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Executive Summary

This report presents the successful identification and fabrication of a complete perovskite solar cell
stack using scalable and industrially compatible deposition techniques. In particular, the deposition of
FTO, NiO, Buffer layer and TCO compatible with industrial process have been identified. Significant
progress has been made in the individual development tasks. In Task T3.1, the optimization of the FTO
transparent current collector resulted in high conductivity and uniform coverage. Concerning Task T3.2,
sputtering process was used to deposit NiOx films, successfully providing a stable and efficient hole
transport layer. Task T3.3 focused on developing electron transport layers based on vacuum processed
Sn0,, along with compatible buffer layers, to improve interface stability and reduce recombination
losses. Finally, in Task T3.4, the preliminary soft sputtering of indium-free transparent conductive
oxides, such as AZO, showed promising properties for use as top electrodes, with further work ongoing
to optimize their performance.
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AAD: Anodic Arc Deposition

LUMINOSITY

APCVD: Atmospheric Pressure Chemical Vapor Deposition

CTL: Charge Transport Layer (refers to ETL and HTL in general)

ES: Edge Seal

ETL: Electron Transport Layer

FTO: Fluorinated Tin Oxide

HTL: Hole Transport Layer

PSC: Perovskite Solar Cell

PV: Photovoltaic

R2R: Roll-to-roll

SALD: spatial Atomic Layer Deposition
SEM: Scanning Electron Microscopy
SD: Slot-Die coating

Sp: Sputtering

S$2S: Sheet-to-sheet

TCO: Transparent Conductive Oxide
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1. Introduction

This report presents the progress achieved in the development of industrially compatible processes for
the fabrication of perovskite solar cell layers on Al/FTO substrates, with a particular focus on the
deposition of fluorine-doped tin oxide (FTO), nickel oxide (NiOx), buffer layers, and In-free transparent
conductive oxides (TCOs). The goal has been to optimize deposition methods, ensuring compatibility
with scalable manufacturing while maintaining state-of-the-art device performance.

The deliverable is divided into two main sections. The first section focuses on the fabrication of the
demonstration stack, describing the optimization of each individual layer and their integration on an
Al/FTO substrate to form a complete device. The second section highlights the ongoing progress in the
development activities. The work performed aligns with the tasks related to the FTO process as a current
collector, the sputtering of NiOyx as a hole transport layer, the development of the electron transport
layer including soft-sputtered SnO, for both ETL and buffer layers, and the soft sputtering of indium-
free transparent conductive oxides for the top electrode. These results represent a crucial step toward
the industrial feasibility of high-efficiency, scalable perovskite solar cells.

2. Results and Discussion
2.1. Demo stack

Flexible substrates coated with an FTO layer were supplied by HyET, while the fabrication of the
perovskite stack was carried out at TNO. The HTL of NiOy is deposited on the Al/FTO substrate by
sputtering. The thickness and uniformity of the NiOx layer are controlled by adjusting the sputtering
time, power, and gas flow ratios.

After the NiOx deposition, an interface layer is applied using slot-die coating. The solution for the
interface layer is coated onto the NiOy surface under ambient atmosphere conditions. The slot-die
coating parameters are optimized to form a uniform layer.

On top of the interface layer, the perovskite absorber layer is coated, also via slot-die coating. The
perovskite ink is based on environmentally friendly solution and R2R compatible. This makes it safe to
coat under ambient atmosphere conditions. After coating, the wet film undergoes a drying and annealing
step, using a hot plate to induce the crystallization of the perovskite layer and form a high-quality film.

Following perovskite film, a layer of Cg, is deposited by evaporation. The deposition rate and thickness
are precisely controlled to avoid damaging the underlying perovskite. Next SnO, layer is deposited using
SsALD. The final step in the device fabrication involves sputtering of ITO top electrode. To minimize
damage to the sensitive underlying layers, low power is employed. Figure 1 illustrates the generic
scalable perovskite solar cell architecture used by TNO in LUMINOSITY. The scalability of this stack will
be possible by the replacement of the S2S processed layers by R2R counterparts with the involvement
of scaling-up partners in LUMINOSITY.

We fabricated small scale devices on Al/FTO substrates and reference glass/ITO to demonstrate that
the performance of our small-scale cells is aligned with the state of the art without loss of performance.
Maximum PCE obtained with glass/ITO stack is around 15% on sputtered NiOy, while on the same stack
on HyET flexible foils we obtained efficiency close to 14.8%. The results highlight the transition from
rigid to a flexible does not significantly compromise the efficiency, highlighting the potential of flexible
Al/FTO foils for high performance, flexible photovoltaic application. Figure 2 shows a fully completed
solar cell stack, realized via scalable S2S processes that are sketched in Figure 1.
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Figure 1: Generic perovskite solar cell architecture that is processed using all scalable methods. The current status
shows which processes can be used to deposit the layers. Scalability tab shows the foreseen RZR counterpart of the
deposition process within LUMINOSITY.

The results obtained for this demo stack, has been achieved thanks to the progresses made in the stack
layers made by several LUMINOSITY partners as described in the following section.

»

Figure 2: Photograph of the full solar cell stack on flexible Al/FTO substrate.

2.2. Progresses on stack layers
2.2.1. FTO process as current collector for perovskite stack
SiO,N, barrier - $2S APCVD (TUD)

The current FTO APCVD process uses high temperatures (500°C), which add stress to the foil and make
the process more energetically costly. Therefore, an alternative TCO would be desirable. A sputtering
approach has been proposed. In particular, RF magnetron sputtering is explored, due to the easy access
to this approach and relative suitability for further upscaling.

Several materials have been proposed as potential replacements based on their optoelectrical
properties: ITO, IOH, ICO and FTO. Moreover, bilayer configurations can also be used, in which a thin
layer of a conductive material is used in combination with a less conductive but highly transparent
material. The materials used for the conductive layer would be one of the formerly listed materials. The
less conductive, more transparent materials available are i-ZnO and i-SnOx. Results relating the mobility
and charge carrier concentrations are shown in Figure 3. It must be noted that the ideal values would
be on the top left of the graph, with high mobilities and low charge carrier concentrations.
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Figure 3: Comparison of different TCOs and bilayers in terms of the charge carrier concentration (N) and mobility (u).
Note that ideally TCOs would have a high mobility (low sheet resistance) and low charge carrier concentration (low
absorption in the infrared). The blue lines correspond to the ion impurity limit (1) and the grain boundary limit (ues).
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FTO sputtering is particularly interesting, since it does not use scarce materials such as indium.
Nevertheless, it can still achieve similar results as materials such as ICO or ITO. When sputtering, it must
be noted that it is notoriously difficult to include fluor in i-SnOx by sputtering. The results from EDX
analysis are shown in Figure and Figure . FTO has measurable amounts of fluor up to 3% at. However,
based on Figure on the sputtered FTO, it is not clear if the doping nature of the fluor is “activated”,
meaning that the fluor bonding does not occur in a way in which the doping increases the conductivity
of the layer. The inclusion of O, during deposition results in an increase of oxygen content in the layer,
indicating that the SnOx is not oxygen saturated and there would be present both SnO and SnO: species,
which changes the conductive nature of the layer.
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Figure 4. EDX (left) and XRD (right) results for RF sputtered FTO.
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Figure 5. EDX (left) and XRD (right) results for RF sputtered i-SnOx

Regarding the crystalline structure, post deposition annealing (PDA) is necessary to achieve some
crystallization, although the main matrix seems to be amorphous. The oxygen content also plays a role,
with the material becoming more crystalline at higher oxygen levels, especially for FTO. In general, it
was observed that PDA not only improves the qualities and crystallinity of the material, but it also makes
the resulting properties more consistent and reproducible. This is attributed to a redistribution of the
oxygen present into a more ordered and homogeneous pattern. The crystal structure can be seen in
Figure . The crystals grow very thin and columnar, potentially increasing the amount of grain
boundaries, which would negatively affect the electrical properties of the layers.

500nm

500nm | Regulus 1.0kV x60.0k SE(UL)
Figure 6. Cross SEM of i-SnOx (left) and FTO (right)

Regulus 2.0kV x80.0k SE(UL)

Further optimization of the deposition parameters was done by introducing oxygen and hydrogen flows
during deposition for both FTO and i-SnO.. It can be seen in Figure that the inclusion of oxygen
dramatically improves the optical properties of the layer, in particular the transmittance. However, the
inclusion of hydrogen barely changes the optical properties, and the changes observed are more likely
to be related to changes in refractive index than due to differences in absorption. Similar results are seen
on the sheet resistance, where inclusion of oxygen significantly improves the sheet resistance, but
hydrogen has little effect, especially after PDA treatments.
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Figure 7. Transmittance and reflectance (left) and sheet resistance (right) of FTO as a function of the Oz (top) and
H: flows (bottom). Note that these layers were all about 500 nm.

Figure shows the inclusion of O; and Hz on i-SnOx. Similarly, to FTO, the inclusion of oxygen dramatically
improves the optical properties of the layer. While the sheet resistance before annealing degrades with
increasing oxygen content, this trend reverses after PDA. The inclusion of hydrogen slightly improves
the transmittance, including an increase in the bandgap. The sheet resistance also decreases with
increasing hydrogen in pre-anneal conditions. However, it has a negative effect after PDA.
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Figure 8. Transmittance and reflectance (left) and sheet resistance (right) of i-SnOx as a function of the O: (top) and
H: flows (bottom). Note that these layers were all about 500 nm.

The necessary specifications for FTO layers, defined in deliverable 3.1 (Table 1), indicate that the
transmission should be around 90% and the bandgap should be above 3.6 eV. Both of these goals were
achieved with the samples shown here. Electrically, the mobility target was 20 cm?2/Vs. Even though the
single layers did not quite reach that level (the highest value achieved by FTO was 18 cm?/Vs), the
bilayer combination comfortably surpassed it. The final requirement is that of the sheet resistance,
which according to the results presented in Figure and Figure, it is about an order of magnitude higher
than the target value. It is believed that this is caused by the long narrow crystal growth, which increases
the grain boundaries and negatively affects the electrical performance. Further experiments applying
more intense PDA treatments are expected to improve the crystalline structure and activate the fluor as
a dopant, achieving the desired values.

Quality Criteria Low Limit = Target Value @ High Limit
Rsheet (£2/0) - from sheet resistance measurement | 9 10 12
i (cm”2/Vs) - from Hall measurement 19 20 -
Optical Bandgap (eV) - from Tauc plots 3.5 3.6 -
Transparency (350-1200 nm) (%) 85 90 100

Table 1. FTO specifications defined in deliverable 3.1
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2.2.2. NiOx sputtering as HTL for perovskite stack

NiOx - R2R Sputter (FhG)

At Fraunhofer FEP, a roll-to-roll system has been adapted for NiOx sputtering onto flexible substrates.
The system is integrated into the vacuum tool Tranlab, which has a width of 290 mm and an approximate
length of 7 meters. It includes key components such as a magnetron equipped with a metallic nickel
target, a shutter, and a movable winding system. Sample handling takes place outside the vacuum
chamber under controlled conditions.

Figure 9: Vacuum tool Translab while preparation for NiOx sputtering

Within Task 5.1, Fraunhofer FEP will set up a test system for magnetron sputtering of NiOx and qualify
the process there in roll-to-roll. The results will be presented in Deliverables 5.5.

NiO, - Sputtering S2S (VA)

For the high-volume manufacturing large area deposition methods are necessary. A well-established
large-area deposition method is the magnetron sputtering from rotatable tube targets. Substrate widths
of up to more than 3 meters are state-of-the-art in architectural glass coating. The LUMINOSITY layer
stack contains several materials that can be deposited by magnetron sputtering. One of them is the NiOx
layer. VON ARDENNE (VA) has the in-house tools for rotatable magnetron sputtering for targets up to
about 3m length. One of the most productive in-house tools is the “VIOLA”, a vertical inline coating tool
with rotatable targets of about 1m length. This tool was chosen for the industrial-size rotatable
magnetron sputter deposition of NiOx layers for the LUMINOSITY project. Together with TNO a
comprehensive deposition plan was developed and realised (see Figure 10). For the evaluation of the
sputtered NiOx films five sputter process conditions (A, B, C, D, E) were chosen and four substrate types
(I, IL, 111, IV) were discussed.

Substrate: Ref (1) [Tra1 ()]Traz (1) | R i v
Sputter process: A B CDE|JA B CD EJA B C D E|JA B C D E
Travel Travel Glass/ITO Glass/FTO Al/FTO PET/ITO
# Wafer (n) 4 3 3 6 6 6 6 60 0 O O OJ]6 6 6 6 6]6 6 6 6 6
Cell Precs TCO on top X
box opening 5 min, then N2 sealing
NiOx1 VIOLA
Packing________|inN2+sealing
NiOx-Ref @ TNO
Cutting 30x30 mm”2 X | x [ x| x| xIx|x[x]x|x]x|x|[x]|x[x]x]|x|[x]x]x
post Anneal method T; t x| x| x| x| xIx|x|[x]x|x]x|x|[x]|x|[x]x]|x|x]x]|x
TNO cell finalization X X X X [x [ x[x|xIx|x|x|x]|xIx|x|x|x|x]x]|x]|x]|x]|x
CTS IV-data + stability test X X X X[ x x| x|xIx|x|x|x|x]x|x|x|x]|x]x]|x]|x]|x]x

Figure 10: Sampling plan for industrial-size sputter deposition of NiOx on TNO substrates
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The substrate types consisted of different base materials and different TCO materials. Finally, one
substrate type (II) was skipped for the first deposition campaign due to the high number of experiments.
Since the VIOLA tool cannot deposit on roll-to-roll, all substrate types were prepared for sheet-to-sheet
deposition by TNO. All samples were sent back to TNO after NiOx deposition as well as some travel
references. The post processing is done by TNO.

NiOy - Sputtering S2S (EMPA)

At Empa, optimisation of the NiOy sputtering process was performed on ITO in S2S configuration. To
find optimised parameters for device performance, NiOx film thickness was studied systematically.
Transmittance studies of sputtered NiOy films on ITO with thicknesses from 10 nm to 25 nm showed
that parasitic losses in the UV region increased with NiOy thickness (Figure ).
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Figure 11: Transmittance spectra of sputtered NiOx films on ITO with different thicknesses.

Sputtered NiOyx layers were first investigated as a standalone HTL in devices with
glass/ITO/NiOy/perovskite/C60/BCP/Cu configuration. These devices performed with an efficiency
close to 16 %, compared to 19% for reference device with standalone MeO2PACz HTL (Figure , left).
This discrepancy is attributed to major losses in performance from Voc and Jsc. Devices with 10, 15, and
20 nm NiOy thicknesses displayed comparable efficiencies, however much lower efficiencies were
observed for the sample with 25 nm NiOy layer, likely due to the parasitic losses. We also investigated
the use of sputtered NiOx in bilayer NiOy/Meo2PaCz HTLs. These devices performed with efficiencies
close to 18.5 % (Figure, right). The bilayer HTL devices show significant improvement over standalone
NiOy devices in all PV parameters, with performances comparable to the MeO2PACz reference device.
The bilayer devices showed slightly improving performance with decreasing NiOy thickness, thus, future
work will investigate sputtered NiOx layers with thickness < 10 nm to further reduce parasitic losses
and improve performance.
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Figure 12: Efficiency of PSCs fabricated with sputtered NiOx as standalone HTL (left) and as bilayer
NiOx/MeO2PACz HTL (right).
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2.2.3. ETL development and soft-sputtered SnO2 for ETL and buffer layers

PCBM - Meniscus coating processing at ambient conditions (CUT)

Initially devices were fabricated at CUT based on inverted p-i-n structure of
ITO/NiOx/FAPbI3/PC60BM/BCP/Cu. This system utilized a mixture of solvents based on 2-ME, ACN
and NMP. Three additives were investigated in this perovskite material system including: MACI as
stabilizer, BHC (benzylhydrazine) and PEI (phenethylammonium iodide). The hole transporting layer
(HTL)/SAM, perovskite active layer and PC60BM were fabricated in ambient conditions (40-50 % RH,
25 oC) using meniscus coating in conjunction with N2 quenching using an air knife. BCP and Cu were
deposited using thermal evaporation in vacuum as shown in the figure below.

Reference Parovskite solar calls
Tharmal evaparation { Cu
Meniscus coating
arnbient conditions
(40 - 50% RH, 25°C)
I
fliss

Figure 13: Device structure and processing methods applied during PV fabrication.

For the initial tests the fullerene (PCBM) buffer layer was deposited using spin coating, however in order
to have a large area industrially compatible fabrication technique, the deposition was shifted to a
meniscus coating process in ambient conditions. The meniscus coated PCBM films exhibit lower
roughness (RMS=17 nm) compared to the spin coated films (RMS=25 nm) and less pin holes as shown
in the figure below.

I

AR

PCBM»S

. €ai Y

Figure 14: AFM images for spin coated and meniscus coated PCBM and perovskite films

Following the successful transfer of the PCBM deposition from spin coating to meniscus coating, full
solar cell devices were fabricated based on the structure indicated above. Meniscus coating thin PCBM
(70 nm) based solar cells in ambient conditions (FAPbI3) delivered PCE of 9.38%. In order to ensure the
up scalability of perovskite solar cells, the thickness of PCBM is important to be tunable. In more detail,
it is expected that a thick PCBM bulffer layer in the range of 200 nm processed by scalable techniques
(e.g. slot die coating) will ensure not only the full coverage of the perovskite active layer but will also act
as ionic blocking layer that will improve the lifetime of the perovskite PVs. To ensure that thick PCBM
conductivity limitations will not negatively impact the photovoltaic (PV) parameters of the devices, n-
type doping of the PCBM was incorporated. Following this rationale, N-DMBI doping was tested as a
dopant for the PCBM buffer layer within the above device architecture. To initially examine the impact
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of doping, the devices were based in thin (70 nm) PCBM layers. Doping of PCBM with 0.05 and 0.1 %
w.t. N-DMBI increases the Jsc from 17.19 to 21.56 and 19.36 mA/cm? respectively, but losses are
observed in the FF and Voc resulting in lower PCE with the best PCE=8.23 % as shown in Figure 15.

—a— ref,
20 T —e— 0.1 % Wt NDMBI
—4—0.05 % Wt NDMBI

10 sample PCE(%) FF(%)  XBc(mAcm?) Voc (V)
ref. 9.38 51.63 -17.19 1.06
0.1%MNDMBI ~ 7.52 37.52 -19.36 1.04
0.05%Wt NDMBI ~ 8.23 38.17 2156 1.00

Current density (mA/cm?)

-02 00 02 04 06 08 10 12
Voltage (V)

Figure 15: llluminated ]/V characteristics for pristine PCBM, 0.05 and 0.1 % N-DMBI doped PCBM based devices

After further optimization of the reference devices the PCE of thin (70 nm) PCBM (undoped) based
devices was improved to 11.25 %. The optimum N-DMBI doping concentration is expected to be at the
range of 0.3 % w.t. Following what was previously discussed, the PCBM thickness was increased from
70 to 200 nm and the effect of doping was tested. Increasing the PCBM thickness to 200 nm had a slight
drop to Jsc from 19.60 to 17.04 mA/cm2 resulting in a PCE of 10.38 %. The devices delivered improved
Jsc from 17.04 to 18.50 mA/cm2, however the Vo and FF declined, resulting in a PCE of 7.85 % as shown
in Figure 16 and Table 2.

30 T T I T T T T T
PCqBM
20F [—=—70nm

—e— 200 nm
—#4— 200 nm + 0.3 Wt% N-DMBI

[EY
o

4

]
A
A
A
A
A
A
A
A
A

o

N
o

Current density (mA/cm?)

R
o

-04 -0.2 00 02 04 06 08 10 1.2

Voltage (V)
Figure 16: llluminated ]/V characteristics of devices based on pristine 70 and 200 nm PCBM with and without N-
DMBI doping.
| Devices | PCE(%) [ FF(%) [ Jsc(mA/cm2) [Voc(V) |
PCBM 70 nm 11.25 52.11 -19.60 1.10
PCBM 200 nm 10.38 55.90 -17.04 1.09
PCBM 200 nm +0.3 % N-DMBI 7.85 42.83 -18.50 0.99

Table 2: PV parameters of devices based on pristine 70 and 200 nm PCBM with and without doping.
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Since N-DMBI doping did not work as expected for the selected perovskite formulation (FAPbI3), CUT
used an alternative dopant. In more details, P2-t-Bu was tested as PCBM dopant in the following trials.
Meniscus coating thin PCBM (70 nm) based solar cells (reference) delivered a PCE of 9.85 % forward
bias (FW bias) and 10. 57 % reverse bias (RV bias). Doping of PCBM with 0.2 mol % P2-t-Bu, identified
as the optimum concentration, improved the PCE to 11.08 % (FW bias) and 13.27 % (RV bias). However,
the hysteresis of the perovskite solar cells was also more pronounced as shown in Figure 17 & Table 3.
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Figure 17: Illuminated ]/V characteristics of devices based on pristine 70 nm PCBM with and without P2-t-Bu
doping.

[ pevies [ PcECO) [ FFCW) [ JscimA/em2) [ Vo) |
Pristine PCBM (FW bias) 9.85 49.45 -19.85 1.00
Pristine PCBM (RV bias) 10.57 52.27 -20.07 1.01

0.2 mol % P2-t-Bu (FW bias) 11.08 54.50 -20.74 0.98
0.2 mol % P2-t-Bu (RV bias) 13.27 63.85 -20.89 1.00

Table 3: PV parameters of devices based on pristine 70 nm PCBM with and without doping.

AZO-nanoparticles (CNR)

To mitigate sputtering-induced damage, three types of metal oxide colloidal dispersions from Avantama
Ltd. were analyzed: ZnO (N-10, N-10-Flex, N-11, and N-12), AZO (Al:ZnO) (N-20X-Flex, N-21X, and N-
21X-Flex), and Sn0O, (N-30).

To assess the protection provided by the metal oxides during the sputter deposition of the top ITO layer,
the resistance to UV plasma damage was evaluated via photoluminescence (PL) measurements (Figure
-A). ZnO N-10-Flex and AZO, particularly AZO N-21X (PLQ = 0.1), demonstrated greater shielding
capability, indicating reduced generation of non-radiative recombination defects.

Semi-transparent perovskite solar cells (ST-PSCs) based on AZO N-21X showed efficiencies comparable
to those of the opaque reference devices (18.1% vs. 18.4%), with improved charge transport and lower
non-radiative recombination (Figure -B). Therefore, AZO N-21X was identified as the most suitable
buffer layer for fully solution-processed semi-transparent solar cells.
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Figure 18: A) PLQ determined from PL measurement on the perovskite solar cell stack up to the buffer layer (ZnO0,
AZO0 o Sn02) before and after UV-plasma treatment during sputtering deposition. B) PCE of the semitransparent
solar cells with the tested buffer layers.

Sn0; - R2ZR AAD (FhG)

Anodic arc evaporation has been successfully applied to electrically insulating materials such as SnOx
and Csl, demonstrating proof of concept at the lab scale (Figure ).

SnOx

anode 1

hollow cathode m ‘ tubular crucible SnOx feedstock before ahd after the process

Csl after the process arc plasma source
= Anode 2

>—>

=

Figure 19: Anodic arc evaporation device during testing evaporation feedstock materials.
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In particular, SnO, was deposited onto 120 x 200 mm? aluminum and glass sheets (Figure ), with
variations in oxygen flow (ranging from 0 to 100 sccm) and deposition rates (from 1 to 10 nm/s). The
resulting coatings were both transparent and uniform.

Figure 20: SnOx coating on 12 x 20 cm? aluminium (left) and glass (right) sheets.

2.2.4. Soft sputtering of In-free TCO

In-free TCOs - Anodic Arc Evaporation (FhG)

Attempts will be carried out to test the capability of the anodic arc evaporation process to deposit In-
free TCO with low tendency of damaging underlaying functional layers. Experiments are planned for the
coming months.

In-free TCOs - S2S Sputter (CNR)

In the pursuit of indium-free alternatives to conventional transparent conductive oxides (TCOs),
aluminum-doped zinc oxide (AZO) thin films were deposited via RF sputtering at CNR. These materials
were investigated as potential substitutes for indium tin oxide (ITO), focusing on structural, optical, and
electrical performance.

X-ray diffraction (XRD) analysis confirmed the formation of crystalline phases (Figure 21). In fact AZO
films exhibited typical ZnO wurtzite structure with preferential (002) orientation, indicating good
crystallinity and c-axis texture. Optical transmittance measurements in the 400-1100 nm wavelength
range demonstrated that AZO films had high transparency (Figure 22). The average transmittance for
AZ0 was approximately 83%, spanning from 78-80% in the visible range to the 85% in the near-infrared
(NIR).

Electrical measurements were performed on films with different thicknesses. AZO film (t > 300 nm)
exhibited promising electrical behaviour, with a sheet resistance (Rsh) of approximately 10 Q/o,
resistivity @ = 8x10-4 ohm * cm, mobility @ =15,1 cm2/V sec and charge density of about 5 *1020 cm-
3. In the case of thin films of about 50 nm we measured vertical resistance (Rv) of 0.05 £, and a Rv/Rsh
ratio of about 2x1075, indicating good vertical conduction relative to its lateral resistance.

These results make AZO as a strong candidate for replacing ITO as In-free TCO.
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Figure 21: Typical X-ray diffraction pattern of AZO films deposited via RF sputtering.
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Figure 22: Transmittance of AZO film with different thickness.
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3. Conclusions

In this deliverable, we demonstrated a complete perovskite solar cell stack fabricated using upscalable
and industrially compatible deposition techniques. The demo stack included all key layers—FTO, NiO,
ETL/buffer, and top TCO—processed with methods suitable for large-area implementation. The
resulting small-area devices exhibited performance aligned with the state of the art on glass/ITO,
maintaining high power conversion efficiency.

In addition to the demonstration of the full stack, we also presented the ongoing progresses across the
individual tasks, from FTO and NiOx sputtering to buffer layer and In-free TCOs development.

4. Degree of Progress

The progress is 100% achieved, the deliverable is reached.

5. Dissemination level

Public.

WP3,D3.3,V1.1
Page 20 of 20



