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Executive Summary

This deliverable requires the demonstration of stable flexible perovskite solar cells with small areas (<
1cm?) deposited by scalable slot-die coating, achieving a T95 for 1000 hours for ISOS-L-1 continuous
illumination at 1 sun at room temperature. This deliverable aims to show the state of the art of the
consortium on stable flexible devices. This report will provide the techniques used by the different
partners to fabricate devices; along with device performances evaluated on day 0, and following
exposure to light, heat, and moisture. The outcome of this deliverable is highly stable slot-die coated
perovskite solar cells on flexible substrates with T94 for 1000 hours for encapsulated cells under light
soaking with temperature of T = 55 °C, T92 for 1000 hours for encapsulated cells under damp heat
conditions (85 °C at 85%RH), and T96 for over 1000 hours for non-encapsulated cells under thermal
stress at 85 °C.

The stability results presented in this deliverable are realized under harsher conditions than prescribed
by the ISOS-L-1 protocol (These protocols are explained in the introduction). While ISOS L-1 is light
soaking monostress, i.e., non-encapsulated device under protected atmosphere, the conditions that are
used in this deliverable is approaching ISOS-L2 (Light Soaking + Temperature) with encapsulation. The
reasoning behind this decision was the excellent stability of the cells under ISOS D2-like conditions,
which surpassed 1000 hours stability (1680 hours stable under thermal monostress at 85 °C). T95 was
met for these non-encapsulated cells under thermal stress, T95 was nearly met for encapsulated cells
under light soaking at 55 °C (T94), close to ISOS L-2 conditions, and T92 was reached for encapsulated
cells under damp heat (ISOS D-3). The minimal difference between the achieved T94 and targeted T95
is within the error margin of the measurements and can be considered fulfilled in a more stressful
setting of ISOS L-2.
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1. Introduction

Enhancing the long-term stability of perovskite solar cells is essential in order to bring the technology
to market level. While most of the research in the literature is being done on increasing the efficiency, a
non-stable perovskite solar cell cannot reach higher TRL’s without proven stability. From the
commercialization point of view, stability is a more important decision-making factor than efficiency, in
the case that the difference between efficiencies of a stable and non-stable device is insignificant. The
consistency of the stability assessment protocol is critical to unify and relate the results obtained
worldwide. While there are well established stress protocols for commercial Si-PV products, the stress
protocols for emerging thin-film PV products could be different due to different physical and chemical
characteristics, which may require tailor made stress protocols. For this aim, a consensus statement for
stability assessment and reporting for perovskite photovoltaics has been published based on ISOS
(International Summit on Organic Photovoltaic Stability) procedures as demonstrated in Table 11. These
protocols advance on complexity, starting with simple dark storage, up till solar thermal cycling.

Table 1: Overview of existing ISOS protocols and suggested additional protocols that account for the properties of
perovskite materials and devices!

Test iD__BdlLight Souce ETemperature _EAIRel. Humidity B Environment/Setup B Characterization light source K2

Dark Storage (1S0S-D)

1505 D-1 MNone Ambient Ambient Ambient air Solar Simulator or Sunlight ocC
1505 D-2 MNone 65, 85°C Ambient Oven, ambient air Solar Simulator ocC
1505 D-3 None 65, 85°C 85°C Env. Chamber Solar Simulator oc
Bias Stability (1S0S-V)
1505 V-1 None Ambient Ambient Ambient air Solar Simulator or Sunlight Positive VMPP, VOC,
Eg/q, Jsc. Negative -
Voc, IMPPa
1505 V-2 MNone 65, 85°C Ambient Oven, ambient air Solar Simulator
1505 V-3 MNone 65, 85°C B85°C Env. Chamber Solar Simulator
Light Soaking (1SOS-L)
1505 L-1 Solar Simulator Ambient Ambient Light only Solar Simulator MPP or OC
1505 L-2 Solar Simulator 65, 85°C Ambient Light & temperature Solar Simulator MPP or OC
1S05 L-3 Solar Simulator 65, 85°C ~50% Light, temperature & RH Solar Simulator MPP
Outdoor Stability (1505-0)
1505 O-1 Sunlight Ambient Ambient Outdoor Solar Simulator MPP or OC
1505 0-2 Sunlight Ambient Ambient Outdoor Sunlight MPP or OC
1505 0-3 Sunlight Ambient Ambient Outdoor Sunlight and Solar Simulator MPP
Thermal Cycling (1SOS-T)
1505 T-1 MNone RTto 65, 85°C Ambient Hot Plate/Oven Solar Simulator oc
1505 T-2 None RT to 65, 85°C Ambient Oven/Env. Chamber Solar Simulator oc
ISOST-3 None -40 to + 85°C <55% Env. chamber Solar Simulator OC
Light Cycling (ISOS-LC)
1505 LC-1 Solar simulator/ Ambient Ambient Light only Solar Simulator MPP or OC
Dark Cycle
1508 LC-2 65, B5°C Ambient Light & temperature Solar Simulator MPP or OC
1505 LC-3) 65, 85°C <50% Light, temperature & RH Solar Simulator MPP
Solar Thermal Cycling {ISOS-LT)
1505 LT-1 Solar Simulator Linear or step ramping  Monitored, Weathering chember Solar Simulator MPP or OC

between RT and 65°C uncontrolled

1505 LT-2 Solar Simulator Linear or step ramping  Monitored, Env. Chamber with sun Solar Simulator MPP or OC
between 5°C and 65°C controlled at 50%  simulator
1505 LT-3 Solar Simulator Linear or step ramping  Monitored, Env. Chamber with sun Solar Simulator MPP or OC

between -25°C and 65°C controlled at 50%  simulator and freezing

This document outlines the progress towards improving stability of developed flexible slot-die coated
perovskite solar cells (PSC). The primary objective of this deliverable is the demonstration of flexible
perovskite solar cells with small areas (< 1cm?), deposited by scalable slot-die coating, achieving a T95
for 1000 hours for ISOS-L-1 continuous illumination at 1 sun at room temperature. The stability results
presented in this deliverable are realized under more stressful conditions then prescribed by the ISOS-
L-1 protocol. While ISOS L-1 is light soaking monostress, i.e., non-encapsulated device under protected
atmosphere, the conditions that are used in this deliverable is approaching ISOS-L2 (Light Soaking +

1 M.V. Khenkin et. al. “Consensus statement for stability assessment and reporting for perovskite photovoltaics based on
ISOS procedures. Nat. Energy 35-49 2020.
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Temperature) with encapsulation. The reasoning behind this decision was the excellent stability of the
cells under ISOS D2-like conditions, which surpassed 1000 hours stability (1680 hours stable under
thermal monostress at 85 °C). T95 was met for these non-encapsulated cells under thermal stress, T95
was nearly met for encapsulated cells under light soaking at 55 °C (T94), close to ISOS L-2 conditions.
The minimal difference between the achieved T94 and targeted T95 is within the error margin of the
measurements and can be considered fulfilled in a more stressful setting of ISOS L-2. The next sections
provide information on the achieved results. The first part will summarize the efforts on DMF based
state of the art perovskite inks, while the second part will summarize the efforts on R2R scalable
perovskite inks.

2. Results and Discussion

Avariety of different slot-die coating methods and inks have been investigated to achieved high-stability
perovskite solar cells. The main partners involved are TNO, HBZ, and Empa.

2.1. DMF-based inks

Perovskite inks for slot-die coating based on DMF were developed by Empa with NMP and THF co-
solvents. A device stack consisting of blade coated NiOx, spin coated MeO-2PACz self-assembled
monolayers, slot-die coated perovskite absorber, and evaporated C60, BCP, and Cu was used (Figure
1a). These flexible perovskite solar cells on PEN/ITO substrate achieved high performances with PCE
up to 18% (Figure 1b).
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Figure 1: Diagram of flexible perovskite solar cell device stack used by Empa (left) and champion
J-V cell measurement (right).

2.1.1. Stability of cells under light soaking

MPP tracking was performed on these devices, encapsulated with UV-curable epoxy and glass, at a
temperature of T = 65 °C to test their stability (Figure 2a-c). Six different cells on three different devices
were tested, and stability was tracked for 80 hours. Over this time, all measured devices were shown to
fully degrade, with T95 of < 24 hours. Moreover, changes in the appearance of the measured cells were
observed after MPP tracking, with an increase in transparency on the Cu side (Figure 2a) and an increase
in the visibility of Cu on the PEN (Figure 2a). This may indicate the occurrence of Cu ion migration during
stress testing.
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Page 6 of 10



HORIZON-CL5-2023-D3-02-12 GA number: 101147653
LUMINOSITY

—#1
MPP tracking at 65 °C —#2

0.8

Normalized PCE
o
Y

o
~
1

0.2 4

0 10 20 30 40 50 60 70 80
Elapsed time (h)

Figure 2: Optical images of degraded devices a) on Cu side and b) on PEN side. c) MPP tracking of devices
over 80 hours at T = 65 °C.

The extent of degradation observed in this study is surprising and merits further investigation. Future
studies will conduct stress testing under inert conditions to test sample encapsulation and explore
alternative ink formulation with greater stability. Characterization such as ToF-SIMS and XRD mapping
will be conducted to explore and understand the degradation mechanics. While it is noted that these
stress conditions are beyond the ISOS-L-1 protocol (which only requires light soaking at room
temperature), the results emphasize the need to move away from traditional DMF-based inks towards
inks based on green solvent systems.

2.2. DMSO-based inks

Perovskite inks for slot-die coating based on DMSO were developed by TNO and were used to fabricate
flexible solar cells on the flexible Al foils provided by HyET Solar. The device stack consisted of a barrier
(Slot-die coating), a bottom transparent conductive oxide (TCO, sputtering), hole transport layer (HTL,
slot-die coating), perovskite (slot-die coating), electron transport layer (ETL, evaporation), buffer layer
(spatial atomic layer deposition), and a top TCO (sputtering) (Figure 3). These devices achieved high
performances with PCE up to 15.6%. Cells were encapsulated using flexible moisture barrier foils and
encapsulants in a vacuum lamination process at encapsulant melting temperatures. To prevent side
ingress, a sealant was used on all four sides of the device.

Current Status
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Figure 3: Diagram of flexible perovskite solar cell device stack used by TNO.
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2.2.1. Stability of non-encapsulated cells under thermal stress

Non-encapsulated cells were investigated under thermal stress, at a temperature of T = 85 °C according
to the ISOS D-2 conditions. This thermal stress test is done on non-encapsulated cells under protected
atmosphere in a continuously heated contact surface at the specified temperature. The initial targets for
the stress tests are T95 at t =1000 hours. The stress test has been conducted on 10 cells that are all
coated via combined S2S and R2R processes using scalable materials and solvents. For this reason, the
stability of these cells proves the reliability at an industrially relevant processing point of view. The
champion cell used at the beginning of this experiment had a PCE of 14% and an average efficiency of
12.8% over 10 cells. After 1000 hours of testing, there was no decrease observed in the solar cell
performance. Thus, the experiment is extended. Figure 4a demonstrates the measurement data points
of the champion and the average cell performance over the time period of 18 weeks, or 3000 hours.
After 3000 hours of continuous thermal stress, the champion cell had an efficiency of 13.7%, which is
98% of its initial performance. Within this time period, the cell did not lose 5% relative efficiency and
the experiment is concluded at T98. The JV curve of the champion cell at t=0 hours and at t= 3000 hours
is demonstrated in Figure 4b.
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Figure 4: a) MPP Tracking of the cells subjected to ISOS D-2 conditions. b) JV scan of the
champion cell that resulted T98 after a stress test of 3000 hours.

In a further attempt, the cells under consideration were subjected to a more elevated temperature than
suggested in ISOS D-2, exceeding the suggested stress conditions. The cells were stress at T = 100 °C
under a protected atmosphere. Initial PCE (at time ¢ = 0) was 13.7% for the champion cell and 11.0% for
the average cell. After 6 weeks of stress testing (at t = 1000 hours) the PCE decreased to 13.2% for the
champion cell and 10.0% for the average cell, equating to a T96 and a T91 after 1000 hours, respectively
(Figure 5). Moreover, significant improvement in PCE was measured during testing (week 6 for
champion and week 4 for average cell). This merits further study and could be used as a method to
improve PCE in the future.
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Figure 5: Stress testing of unencapsulated devices at a temperature of T = 100 °C
under a protected atmosphere.
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2.2.2. Stability of encapsulated cells under damp heat conditions

After obtaining the stability results at 85 (Isod D-2) and 100 °C (beyond ISOS-D2), we have stressed the
cells under damp heat conditions at ISOS D-3. Encapsulated cells were stressed under damp heat
conditions, at a temperature of T = 85 °C and a humidity of H = 85%. Initial PCE (at time t = 0) of the
champion cell was 11.6% for the champion cell and 10.7% for the average cell. After 10 weeks of stress
testing (at £ = 1680 hours, which is exceeding 1000 hours target) the PCE remained at11.6% for the
champion cell and decreased to 7.7% for the average cell, equating to an impressive T100 (no
degradation) and a T82 after 1680 hours, respectively (Figure 6, right). Moreover, the devices
maintained their optical appearance after 1680 hours of stress testing (Figure 6, left).
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Figure 6: Optical images of devices at t = 1000 hours (left) and damp heat stress testing of devices, at a
temperature of T = 85 °C and a humidity of 85%(right).

2.2.3. Stability of encapsulated cells under light soaking

The excellent results obtained in ISOS D-2 and ISOS D-3 experiments, exceeding the standard required
time frames of 1000 hours, encouraged us to take the next step towards light soaking with additional
thermal stress. Despite the targeted stability under ISOS L-1 stress, we have proceeded directly to ISOS
L-2 and combined the light soaking experiment with encapsulation and with thermal stress at 55 °C.
Initial PCE (at time ¢t = 0) of the champion cell was 13.3% for the champion cell and 11.8% for the average
cell. After 6 weeks of stress testing (at t = 1000 hours) the PCE decreased to 12.5% for the champion cell
and 11.0% for the average cell, equating to a T94 and a T93 after 1000 hours, respectively (Figure 7,
right). Moreover, the devices maintained their optical appearance after 1000 hours of stress testing
(Figure 7, left). The achieved T94 result (12.5%) is slightly different than the targeted T95 result
(12.6%). The difference in result is 0.1%, which is within the error margin of the measurement
reliability. Thus, T94 result is considered as sufficient to reach this deliverable.
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Figure 7: Optical images of devices at t = 1000 hours (left) and light soaking stress testing of devices, at a
temperature of T = 55 °C (right).
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3. Conclusions

In conclusion, LUMINONSITY has demonstrated highly stable PSCs on flexible substrates via slot-die
coating with DMSO-based inks, whereas cells coated with DMF based inks did not show stable results.
The devices fabricated using DMSO-based inks display far superior stability to the DMF-based inks. Due
to this, as well as the high toxicity of DMF-based inks, the consortium will focus its efforts on the
development of DMF-free inks. Future work will focus on improvement of the efficiency of the DMSO-
based inks and testing the stability of inks based on 2ZME and ACN, developed by HZB.

The cells processed by scalable techniques and solvents by TNO has reached remarkable stability on
[SOS D-2 (and beyond), and ISOS D-3. The champion encapsulated cells displayed remarkable stabilities
after 1000 hours, with T94 under light soaking at T =55 °C and T92 under damp heatat T=85°C, H =
85%. These results far exceed the stability required for deliverable D2.2; thus, it is deemed complete.

4. Degree of Progress
The progress is 100% complete.

5. Dissemination level
Public.

WP2,D2.2,V1.0
Page 10 of 10



