working with flexible
or bendable Al/FTO substrates, such as scratches observed in Al foil—confirmed by SEM and
microscope images from CNR and TNO—and difficulties during handling and mounting using glue to
glass. Despite these challenges, QFLS measurements from TUE show promising results, indicating the
potential to achieve 22% efficiency for 1.53 eV perovskites using the current stack. The findings also
highlight the necessity of incorporating a passivation strategy, with PDAI, proving effective. To further
explore the potential of Al/FTO substrates, several mitigation strategies are proposed, including
evaporating Al on glass followed by FTO sputtering and perovskite film processing, as well as utilizing
Al/passivation layer/FTO substrates developed by TUD and TNO.
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1. Introduction

LUMINOSITY will promote flexible perovskite solar cell (PSC) technology to commercially relevant
production scales using industrially proven roll-to-roll (R2R) processing methods, targeting
photovoltaic (PV) module power conversion efficiency (PCE) of >20% at an area of >900 cm2, by closing
the efficiency gap between lab-scale and fab-scale processed devices, and by bringing TRL up to 7. Four
critical challenges stand between the current state-of-the-art and commercial-scale production of PSCs.
These are: (1) integration of perovskite processing in TRL7 mass-production equipment (2) without a
loss of efficiency during upscaling, (3) achieving operational stability similar to the lifetime of existing
commercial TF-Si PV technologies, i.e. >20 years, and (4) reaching an economically and environmentally
feasible maturity. The deliverable 2.1 is part of work package 2 (small area, S2S) and aims at the
optimization of the perovskite absorber layer in terms of composition, non-toxic ink system and
intrinsic stability. We will intensively focus on a highly reproducible and stable slot-die coating process
window that enables the work package 5 (large-area, R2R).

The primary objective of this deliverable is to show high efficiency (>21%PCE) perovskite solar cells on
a lab scale (<1cm?). The deliverable will showcase the potential of flexible perovskite solar cells,
focusing on characterization and optimization of the perovskite absorber layer. The used device stack is
in agreement with the workload in WP3 (Interlayers and Contacts), and processing equipment is chosen
to be R2R-compatible. The results of this deliverable are used for the upscaling approaches in WP5
(large area, R2R).

2. Results and Discussion

The project aims to develop efficient and stable perovskite absorbers that are suitable for industrial
processing in roll-to-roll (R2R) slot-die coating processes. To this end, industrially relevant ink
formulations are being developed that enable upscaling. The perovskite layer is to be enhanced by a
novel passivation strategy to increase both efficiency and long-term stability. A further aim is to produce
uniform coatings on a substrate-to-substrate (S2S) level with an area of up to 100 cm?. To validate the
functionality of these coatings, the aim is to develop laboratory-scale solar cells with an area of less than
1 cm? and a power conversion efficiency (PCE) exceeding 21%.

2.1. Substrate and Perovskite Film Characterization

2.1.1. AL/FTO substrate

e 5

Al/FTO batch R24026

FTO thickness | 780 nm +10%

FTO 16 Ohm/sq +10%
Resistance

FTO roughness | 100-200 nm

Figure 1: SEM image of APCVD deposited FTO on flexible Al substrate performed by HyET Solar.

First, the Al/FTO substrates have been characterized using surface roughness and electrical
conductivity as depicted in Figure 1. While the conductivity of the FTO substrates is high enough, the
roughness of the FTO layer is quite high and in the order of the perovskite film thickness of 500 nm. In
addition, scratches have been identified on the substrates (Fig. 2) that originate from the Al substrates
themselves. Moreover, after FTO deposition, small particles in the order of 1um size can be found on the
substrates, which originate from the FTO deposition process. These bumps lead to an artificial
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crystallization of the Perovskite layer, hence inhomogeneities in the perovskite layer. The consortia
have identified these challenges with different methods at the various partner labs. As depicted in detail
in Fig. 2. In WP4 (Temporary Substrate Removal) TUD is working on an additional passivation/barrier
layer between Al and FTO to decrease the film roughness. Thus, shunting of PSCs will be reduced.
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Figure 2: SEM Images at different magnification, performed at CNR. SEM image overview performed at TNO.
Photoluminescence Imaging performed at HZB. All samples illustrate.

2.1.2. Identify optimal Perovskite band gap
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Figure 3: Extracted QFLS values from absolute PL measurements for different bandgaps. a) alternate the illumination
sides. b) QFLS with and without ETL layer and additional PDAI2 passivation layer. c) QFLS as a function of the
illumination power to extract the ideality factor. d) Pseudo JV curves
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TU/E successfully tuned the perovskite bandgap from 1.77 eV (Cso.2FA¢.gPb(Io.6B1¢.4)3) to 1.53 eV
(Csg.2FAg.gPbl3), demonstrating effective bandgap alteration with good quasi-Fermi level splitting
(QFLS) values, as depicted in Fig. 4 (a) and (b). However, without passivation, there is a significant loss
at the electron transport layer (ETL). PDAI, appears effective as a surface passivation agent across all
band gaps. The calculated pseudo PCE is highest for a low-band gap material of around 1.53eV.

Bandgap Ideality factor = pFF pPCE ‘
1.53 eV 1.32 83.9 22.1%
1.59 eV 1.50 85.1 21.4%
1.65 eV 1.46 84.3 20.4%
1.71eV 1.59 84.8 19.5%
1.77 eV 1.55 81.4 19.0%

Table 1: Extracted and calculated values from the measured PL data as depicted in Fig. 2
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Figure 4: SEM images of perovskite films on top of different substrates: Glass/ITO, Glass/FTO, and Al/FTO.

Second, the perovskite composition utilizing a formamidium-based perovskite with a bandgap of 1.53
+0.01eV was identified as the most promising candidate to achieve highly efficient solar cells. The
perovskite ink is deposited on top of various substrates to identify the differences in crystal domain size
as depicted in Fig. 5. Especially in the case of Al/FTO, we see bright crystallite spots, which indicate
different crystallization kinetics. This phenomenon has been further investigated by in-situ GIWAXS
measurements during Beamtime at BESSYII in Berlin. Here, we measure the crystallographic orientation
of thin films during processing. The perovskite ink is coated with a slot-die head onto a substrate while
the film is investigated in-situ by means of x-ray and optical measurements. The results are depicted in
Fig. 6. Here we demonstrate the g-vector as time evolution of slot-die coated perovskite inks to annealed
films. While we see a clear transition from the uncoated (ITO) substrate towards a perovskite film during
coating and annealing on rigid glass/ITO substrates. The films coated onto flexible Al/FTO substrates
show less intensity as well as a partially visible FTO peak during the whole measurement. This indicates
that the macroscopic film quality on Al/FTO is lower compared to glass/ITO. Due to the high FTO
roughness, it is most probable that the substrate is not fully covered. Additional measurement with PL
and UV-VIS reflectance supports these findings.
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Figure 5: In-situ GIWAXS data. Comparison of the baseline process at HZB (glass/ITO) compared to flexible Al/FTO
samples. FTO is still visible after perovskite deposition. Measured at beamtime 02/2025 at BESSY I1.
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2.2. Benchmark devices of the partners

Perovskite solar cells have been investigated in different architectures in the partner laboratories to
investigate the most relevant stack for high—performance optimization, relevant for D2.1. Given the
overarching goal of LUMINOSITY, scalable techniques are used. Especially in terms of processing the
perovskite layer, Slot-Die coating has been identified as the most suitable technique for upscaling the
process from WP2 to WP5.

At HZB, arecord PCE of 24.9% has been achieved using slot-die coated perovskite layers on a rigid glass
substrate. The area of a single device is 0.1cm? A similar architecture has been utilized at Empa on
flexible PEN/ITO substrates, reaching 18% PCE. At TNO, the process on Al substrates has been
transferred early in the project; thus, a PCE of 15.6% is reported. This shows the capability of the
consortium to pass the targeted efficiency values using slot-die coating as scalable technique on
different substrates and device architectures. Note 1: The direction of irradiation is from top, in contrast
to the other stacks developed at HZB and Empa. Note 2: In the final device, after removal of the Al
substrate, the light will pass through from this side, as shown by HZB and Empa architecture.

Champion PCE=24.9% Champion PCE=18.0% Champion PCE= 15.6%

W

Metal (Evap.) Metal (Evap)

ETL (Evap) ETL (Evap) ETL (Evap)
Perovskite (SDC) Perovskite (SDC) . Perovskite (SDC)
i Ambient S2S
flexible HTL(SDC)
Glass/ITO PEN/ITO Metal/FTO foil
Baseline on Glass/ITO Flexible on PEN/ITO Ambient Processing on
Glovebox processing Glovebox processing Al/FTO Foil
2Me/ACN ink system DMSO ink system
Eg=1.54+0.07eV Eg=1.55eV Eg=1.54+0.01eV

HEB..... @ Empa TNO 5

Zentrum Berli

Figure 6: Benchmarking devices of the LUMINOSITY partners, from rigid to flexible to the final Al/FTO substrates
configuration.

2.2.1. Ink additives for perovskite solar cells

Initially, =~ devices were fabricated based on an inverted ©p-i-n  structure of
ITO/NiOx/FAPbI3/PCsoBM/BCP/Cu. This system utilized a mixture of solvents based on 2-ME, ACN, and
NMP, as shown in Figure 4. Three additives were used in this system, including: MACI as stabilizer, BHC
(benzylhydrazine) and PEI (phenethylammonium iodide). The hole transporting layer (HTL)/SAM,
perovskite active layer, and PCsoBM were fabricated in ambient conditions (40-50 % RH, 25 °C) using
meniscus coating in conjunction with N, quenching using an air knife. BCP and Cu were deposited using
thermal evaporation in vacuum.

WP2,D2.1,V2.0
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Reference Perovskite solar cells

Thermal evaporation

N2 knife quenching
Solvents: 2-ME, ACN, NMP

_ Additive :
1) MACL “stabilizer”,

2) benzylhydrazine
hydrochloride (BHC) 0.26%

Meniscus coating
ambient canditions
(40 -50 % RH, 25°C)

—

ITo mol% to Pbl,
3) Phenethylammonium
glass loadide (PEAI) 0.43%

mol% to Phbl,

Figure 7 Device Structure utilized by CUT.

The initial reference devices were fabricated based on the active layer of FAPbI; with MACI as the
stabilizer, with a PCE of 5.10%. By introducing BHC 0.26% mol to Pbl, CUT report an increase in PCE
(double) from 5.10 to 10.52 %. The PCE was further improved to 11.72 % by incorporating Me-4PACz
as SAM on the NiOy layer. Furthermore, CUT introduced PEI as an extra additive, which further improved
the PCE of devices from 11.72 to 13.28 %. The J/V characteristics of the devices are shown in Figure 5.
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Figure 8: JV characteristics and PV parameters of the devices prepared by CUT.

To coincide the solvent system with of the large-scale fabrication partners, the highly volatile 2-ME and
ACN were replaced by DMSO. The perovskite films based on DMSO are shown in Figure 3.
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Figure 9: Perovskite films based on DMSO solvent under various processing conditions

Itis reported that the wetting of the films was poor, resulting in de-wetting during the annealing process,
as shown in the top left of the above figure. To address the de-wetting issue, a vacuum step was
introduced, which resulted in better film wetting. A combination of vacuum and annealing steps was
implemented as shown in the above figure. Even though the final perovskite film demonstrated a better
coverage of the underlayer, the films had considerable roughness and pin holes. As a result, the
developed PSCs based on pristine DMSO solvent delivered highly shunted devices.

2.2.2. Flexible Perovskite Solar cells on Al/FTO substrates

Flexible PSCs on Al/FTO substrates have been fabricated by S2S slot-die coating. Due to the high
roughness of the Al substrates most of the devices are shunted an do not properly work as solar cell
devices. Introducing a 30 nm NiOy layer on between substrate and the perovskite layer increases the
yield, and the overall device performance. A significant improvement has been reached by reducing the
total number of processing steps to only one slot-die coating step. A PCE of 12.5% is reached without
any visible hysteresis as depicted in Fig. 10.
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Figure 10: Evolution of Perovskite solar cells on Al/FTO substrates. The champion device shows a PCE of
12.5% for a small area device (area=0.1cm?).
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2.2.3. Flexible Perovskite Solar cells on Al/barrier/ITO substrates

TNO has involved in the processing of scalable formulations from S2S towards R2ZR. TNO works on
PET/ITO substrates, Al/FTO substrates and Al/barrier/ITO substrates. Figure 11 shows the status of
the scalable stack and the possibility to scale the layers from S2S to R2R Scale.

S2S Sputter R2R Sputter
S2SsALD R2R AAD, R2RSD
S2S Evap, S2SSD R2RSD
S2SSD,R2R SD R2R SD
Perovskite
S2SSD,R2R SD R2RSD
Interface
S2S Sputter, S2SSD, R2R SD R2R Sputter, R2R SD
S2S Sputter R2R Sputter
. S2SSD,R2RSD R2RSD
Barrier
Commercial Commercial

Flexible foil (Al)

Figure 11: Scalable perovskite solar cell stack reported in this deliverable. The processes that are done for the
deposition of the stack are indicated under current status.

For reaching the highest efficiency, yet using scalable solvent systems under ambient conditions, TNO
has performed the following main activities:

e Development of a suitable perovskite absorber

e Coating optimization on ambient S2S slot-die coating

The development of perovskite absorber layers involved the formulation of a R2R compatible
perovskite ink using a DMSO-based solvent system. The deposition process was optimized using
vacuum quenching, enabling controlled crystallization and high-quality film formation.

The perovskite cells were fabricated using slot-die coating under controlled conditions to ensure
consistent layer deposition. Comprehensive characterization and analysis were conducted to evaluate
the performance of the devices. This included IV measurements and efficiency of the cells. Moreover,
the visual characterization of the uniformity of the coated films after each deposition was performed
before continuing to the next process. Investigation on cell performance revealed champion device
efficiencies up to 15.6% with relatively good uniform film quality. The layer quality is partially limited
by the quality of Al foils, but the barrier deposition has mitigated this problem to some extent. Figure 12
demonstrates the JV scan and MPP tracking of one of the processed solar cells on Al/barrier/ITO
substrate (right) and the mapping of the efficiencies on an area of 9x9 cm? consisting of 36 solar cell
pixels (left).
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Figure 12: ]V curve of the champion cell (right) and mapping of the reverse scan efficiency over an aperture area of
9x9 cm? (right). White boxes are damaged cells due to handling, which did not show any efficiency afterwards.

2.2.4. Flexible Perovskite Solar cells on PEN/ITO substrates

To showcase the ability of the consortia partners, the S2S processes have been transferred to flexible
PEN/ITO substrates as depicted in Fig. 13. A champion PCE of 19.5% is reached sing the same solar cell
architecture that is deposited on Al foil. The film quality is enhanced compared to Al/FTO substrates as
shown in the SEM image. The main limitations come from the lower transmittance and higher sheet
resistance of PEN compared to ITO substrates (Fig. 14).
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Figure 13: Champion device on flexible PEN/ITO substrates with a PCE of 19.5%. SEM image of the Perovskite layer

on PEN/ITO/SAM substrate.

90
80

‘?D[
60

50

30

Transmittance (%)

20

10

——T_GlasyITO (10 Ohm/sq.)
——T_PEN/ITO (20 Ohili/sq.)

400

s00 500 700 500 900
Wavelength (nm)

Figure 14: Sheet resistance and transmittance of PVK solar cells
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3. Conclusions

As stated in the GA, Deliverable 2.1 is about showcasing the consortium's ability to fabricate high-quality
flexible perovskite solar cells with a PCE of above 21%. During the first 12 months of the project, the
consortium showed that High-quality PSCs are fabricated:

1. Rigid PCCs with 24.9 % PCE.

2. Flexible PSCs with 19.5% PCE.

3. Flexible PSCs on Al/FTO (HyET) with 15.6 % PCE.
4

QFLS measurements concluding the potential reaching 22.1% PCE on the applied solar cell stack
with 1.53 eV perovskite bandgap.

All these devices have been processed with scalable processing techniques in a sheet-to-sheet manner.
From the outset, the consortia focus on transferring the process to roll-to-roll processes.

We identified major hurdles during the first 12 months of the project, such as the low quality of the
Al/FTO substrates, which limited the ability to produce high-quality perovskite films on top. The
consortia set up mitigation strategies and implemented the first improvements, which are necessary to
increase the PCE of solar cells as well as the yield of solar cells produced. QFLS measurements
demonstrated the potential efficiency up to 22.1% in by using 1.53 eV perovskite absorber bandgap,
which is above the target levels. In the following project time, the consortia will focus on the developed
analytic feedback loop between WP2 (small area, S2S) and WP5(large area, R2R) to confirm these values
in the device stack.

4. Degree of Progress

The deliverable D2.1, Gen01 cells, requires showing a high efficiency flexible perovskite solar cell with
an aimed power conversion efficiency above 21% at a small scale (<1 cm2). This demonstrates the
capability of the consortium partners to fabricate cutting-edge perovskite solar cells. Since the
experimental results show that the efficiencies can reach beyond this value (19.5% on device
measurements, 22.1% on QFLS measurements) the deliverable is considered as achieved. The consortia
identified major bottlenecks and established working routines to develop higher-quality flexible
perovskite solar cells on a S2S level, using scalable deposition methods. This enables the transfer of WP2
know-how towards the R2R process in WP5.

5. Dissemination level
Public

WP2,D2.1,V2.0
Page 14 of 15



HORIZON-CL5-2023-D3-02-12

LUMINOSITY

6. List of Abbreviations

2-ME
ACN
Al/FTO
Ag
APCVD
BCP
BHC
CNR
Cu
CUT
DMSO
Eg
EMPA
ETL
FF

GA
HTL
HZB
ITO
Jsc

JvV
MACI
Me-4PACz
NMP
NiOx
Pbl;
PCE
PEI
PEN
PET
PL-I
PSK
PTAA
PV
R2R
RH
S2S
SAM
TNO
TUD
uv
Voc

2-Methoxyethanol

Acetonitril

Aluminium foil - fluor-doped tin oxide
Silver

Atmospheric pressure chemical vapor deposition
Bathocuproine

Benzylhydrazine

National research council

Copper

Cyprus University of Technology
Dimethylsulfoxide

Energy of bandgap

Eidgendssische Materialpriifungs- und
ForschungsanstaltElectron transport layer
Fill factor

Grant Agreement

Hole transport layer
Helmholtz-Zentrum Berlin
Indium-doped tin oxide

Short circuit current density

Current density - voltage
Methylammoniumchloride
4-(3,6-Dimethyl-9H-carbazol-9-yl)butyl]phosphonic Acid;
N-Methyl-2-Pyrrolidon

Nickeloxide

Lead iodide

Power conversion efficiency
phenethylammonium iodide
polyethylene naphthalate
Polyethylene terephthalate
Photoluminescence Imaging
Perovskite

Poly(triaryl)amine

Photovoltaics

Roll to roll

Relative humidity

Sheet to sheet

Self-assembled monolayer
Netherlands Organisation for Applied Scientific Research
Delft University of Technology
Ultraviolet

Open circuit voltage
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