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Executive Summary 

Work package 6 of the LUMINOSITY project is related to packaging and stability of perovskite solar 
modules based on indoor and outdoor testing. Work is related to testing packaging processes and 
materials on suitability for R2R and R2S processing. Packaged modules with a target PCE of >20% at an 
area of up to 900 cm2 are indoor and outdoor tested on stability. The flexible packaging materials are 
tested on stability in compliance with critical environmental stress tests of IEC 61215 (like damp-heat, 
thermal stability, UV stability, thermal cycling) and mechanical tests. Flexible front sheet materials are 
evaluated on their soiling behavior compared to glass.  

Deliverable 6.2 outlines the indoor and outdoor stability assessment of Gen-01 flexible perovskite cells 
and modules based on the work performed from M7-M21. Indoor testing includes accelerated aging 
protocols such as damp-heat, and thermal cycling combined with advanced characterization (PL, EL, 
XRD, SEM, TOF-SIMS) to identify degradation pathways. Outdoor stability is evaluated under real-world 
conditions in multiple European climates to correlate field performance with accelerated indoor tests. 
The combined results enable identification of bulk and interfacial degradation mechanisms at both cell 
and module levels. Insights from these studies provide iterative feedback for module design 
optimization and improved long-term stability. 

This deliverable discusses the results of indoor and outdoor stability of laminated flexible perovskite 
single-junction devices and Gen-01 flexible modules. The stability of various R2R scalable flexible cells 
was systematically evaluated under damp-heat and thermal cycling conditions. In addition, the influence 
of various encapsulant materials and flexible barrier foils on the thermal stability and durability of the 
laminated devices was examined. Devices subjected to thermal stress were comprehensively 
characterized to identify degradation mechanisms by time-of-flight secondary ion mass spectrometry 
(TOF-SIMS) and X-ray diffraction (XRD) mapping. Gen-01 flexible modules were exchanged between 
TNO, CUT, and HZB for outdoor stability assessments under real operating conditions. The outdoor 
performance of the modules was continuously monitored, and the observed degradation behaviour was 
analysed in correlation with indoor accelerated testing results. Outdoor soiling evaluations were started 
and first results are available. 

In conclusion the combined findings provide critical insights into material interactions, encapsulation 
reliability, and operational stability, supporting further optimization of flexible perovskite module 
design. 
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List of abbreviations 

Al-FTO  Aluminum foil - fluor doped tin oxide 

Ag  Silver 
Br  Bromine 

Cl  Chlorine 

C60  Carbon 60 

DMF  N,N-Dimethylformamide 

DMSO  Dimethyl sulfoxide 

EL  Electroluminescence 

ES  Edge seal 

FF  Fill factor 

FWHM  Full Width at Half Maximum 

HTL  Hole transport layer 
I  Iodine 

IEC  International electrotechnical commission 

ISOS  International Summit on Organic and Hybrid Photovoltaics Stability 

ITO  Indium doped tin oxide 

Jsc  Short circuit current density 

JV  Current density – voltage 

MAPbI3 Methyl ammonium lead iodide 

MeO-2PACz  [2-(3,6-Dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid 

MPP  Maximum power point 

NiOx  Nickel oxide 
PbI2  Lead iodide  

PCE  Power conversion efficiency 

PEN  polyethylene naphthalate 

PL  photoluminescence 

PET  Polyethylene terephthalate 
POE  Poly olefine elastomer 

PSK  Perovskite 

PTAA  Poly(triaryl)amine 

PTE  Polymeric top encapsulant  

PV  Photo voltaics 
R2R  Roll to roll 

R2S  Roll to sheet 

RH  Relative humidity 

S2S  Sheet to sheet 

SAM  Self assembled monolayer 

Sn  Tin 

TOF-SIMs Time-of-flight secondary ion mass spectrometry 

TPO  Thermoplastic poly olefin 

TPU  Thermoplastic polyurethane 

Voc  Open circuit voltage 
WCA  Water contact angle 

WAT  Weighted average transmittance  

WVTR  Water vapor transmission rate 

XPS  X-ray photoelectron spectroscopy 

XRD  X-ray diffraction 
ZTO  Zinc doped tin oxide 
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1. Introduction 

This WP focussed on encapsulation strategies, in terms of encapsulation materials, process parameters 
for R2R encapsulation compatibility. Packaged modules are indoor and outdoor stressed and their 
degradation behavior is studied. The findings will be used to optimize the to be stressed modules. Result 
will be indoor and outdoor stable perovskite solar modules, achieved by flexible encapsulation. 

This deliverable describes the activities related to the Indoor and outdoor stability assessment of Gen01 
flexible cells and modules. 

In T6.2 various partners perform indoor stability testing of encapsulated cells and modules (TNO, EMPA, 
CNR, HZB) [M7-M36] - The indoor stability tests that will be done on encapsulated cells and modules at 
various sizes (from >25 cm2 to >900 cm2) include damp-heat tests (85 °C/85%RH, 1000 h), humidity-
freeze (85%RH, -40/85 °C, 10 cycles, thermal cycling (-40/85 °C, 200 cycles), UV exposure tests, and 
reverse bias tests, aiming at least 95% of the initial performance at the end of LUMINOSITY (TNO, CNR, 
EMPA, HZB). Apart from continuous monitoring of PV performance during ageing, the pristine and aged 
sample will be probed using PL, EL, XRD, SEM (TNO, EMPA) and TOF-SIMs (EMPA) to elucidate the 
difference in degradation pathways at the cell and module level. The accelerated lifetime degradation 
patterns will be correlated with the outdoor measurements’ lifetime testing observations by HZB and 
TNO. The insights gained will be provided as feedback for WP5 to develop strategy to mitigate the 
additional degradation pathways originating at the module level. This feedback will be given 
periodically to develop new generation of modules that will be tested at indoors and outdoor conditions 
(T6.3). 

In section 2.1 of this deliverable, an overview is presented of the indoor stability tests performed on 
cells and modules with varying recipes at different partners. Per partner it is shortly described how the 
devices are laminated and to what indoor stress tests the devices are subjected. The stability in time of 
the different variations is given. Also, the results of the first characterisations on aged devices are shown.   

In T6.3 outdoor stability testing of encapsulated modules will be performed (HZB, CUT, TNO, TUD) [M7-
M48] - For PV product development, it is crucial to correlate the indoor accelerated lifetime testing with 
outdoor PV performance measurements. Encapsulated perovskite cells and modules fabricated in WP5 
will be tested under real-world conditions in two test fields (HZB-Germany, CUT-Cyprus) to investigate 
the performance in two different European climates. The JV photovoltaic characteristics will be 
monitored during the outdoor lifetime performance and major degradation paths (bulk or interface) 
will be identified by photocurrent mapping and impedance spectroscopy studies (CUT). These studies 
will provide insight into device/module related processes that lead to perovskite PVs failure at real 
environmental conditions. The field data will be used as a reference for energy yield calculation (TNO) 
and correlated with the indoor stability testing from T2.4 and T6.2. Special attention will be pointed to 
the possible lifetime differences between cells and modules and the diurnal behaviour of the devices. 
The outdoor PV findings will be used as feedback to iteratively update the intrinsic stability 
measurement conditions (T2.3) and indoor stability ISOS accelerated lifetime protocols (T6.2).  

In paragraph 2.2 the outdoor stability results of single junction flexible cells and Gen-01 modules are 
reported for both the HZB as the CUT outdoor test field. At TUD the outdoor soiling experiments are 
running, the current status of this outdoor test is also presented in 2.2.   

 

2. Results and Discussion 

2.1. Indoor stability testing (M13- M21) (HZB, CUT, TNO, TUD) 

TNO 

Flexible devices based on two different perovskite absorber inks, a DMF-based (state of the art) and a 
DMSO-based (R2R upscalable) perovskite ink with varying HTLs (PTAA, NiOx, SAM) were fabricated 
and evaluated. These variations do not directly play a role on the development of encapsulation, but 
aims to find an intrinsically stable solar cell architecture which will not play as a bottleneck in the 
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assessment of reliability by the developed encapsulation methods. The detailed SD coating process and 
device fabrication procedures are reported in WP2–3 and WP5, as well as in the M16 reporting. 

These devices produced at TNO were laminated using a standardized and optimized lamination process 
and subsequently subjected to indoor stability testing. In addition, a subset of the laminated devices was 
deployed for outdoor stability evaluation. For all devices described in this document, TNO applied the 
same optimized lamination procedure using flexible encapsulation materials. This lamination process, 
together with the corresponding stability results, has been previously described in D6.1, submitted at 
M12. Briefly, the applied lamination procedure comprises the following steps: 

• Flexible moisture barrier foils and 200 µm TPO encapsulant are used in a sheet-to-sheet (S2S) 
lamination at 100 °C with limited applied pressure, achieving uniform encapsulation. 

• Adhesion issues between the edge seal and front sheet are resolved through a local thermal post-
treatment, improving seal integrity. 

• For devices intended for outdoor stability testing at CUT or HZB, the external electrical contacts 
were mechanically reinforced to ensure robustness and enable reliable long-term monitoring. 

Laminated TNO devices 
Initial encapsulation and damp heat testing were carried out on flexible DMSO-based perovskite on 
Al/FTO devices employing PTAA as the HTL. Figure 1 presents the PCE evolution of the laminated 
samples during damp heat exposure at 85 °C and 85 % relative humidity. Both the average and 
champion PCE values remain relatively stable for approximately six weeks, which achieves the targeted 
1000 hours of stability, after which a slight decrease in efficiency becomes apparent at the measurement 
point in week ten. Figure 2 shows visual scans of the devices before and after the damp heat test. No 
visible degradation was observed, and all three samples remained visually intact throughout the test 
duration. 

Following these initial indoor stability results, TNO encapsulated more than 30 DMF-based flexible 
perovskite devices for extended indoor and outdoor testing. The investigated samples incorporate 
various HTLs, including PTAA, NiOx/SAM, SAM-only, and NiOx. As indicated at the beginning of this 
section, these tests will provide comparative insights into the indoor and outdoor stability of different 
device stacks. In addition, the performance of the lamination approach will be assessed under different 
environmental conditions, enabling evaluation of its robustness across multiple testing scenarios. 
Figure 3 shows the laminated devices before the stress tests start. 

 

Figure 1: Efficiency of the encapsulated DMSO based perovskite cells using PTAA as HTL on Al/FTO substrates 
during Damp heat test at 85°C/85%RH. 
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Figure 2: Scans of the encapsulated DMSO based samples on Al/FTO before the Damp heat test 
(0 weeks) and after the damp heat test (week 10). 

 

 
 

Figure 3: Over  30 laminated DMF based devices using TNO’s optimized lamination process on 
flexible devices with different HTLs. 

 

From this batch 10 devices were subjected to damp heat exposure (85%RH/85°C, ISOSD3) for 6 weeks 
(~1000 hours) and measured at set intervals. Damp heat exposure at 85%RH/85°C conditions subject 
the devices continuously to a high temperature of 85°C at a high relative humidity of 85%. At these high 
temperatures and high humidity levels any problem with moisture ingress will be exposed.   
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Figure 4: Efficiency of the encapsulated DMF based perovskite cells using different HTLs on Al/FTO substrates 
during Damp heat test at 85°C/85%RH 

 

Devices with PTAA as HTL show most stable behaviour during damp heat exposure. After 6 weeks of 
exposure, which corresponds to 1000 hours, which is the prescribed exposure time in the damp heat 
test, the PTAA samples still perform well. They even show a slightly higher PCE after 6 weeks than at 
the initial state. This might be due to improved interfaces or crystal structures or improved contact from 
top electrode to external contacts. Devices with other HTLs, like NiOx+SAM or SAM show a fast decline 
in PCE during damp heat exposure time. Devices with NiOx appeared to degrade fully in the damp heat 
test as at the first measurement point (after 1 week of damp heat exposure) the devices did not show 
any activity anymore. The reason of instability of NiOx is most probably from the oxidation state of NiOx, 
which interacts with the perovskite and create degradation pathways. Strategies to improve the stability 
of NiOx is the task of WP5 and it is being implemented in WP5. 

6 devices were subjected to a thermal cycling treatment. This test subjects’ samples to temperature 
variations by cycling continuously from -40°C to 85°C and back. High and low temperature are 
maintained for 30 minutes. For 1 week the devices are exposed to about 50 thermal cycles. Total test 
time in our test was 6 weeks, meaning the devices were subjected to 300 thermal cycles. Devices with 
NiOx, PTAA and SAM were subjected to this test.  

 

Figure 5:: Efficiency of the encapsulated DMF based perovskite cells using different HTLs on Al/FTO substrates 
during thermal cycling between +85 °C and –40 °C, with approximately seven cycles per day 
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From the damp heat and thermal cycling results of this batch we observed that the PTAA samples exhibit 
the most stable behaviour. Devices with only NiOx or NiOx+SAM show slightly better behaviour than 
samples with only SAM.  

From this same batch of laminated devices were outdoor monitored at the CUT test site as will be 
described in paragraph 2.2.  

 
Laminated DMSO-based TNO Gen-01 modules 
TNO has encapsulated 9 Gen-01 modules fabricated on flexible PET/ITO substrates. These flexible 
perovskite single junction mini modules are DMSO based and have NiOx-SAM as HTL. These laminated 
modules were distributed to partners, CUT and HZB for outdoor testing. Results of these tests are 
described in section 2.2. 

 

 

Figure 6: Encapsulated TNO mini-modules for outdoor monitoring at CUT 

 

Figure 7: Encapsulated mini-modules for indoor and outdoor testing at HZB 

HZB 

Indoor stability of Single junction flexible cells 

For the indoor stability assessment, slot-die coated single-junction flexible perovskite solar cells were 
provided by WP2. The devices were encapsulated using different encapsulant materials combined with 
flexible barrier foils and subsequently subjected to controlled stress conditions, primarily thermal 
stress at 65 °C and 85 °C. All samples were laminated using a sheet-to-sheet (S2S) lamination process. 
The device active area was 0.16 cm², which represents the commonly used pixel substrate size for 
single-junction perovskite solar cells. Prior to encapsulation, 100% tin (Sn) adhesive ribbons were 
attached to each pixel to establish electrical contacts. The perovskite absorber layer was deposited via 
slot-die coating. The device stack configuration was PET / ITO / MeO-2PACz / MAPbI₃ / C₆₀ / Ag. 
Encapsulation was performed using a butyl-based edge sealant in combination with three different 
encapsulant materials: thermoplastic polyolefin (TPO), polyolefin elastomer (POE), and thermoplastic 
polyurethane (TPU), sourced from different manufacturers. The following encapsulation configurations 
were investigated: 
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• TPO laminated at 130 °C 
• POE laminated at 130 °C 
• TPU laminated at 130 °C 

 

Lamination was carried out using a sheet-to-sheet vacuum laminator at a pressure of 900 mbar for 20 
minutes. The photographs of encapsulated flexible cells were shown in figure 8. A total of 10 devices 
were included in this study. The detailed specifications of the devices are summarized in Table 1. 

Table 1. Describes name of the device, the encapsulant used and temperature and time for the lamination process 

Device 
(Flexibles) 

Encapsulant 
Lamination 

Temperature 
(⁰C) 

Time for 
encapsulation (mins) 

F1 
Thermoplastic Polyolefin Elastomer 

(POE) 
130 20 

F2 POE 130 20 

F3 POE 130 20 

F4 POE 130 20 

F5 Thermoplastic olefin (TPO) 130 20 

F6 Thermoplastic olefin (TPO) 130 20 

F7 Thermoplastic olefin (TPO) 130 20 

F8 Thermoplastic olefin (TPO) 130 20 

F9 Thermoplastic Polyurethane (TPU) 130 20 

F10 Thermoplastic Polyurethane (TPU) 130 20 

 

 

Figure 8: Pictures of encapsulated flexible perovskite solar cell from the experiment. 

 
The light current-voltage (J-V) characteristics of the encapsulated cells were measured using a 3A Class 
sun simulator equipped with xenon and halogen lamps. The simulator was calibrated using externally 
certified reference cells to achieve an illumination intensity equivalent to 1 sun under AM1.5G 
conditions, ensuring current-matching illumination suitable for perovskite devices. 
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Figure 9: Pictures of encapsulated flexible perovskite solar cell from the experiment. 

The photovoltaic performance of representative devices before and after the encapsulation process is 
presented in Figure 9. All cells exhibited power conversion efficiencies (PCEs) in the range of 10–17%, 
with open-circuit voltages (VOC) between 1.00 and 1.05 V. The short-circuit current density (JSC) ranged 
from 18 to 22 mA cm−2, while the fill factor (FF) was between 70% and 75%. The flexible encapsulation 
process, carried out using a vacuum laminator at 130 °C, had only a minor impact on device 
performance. On average, a ~2% relative reduction in PCE was observed after encapsulation. This slight 
loss may be attributed to optical losses arising from additional encapsulation layers, including increased 
reflection and/or refractive index mismatch between the barrier foils and encapsulant materials. All 
encapsulated devices were subsequently subjected to thermal stress testing at 65 °C and 85 °C. The PCE 
and imaging characterizations were monitored periodically throughout the aging process. The results 
of the stability measurements, together with the corresponding imaging analysis, are discussed in the 
following section. 

POE encapsulation: 
The devices encapsulated with POE exhibited no significant loss in PCE immediately after lamination at 
130 °C, indicating good compatibility of the encapsulation process with the flexible perovskite cells. The 
PCE evolution and corresponding photoluminescence (PL) images are presented in Figure 10a and 10b, 
respectively.  

As shown in Figure 10a, devices subjected to thermal stress at 65 °C gradually degraded over time. The 
T80 lifetime (defined as the time required for the PCE to decrease to 80% of its initial value) was 
approximately 200 h for these devices. The PL images (Figure 10b) provide further insight into the 
degradation mechanism. After 100 h of thermal exposure, a gradual reduction in PL emission intensity 
was observed, indicating the onset of perovskite layer degradation. After 200 h, increased emission was 
detected near the device edges, suggesting possible edge-related degradation and partial exposure or 
degradation of the bottom metal electrode. After 300 h of thermal stress, a distinct colour change was 
visible in the photographs, confirming perovskite degradation and significant deterioration of the device 
structure. 
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Figure 10: Stability and images of POE encapsulated cells under thermal stress.  

For the devices subjected to at 85 °C, degradation proceeded significantly faster compared to those aged 
at 65 °C. After 100 h of exposure, the devices had lost more than 30% of their initial PCE. By 200 h, 
several pixels exhibited almost no PL emission, indicating severe degradation of the perovskite absorber 
layer. In addition, a pronounced yellow coloration was observed in the optical images, which is 
characteristic of the thermal decomposition of MAPbI3 into lead iodide (PbI2).  

TPO encapsulation: 
The devices encapsulated with POE also showed no significant loss in PCE after lamination. The PCE 
evolution and corresponding photoluminescence (PL) images are presented in Figure 11a and 11b, 
respectively. For devices aged at 65 °C, substantial degradation was observed over time. A visible colour 
change in the device photographs appeared after approximately 100 h of thermal exposure. After 200 
h, several pixels showed no detectable PL emission, indicating severe degradation of the perovskite 
absorber layer. By this stage, the cells were considered nearly fully degraded in terms of photovoltaic 
performance. Under 85 °C thermal stress, degradation proceeded more rapidly. A significant loss in PCE 
was already evident after 100 h, and further deterioration occurred by 200 h. The PL images reveal that, 
except for limited emission near the pixel edges, the perovskite absorber exhibited almost no 
luminescence, confirming material decomposition and device failure at elevated temperature. 

 
Figure 11 Stability and images of TPO encapsulated cells under thermal stress.  
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TPU encapsulation: 

The TPU-encapsulated devices exhibited clear signs of interaction with the device stack immediately 
after lamination. As shown in Figure 12b and 12d, the optical photographs reveal a noticeable color 
change, indicating degradation of the absorber layer, likely due to thermal or chemical incompatibility 
between the TPU encapsulant and the device layers. Under thermal stress at both 65 °C and 85 °C, rapid 
degradation was observed. After 100 h of exposure, the devices were almost completely degraded. 

 

Figure 12 Stability and images of TPO encapsulated cells under thermal stress.  

As observed from the above results, all devices exhibited poor thermal stability. This behaviour may be 
attributed to the MAPbI₃ absorber layer, which is intrinsically less thermally stable compared to other 
perovskite compositions. Among the different encapsulants evaluated, POE demonstrated better results 
relative to the other two materials. Therefore, POE will be selected as the encapsulant for future studies. 
 

Indoor stability of Gen-01 Modules 

Flexible DMF-based perovskite single-junction mini-modules were received from TNO for indoor and 
outdoor stability testing. The modules consisted of a 4 × 4 array of sub-cells, each with a geometrical 
area of 3 × 3 cm² and an active area of 2 × 2 cm², integrated on a 6-inch flexible barrier foil substrate 
and encapsulated accordingly. The full device stack of the module is PET/ITO/NiOx/SAM/ 
Cs0.15FA0.85PbI2.94Br0.06 in DMSO + 10% PbCl2 (1.53 eV)/Fullerene/SnOx/ITO. For indoor stability 
evaluation, one module was subjected to ISOS-L3 testing conditions (65 °C, 50% relative humidity, 1 sun 
illumination, and operation near the maximum power point (MPP)). As an MPP tracker was not available 
at HZB, the module was operated under a constant load condition by connecting an external resistor. 
This ensured operation under electrical load rather than open-circuit conditions, thereby 
approximating MPP operation during aging. The initial module performance exhibited a PCE of 10.8%, 
with a VOC of 5.07 V, an Isc of 12.07 mA, and a FF of 61%. After two weeks of indoor aging, a significant 
reduction in FF of approximately 20% was observed, indicating pronounced degradation within the 
device, particularly affecting charge transport. This degradation is further supported by PL 
measurements, which showed reduced emission intensity, and EL imaging, where no emission was 
detected, suggesting severe deterioration of the charge transport layers (CTLs). After three weeks of 
aging, no EL emission was observed across the module area. Additionally, a visible color change in the 
optical images became apparent after two weeks, further confirming material degradation. All the JV 
curves, PL, EL and Photographs are given in Figure 13 (a to d). 
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Figure 13 a) JV curves of encapsulated Mini modules under ageing, b) PL and EL images of modules before and after 
ageing and d) photographs of the aged Modules.  

The pronounced reduction in fill factor, accompanied by diminished PL emission and complete loss of 
EL signal, indicates severe deterioration of the charge transport layers and impaired charge extraction. 
The visible colour change further confirms material degradation within the device stack. Overall, the 
results demonstrate limited thermal and operational stability of the module under prolonged stress 
conditions. 

2.1.1. Characterization of aged samples (TNO, EMPA) 

Characterisation was performed on non-encapsulated solar cells produced by TNO (Figure 14a) with 
and without thermal stress testing (85 °C under inert atmosphere) to uncover the underlying 
degradation mechanisms within the devices. These samples were DMSO-based perovskites on PET/ITO 
substrate with NiOx-SAM HTL. ToF-SIMS depth profiling was used to access possible ion migration 
between the layers of the device. ToF-SIMS was performed in negative polarity mode using 1kV Cs 
sputter gun to sputter a 150 mm area within the active area of the devices. Each layer of the device was 
identified during ToF-SIMs depth profiling (Figure 14b) (apart from C60 due to similar ion fragments to 
the perovskite layer), however only negligible differences between the fresh and thermally stressed 
samples could be observed. The only true difference between the fresh and stressed sample was a 
slightly larger ITO top electrode thickness in the stressed sample, which is likely a result of inter-batch 
variation. This causes a small shift to the right for the signals in all subsequent layers; however, the 
shape and intensity of these layers was unaffected. Even the distribution of halide ions Cl-, Br-, and I-, 
which can often migrate throughout devices after aging, was unchanged (Figure 14c-e). We thus 
conclude that for these devices under this stress test ion migration is not a significant mechanism by 
which these devices are degrading.  
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Figure 14: a) Architecture of TNO perovskite solar cell devices before thermal stress testing. b) ToF-SIMS depth 
profiling of fresh devices (filled points) and thermally stressed devices (empty points). The depth profiles of halide ions 
measured during ToF-SIMS measurements are specifically shown for c) Cl-, d) Br- and e) I-. 

XRD mapping was also performed on the TNO devices with and without thermal stress, to assess how 
perovskite crystallinity changes within the perovskite layer. XRD measurements were performed on the 
four active areas of the device (circled in Figure 15a). The XRD spectra from the fresh and stressed 
samples revealed an increase in PbI2 peak intensity, a decrease in perovskite peak intensity and an 
increase in perovskite peak Full Width at Half Maximum (FWHM), indicating a reduction in perovskite 
crystallinity (Figure 15b,c). For all the peaks in the spectra we observed a shift to the right after 
stressing, which is likely caused by curvature from the flexible substrate. Future measurements will 
require further precautions during device processing to minimize the curvature during measurements. 
Due to this artifact, we are unable to verify whether the lattice spacing is changed after stressing. Further 
measurements of XRD are required, along with PL, EL and other characterization techniques to fully 
unveil the mechanisms within the device that lead to the observed reduction in crystallinity.  

 

Figure 15: a) Optical image of TNO perovskite solar device before stressing. The highlighted areas are the active areas 
of the device and are the locations where XRD measurements were taken. b) XRD spectra of fresh (grey lines) and 
thermally stressed samples (red lines), with PbI2 and perovskite peaks highlighted. c) XRD maps of maximum peak 
intensity for PbI2 and perovskite peaks in fresh and stressed devices. The numbers within the maps indicate maximum 
peak intensity, peak position, and full width half maxima, respectively. 



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

 

 

WP6, D6.2, V1.0 
Page 17 of 27 

2.2. Outdoor stability testing (M13- M20) (HZB, CUT, TNO, TUD)  

HZB 

Outdoor stability of Single junction flexible cells 

Flexible DMF-based perovskite single-junction encapsulated cells were received from TNO for outdoor 
stability testing. Devices were monitored on the rooftop test field located in Berlin, Germany (52°25'53.5 
"N, 13°31'27.7 "E). For MPP tracking, µMPP tracker MP0205M24 from LPVO, University of Ljubljana 
was used with “Perturb and observe” algorithm. Global irradiance in plane of array was monitored with 
Si-Pyranometer EKO Instruments ML-02 connected to Picotech PT-104 datalogger. For measuring 
device temperature, digital temperature sensor (DS18B20) was attached to the backside of 
encapsulation.   

A total of five devices with different hole transport layer (HTL) configurations were investigated. Each 
device consisted of four pixels and was labeled as follows: S3-8 (PTAA), S5-8 (PTAA), S5-9 (SAM), S7-9 
(PTAA), and S12-8 (NiOx). All devices were installed in the outdoor measurement setup at HZB and 
monitored under real operating conditions. During testing, two pixels from each device were connected 
to the maximum power point (MPP) tracking board to operate under load, while the remaining two 
pixels were kept under open-circuit conditions for comparison. The cells were connected to the outdoor 
setup on 6th of November 2025, and time to time they were brought indoors and measured JV, PL and 
EL images for degradation analysis. Photographs of the devices and the outdoor measurement setup at 
HZB are presented in Figure 16.  

 

 

Figure 16 a) Rooftop test field located in HZB Berlin, Germany (52°25'53.5 "N, 13°31'27.7 "E), (b) Flexible cells 
mounted at HZB test site, showing the pixels connected at mpp and OC conditions. 

 
The outdoor power output at MPP and the daily averaged normalized PCE are shown in Figure 17a and 
17b, respectively. The gaps observed in the plots during November and December 2025 correspond to 
periods when the devices were brought indoors for characterization. Among the different HTL 
configurations, the NiOx -based device (S12-8) exhibited noticeably faster degradation compared to the 
other HTLs. As shown in Figure 16a, the Pmpp of S12-8 remained consistently lower than that of the 
other devices, even during high-irradiance (sunny) days. This trend is further confirmed in the 
normalized PCE plot (Figure 16b), where all stacks except NiOx retained their initial PCE over two 
months of outdoor exposure. The gap observed in January corresponds to periods when the devices 
were covered by snow or ice, preventing reliable power measurements. 
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Figure 17 a) Outdoor measurement of the Flexible cells and b) Normalized PCE of the cells connected outdoor. 

 

Luminescence imaging Figure 18 (a) to (e) provided further insight into the degradation behavior under 
outdoor conditions. Electroluminescence (EL) images revealed that pixels maintained under open-
circuit conditions exhibited more pronounced degradation, characterized by the growth of dark spots 
over time. This behavior was consistently observed across most devices exposed outdoors at HZB, 
indicating enhanced non-radiative recombination and localized failure under open-circuit stress. In 
contrast, photoluminescence (PL) images showed that pixels operated at MPP exhibited a gradual 
reduction in emission intensity over time. This suggests degradation processes initiated at the 
HTL/perovskite interface. However, the extent of degradation was not sufficiently severe to cause a 
significant decline in PCE during the monitored period. This relatively moderate performance loss can 
likely be attributed to the seasonal conditions during the testing period (November–January in Berlin), 
characterized by low irradiance and low ambient temperatures, which may have slowed thermally and 
photo-activated degradation mechanisms. More pronounced degradation effects and HTL-dependent 
differences are expected under higher irradiance and elevated temperatures, such as during the summer 
months. For the NiOx-based device (S12-8), one pixel failed mechanically shortly after installation in the 
outdoor setup and was replaced. After approximately two weeks, another pixel became completely 
inactive, as confirmed by the absence of EL emission. Subsequently, the remaining two functional pixels 
were connected to MPP tracking. Overall, the outdoor measurements indicate that the NiOx -based HTL 
configuration exhibits inferior stability in the flexible device stack compared to PTAA and SAM-based 
HTLs. Therefore, further stability investigations should focus on PTAA and SAM HTL configurations for 
improved outdoor durability. 
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Figure 18: a) to e) Pl and EL images of the cells with different HTL over the period of time. 

Outdoor stability of Gen-01 Modules 

Flexible perovskite single-junction mini-modules (Gen-01) were received from TNO for outdoor 
stability testing. Two flexible mini modules, labeled 1-15 and 1-16, were installed and monitored on the 
rooftop test field in Berlin, Germany (52°25′53.5″ N, 13°31′27.7″ E). The PV monitoring system LPVO-
MS2X16 from LPVO (University of Ljubljana, Laboratory of photovoltaics and optoelectronics) was used 
with “Perturb and observe” algorithm for the MPP-Tackers (MP0802P–1). Due to the trackers not being 
designed for low current and voltage combinations, the tracking does not deliver suitable results. IV 
scans are performed every 10 minutes by a high accuracy PV-Measurement-Unit (PVMU 2515MkIII), 
which delivers precise results. The outdoor experiment commenced on 29 January 2026.Module 1-15 
exhibited an initial PCE of 10.75%, with an Voc of 5.67 V, Isc of 12.1 mA, and a FF of 60.36%. Module 1-
16 showed an initial PCE of 10.29%, with a Voc of 5.76 V, Isc of 12.22 mA, and an FF of 58.02%. Since 
only two weeks of outdoor data were available for the Gen-01 modules, no significant degradation or 
characteristic changes in PCE were observed during this initial monitoring period. The daily PCE and J–
V parameters of the modules are presented in Figure 19 a–d. The encapsulated Gen-01 flexible modules 
maintained nearly constant performance throughout the month exposure period, indicating stable 
short-term outdoor operation under winter conditions.  
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Figure 19 a) to d) Daily PCE and JV parameters of the Gen-01 Modules at outdoor measurement setup. 

The stable performance observed during the initial month of outdoor exposure can likely be attributed 
to the relatively mild winter conditions in Berlin, characterized by low irradiance levels and reduced 
module operating temperatures. These conditions may temporarily suppress thermal and photo-
activated degradation pathways. However, longer-term monitoring under higher irradiance and 
elevated temperatures, particularly during spring and summer months, will be necessary to fully assess 
the intrinsic outdoor stability and degradation behavior of the Gen-01 flexible mini-modules. 

CUT 

Outdoor stability of Single junction flexible cells 

The measurements were performed in Cyprus outdoor conditions using an SMU to extract the PV 
parameters (Voc, Jsc, FF, Pmax and PCE) over specific time intervals. Figure 20 displays the measured 
weather conditions varying between the later summer months and the mid-winter months, confirming 
the expected harsh Mediterranean climate. 
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Figure 20: Weather conditions in Cyprus displaying: a) Irradiance, b) solar power, c) temperature, d) 
relative humidity 

Small size (2x2 cm2) flexible Al foil perovskite solar cells based on various HTLs were tested (Al 
foil/FTO/HTL/Perovskite/Fullerene/ETL-BL/ITO). The devices were based on PTAA, NiOx, SAM and 
NiOx/SAM as the HTL and DMF based active layer ink. The lifetime plots of Pmax, JSC, VOC, FF and PCE 
are shown in the figure below.  
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Figure 21: Lifetime plots of perovskite solar cells in outdoor conditions showing: a) Normalized PCE, b) 
Pmax, c)Voc, d)Jsc, e) FF 

The NiOx based devices show the fastest degradation, reaching PCE=0 % just 10 days after exposure. 
The SAM based devices also showed a relatively fast degradation reaching PCE=0% 18 days after 
exposure. Incorporating NiOx/SAM showed a marginal improvement to the stability of pristine NiOx 
based devices, reaching Pmax=0 % 23 days after exposure. Contrary to the NiOx and SAM based devices, 
the PTAA based samples report the best stability, where PCE is retained even 5 months after exposure. 
The normalized PCE showed an increase from 100 to 160% within the first 2.5 months followed by a 
drop to 100 % over the last 2.5 months. These results are in direct correlation and agreement with the 
indoor stability tests performed by partners. The PTAA based samples continue to be monitored. 
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Outdoor stability of Single junction Gen-01 modules 

Mini modules (5x5 cm2), supplied by EMPA and laminated by TNO, were tested based on the structure 
PEN/ITO/NiOx/SAM/Perovskite/C60/SnOx/Cu. The lifetime plots are shown in the figure above. The 
lifetime of the devices shows a drop in PCE from 100 to 40 % after 2.5 months of exposure. These devices 
show a marginal improvement in stability compared to the previous batch described above, where the 
NiOx/SAM based devices showed a drop in PCE TO 0% 23 days after exposure. 

 

Figure 22: Lifetime plots of perovskite mini-modules in outdoor conditions showing: a) Normalized PCE, 
b) Pmax, c)Voc, d)Jsc, e) FF 

Five identical devices, produced and laminated by TNO (4 cm2) were tested based on DMSO active layer 
ink with the structure PET/ITO/NiOx/SAM/Perovskite/C60/SnOx/ITO. The lifetime plots are shown in 
the figure below. Like the previous results, these devices which are also based on NiOx/SAM show a 
drop in PCE from 100 to 40 % after 20 days of exposure. The lifetime behavior of NiOx/SAM based 
devices are consistent between the three different device batches described above showing a fast drop 
in PCE during the first 1-2 months of exposure. 
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Figure 23: Lifetime plots of perovskite mini-modules in outdoor conditions showing: a) Normalized PCE, 
b) Pmax, c) Voc, d)Jsc, e) FF 
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TUD (Soiling evaluations) 

Next to stable perovskite stacks, adequate packaging and environmentally stable packaging materials, a 
factor influencing the measured outdoor performance of devices, is soiling. Soiling refers to the 
accumulation of dust and contaminants on the surface of PV panels. Soiling results in less light in 
coupling in the panels and thus a lower power conversion efficiency. The rate of soiling, especially dust 
accumulation, and self-cleaning efficiency by natural agents such as rain and wind, depends on the 
surface properties of the front sheet material of the PV module. Hence, potential front-sheets provided 
by partners are evaluated for their soiling for an outdoor deployment. TNO has provided four sets of 
flexible front-sheets, named A, B, C, and D.  A total of 12 sets of these polymer front-sheets and a 
reference glass were placed on the first of May 2025, at the PVMD monitoring station located at Delft 
University of Technology, as shown in Figure 24. At the last working day of each month, a sample set is 
removed from the monitoring station for further measurements and analysis. Similar to the previous 
year, a soiling study is planned for a complete one-year cycle from May 2025 to April 2026. The rate of 
soiling in the front-sheet is evaluated based on the difference in weighted average transmittance (WAT) 
of as-cut and soiled samples.  The WAT in each case is estimated by weighing the measured 
transmittance for the wavelength range of 300 nm to 1200 nm against the AM 1.5 sun spectra following 
the formula. 
 

WAT =
∫ 𝑇(𝜆) 𝛷(𝜆)

1200

300
 𝑑𝜆

∫  𝛷(𝜆)
1200

300
 𝑑𝜆

 

 

Where, T(λ) is the measured wavelength dependent transmittance values and Φ(λ) is AM 1.5 photon 
flux density. 

 

 

Figure 24: Shows the PVMD monitoring station where flexible PV encapsulants are mounted. 

The loss in WAT values is summarized in Figure 25. It is seen that the loss in transmittance is below 2% 
for all samples for cumulative soiling of up to six months (M6), from May 2025 to October 2025. 
However, as reported earlier, glass exhibited the lowest loss in WAT (below 1%) among the samples 
except for the first month (M1). Among the polymer front-sheets, B and C showed a near accumulation 
effect with a consistent loss in WAT for each month. These trends certainly substantiate that loss in 
transmittance due to soiling in polymer is significantly higher than in glass, in agreement with soiling 
trends reported last year. 
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Figure 25: Variation in loss in WAT for flexible front-sheets and reference glass for a cumulative outdoor exposure of 

up to six months from May 2025 to October 2025. 

 The change in transmittance spectra due to outdoor exposure for samples B, C, and the reference glass 
for the duration of May 2025 to September 2025 (M5) is shown in Figure 26. In agreement with Figure 
25, maximum loss in transmittance is seen for sample B, and minimal loss in transmittance is seen for 
the reference glass. A higher change transmittance due to soiling loss is seen for short wavelength 
ranges, and hence impact of soiling can be severe for thin-film PV panels than in conventional crystalline 
silicon panels, as they harvest maximum short circuit current from the short wavelength ranges. Further 
investigations on the surface properties of front-sheets, such as water contact angle (WCA), chemical 
composition by XPS, and analysis of contaminants on the surface, are in progress. In addition, the soiling 
study for the entire one-year period will be completed by the end of April 2026, with subsequent 
measurements and analysis planned in May 2026 to complete the planned experiments. 

 

Figure 26: Wavelength dependent change in transmittance of flexible polymer and reference glass encapsulants for 
an outdoor exposure from May 2025 to September 2025. 

 
The outcome of these outdoor evaluations will be taken into account in the material selection for future 
laminations.   
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3. Conclusions 

Flexible laminated perovskite devices using different HTLs were subjected to damp-heat and thermal 
cycling tests. Under both stress conditions, PTAA-based devices showed better stability compared to 
SAM- and NiOx -based devices. This trend was consistently observed in outdoor stability studies 
conducted at HZB and CUT, where PTAA-based cells maintained better performance over time relative 
to the other HTL based devices. Regarding the Gen-01 modules, the devices recently installed at HZB 
exhibited nearly constant performance during the initial two-week outdoor exposure period. At CUT, 
the mini-module with Cu electrode degraded completely after 23 days of outdoor exposure, whereas 
devices employing an ITO electrode retained approximately 40% of their initial PCE after 20 days, 
highlighting the critical role of electrode selection in outdoor durability. In the soiling evaluation studies 
performed at TUD, polymer-based samples exhibited a loss in optical transmittance compared to the 
reference glass substrate. Further investigations into the surface properties and environmental 
interactions of the polymer materials are ongoing to better understand their long-term outdoor 
performance implications.  

 

4. Degree of Progress 

Deliverable 6.2 has achieved substantial progress in evaluating the indoor and outdoor stability of 
laminated flexible perovskite cells and Gen-01 modules. Flexible single-junction devices incorporating 
different HTLs were successfully encapsulated using various encapsulant materials and flexible barrier 
foils, followed by systematic damp-heat and thermal cycling tests. The results clearly identified PTAA-
based devices as the most stable configuration under accelerated indoor stress conditions. Several 
indoor stress tests were done for different HTLs and different encapsulation stacks, enabling 
comparative assessment of encapsulant compatibility and degradation behaviour. Advanced 
characterization techniques, including PL, EL, XRD mapping, and TOF-SIMS analysis, were employed to 
investigate degradation pathways at both the material and interface levels. These analyses provided 
insight into HTL/perovskite interfacial degradation, electrode-related instability, and encapsulation-
induced effects. For Gen-01 modules, indoor aging under controlled load conditions was performed, and 
early-stage degradation—primarily reflected in fill factor losses—was identified and correlated with 
luminescence imaging results. The experimental findings contribute to understanding module-level 
degradation mechanisms and their distinction from cell-level behaviour. 

Overall, Deliverable 6.2 has met its planned objectives for this reporting period by completing key 
accelerated indoor stability tests and setting up and performing Outdoor stability test, identifying 
critical material and interface limitations, and generating feedback for further optimization of HTL 
selection, electrode configuration, and encapsulation strategies in subsequent development phases. 

 

5. Dissemination level 

Sensitive 

 


