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Introduction  
The world energy demand increases continuously and alarmingly. The combustion of fossil 

fuels is still one of the most widely adopted solutions to generate energy. However, while the 

resources are exhausting, the combustion emits greenhouse gases, in turn contributing to air 

pollution, global warming, acid rains, and so forth. Hence, there is a big need for developing 

alternative and clean energy sources. Among them, solar energy is certainly very attractive as 

it is clean, ubiquitous, free, unlimited, and renewable. Yet, there is still a huge gap between 

the potential of solar energy and its actual use, and this represents a big challenge in energy 

research. Perovskite solar cells (PSCs) represent undoubtedly a key breakthrough in solar 

technology since the 1970s, marking a skyrocketing increase in their efficiency in just more 

than one decade of research. The latest record, set above 25 %, is already close to that 

achieved after decades of development by traditional silicon photovoltaics.1 Furthermore, 

PSCs are very thin (i.e. ≤1 micron) and can be processed from solution from low-cost and 

earth-abundant materials. This, in turn, means that PSCs can be deposited on flexible 

substrates and could impact new scenarios that are unrealistic to consider with current 

photovoltaic technology.  

The Internet of Things (IoT) sector is evolving and expanding exponentially every year. Its fast 

development, with more than 100 billion smart sensors being connected around the world by 

2025,2 urges to find the answer on how to power those devices in a sustainable and energy-

efficient way. A sensible choice in the long run would be to make printable, small, lightweight, 

and low-cost IoT nodes, which do not contain toxic batteries, but instead are self-powered by 

energy harvested from ambient sources such as light, vibrations, or heat. PSCs, combined with 

reel-to-reel processes, may provide the right answer to this issue, being efficient, cheap, and 

flexible enough to be integrated into sensors of any size and shape. The solar-powered nodes 

would require only intermediate energy storage, thus also allowing smaller device footprints. 

 
1 NREL, Best research-cell efficiency chart, https://www.nrel.gov/pv/cell-efficiency.html (Accessed 7th 
December 2021). 
2 RFID Global Solution, The trillion sensor economy is coming, https://rfidgs.com/the-trillion-sensor-economy-
is-coming/ (Accessed 7th December 2021). 

https://www.nrel.gov/pv/cell-efficiency.html
https://rfidgs.com/the-trillion-sensor-economy-is-coming/
https://rfidgs.com/the-trillion-sensor-economy-is-coming/


Public Report   SolarWAVE 
 

2 
 

However, stability remains a major challenge for PSCs 

and is a current bottleneck to their 

commercialization.3 Perovskites are very sensitive to 

moisture, oxygen, heat, and even light. Each 

constituent of PSCs affects the degradation, and it has 

been found that a key contribution to it comes from 

the charge selective contacts, i.e. hole- and electron-

transport materials, and their interface with the 

perovskite layer between them (Figure 1).4 Perovskite 

itself is, however, the main intrinsic source of poor 

stability, due to the presence of surface defects since 

under-coordinated surface atoms can act as charge 

traps. This promotes ion movement being, in turn, detrimental for both the efficiency and 

stability of the devices. Surface passivation is, thus, a crucial approach to improve the 

performance of perovskite photovoltaics. 5  Different chemical approaches have been 

reported to passivate the charge defects, e.g. the lead ions of perovskite (Pb2+) with Lewis 

bases or the halide ions via Lewis acids. The latter approach is less explored, and it has been 

the main focus of SolarWAVE, though also the Lewis bases passivation was investigated to 

some extent. 

Abate et al. (one of the PIs of SolarWAVE project) proposed a particularly interesting Lewis 

acids strategy that employs a supramolecular interaction named halogen bonding (XB) 

between the halide anions at the surface of the perovskite crystals and small-molecule XB 

donors. 6  XB has been extensively used during the past decade as a first-class route for 

designing supramolecular functional materials, and particularly waterproof halo-functional 

materials.7  An important feature of XB is that the bond is very directional, enabling the 

formation of ordered and compact layers.8 The typical hydrophobicity of molecules enabling 

XB also provides intrinsic protection against moisture, which was highlighted above as one of 

the main factors that hinder PSCs stability.  

Goals  
SolarWAVE aims at providing a new platform for highly stable PSCs based on supramolecular 

XB-driven self-assembly concepts. The advancement of the state-of-the-art on stability of 

PSCs will be achieved by a multi-faceted approach that combines new research on PSCs 

building blocks (organic hole- and electron-transport materials, HTMs/ETMs), and on making 

perovskites waterproof by XB passivation. The final goal is the integration of the ultra-stable 

 
3 Wang, D. et al., Stability of perovskite solar cells, Sol. Energy Mater. & Solar Cells 147, 2016, 255. 
4 Wang, Q. et al., Enhancement in lifespan of halide perovskite solar cells, Energy Environ. Sci. 2019, 12, 865. 
5 Jiang,Q. et al., Surface passivation of perovskite film for efficient solar cells, Nat. Photon. 13, 2019, 460.  
6 Abate, A. et al., Supramolecular halogen bond passivation of organic-inorganic halide  
perovskite solar cells, Nano Lett. 14, 2014, 3247.  
7 Cavallo, G. et al., The Halogen Bond., Chem. Rev. 116, 2016, 2478.  
8 Al-Ashouri, A. et al., Conformal monolayer contacts with lossless interfaces for perovskite single junction and 
monolithic tandem solar cells, Energy Environ. Sci., 2019, doi:10.1039/c9ee02268f. 

Figure 1. An example of PSC structure. 
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PSCs in flexible smart tags for IoT applications, and technologically validate it in industrially 

relevant environment together with the Finnish company Confidex Oy (one of the partners of 

SolarWAVE consortium). 

The objectives to reach the above-mentioned goals can be detailed as follows: 

1. Reproduce state-of-the-art power conversion efficiency (PCE). Fabricating known 
reference devices to reproduce state-of-the-art PCEs for PSCs is a necessary pre-
condition to validate advances in the field of PSCs. As one of the partners (Tampere 
University) was quite new to the perovskite research at the beginning of the project, 
this objective was particularly relevant for them to align to the state-of-the-art 
fabrication of PSCs. 

2. Design and build a custom-made accelerated ageing setup for studying the effect of 
different passivation methods on the stability of PSCs. 

3. Identify new and stable organic and inorganic compounds, acting as selective contacts 
(hole- or electron-transporting materials) in the cell, and study their relative 
degradation mechanisms. The focus was mostly on novel HTM designs that would 
replace the well-known and costly HTMs. 

4. Implement new compounds to passivate the perovskite surface by making perovskite 
highly water repellent via linking it with perfluorinated molecules (hydrophobic in 
nature) and passivating it via supramolecular XB. 

5. Develop a new integrated approach of supramolecular, halo-functionalized PSCs 
where the HTMs themselves passivate the perovskite crystals.  

6. Demonstrate the most effective combination of materials in a prototype device with 
unprecedented stability.  

7. Integrate the devices in flexible prototypes for IoT tags with the help of Confidex (reel-
to-reel process). 

 

As in the research plan, we can list the technical (TO), scientific (SO) and commercialization 

(CO) objectives and milestones (D) of SolarWAVE as follows:   

• TO1. Reproduce state-of-the-art power conversion efficiency.  

- D1: Highly efficient PSCs  

• TO2. Design and build a custom-made accelerated ageing setup for studying the effect of 

different passivation methods on the stability of PSCs.  

- D2: Ageing test device  

• SO1. Identify new and stable organic and inorganic compounds, acting as selective 

contacts (hole- or electron-transporting materials) in the cell, and study their relative 

degradation mechanisms.   

- D3: small-area highly stable PSCs with new selective contacts.  

• SO2. Implement new compounds to passivate the perovskite surface by making 

perovskite highly water repellent via linking it with perfluorinated molecules (hydrophobic 

in nature) and passivating it via supramolecular halogen bonding.   

- D4: small-area highly stable PSCs with a passivated surface.  
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- D5: technology validated in a real environment.  

• SO3. Combine SO1 and SO2 in a new integrated approach of supramolecular, halo-

functionalized PSCs where the HTMs themselves passivate the perovskite crystals.   

- D6: Reel-to-reel printed large-area PSCs modules.  

• SO4. Demonstrate the most stable combination of materials in a prototype device with 

simulated 10+ years’ outdoor European usage service life.   

• CO1. Prepare SolarWAVE prototype towards commercialization 

Teams and division of the work 
Partners of SolarWAVE are Tampere University (TAU), Helmholtz-Zentrum Berlin (HZB), and 

Confidex Oy. The consortium owns the necessary expertise from both academia and industry 

to prepare the commercialization of perovskite-based devices, specifically focused on the 

powering of IoT sensors. TAU group has solid chemistry know-how and proven experience in 

the development of new materials for photovoltaics (including PSCs). HZB has cutting-edge 

experience in device fabrication and characterization and is one of the best perovskite 

laboratories in the world. Confidex brings the industrial know-how, vision, and production 

capability. They master the reel-to-reel technique that can be used to produce the prototypes. 

TAU’s tasks have been the design and synthesis of new materials, their characterization (from 

fundamental materials’ properties to advanced photophysics), as well their first trials in 

perovskite-based solar cells. HZB had the role to (i) fabricate devices employing the novel 

materials synthesized at TAU, (ii) demonstrate the concepts of halogen bond and small 

molecules passivation, and (iii) bring all the results together to produce a prototype. This last 

step was done together with Confidex, which represents the link between academic research 

and industry and has an important role in adapting our devices for the prototypes. 

Results  
The implementation of SolarWAVE has closely followed the technical (T)/scientific (S) 

objectives (O) highlighted in the research plan and detailed below. 

TO1: reproduce state-of-the-art power conversion efficiency (PCE) of perovskite solar cells  

This objective was achieved thanks to the experience and know-how of HZB partner, world 

leader in the field. In both HZB and TAU laboratories, we constantly work on the optimization 

of both n-i-p or p-i-n devices using different architectures. HZB has established working 

protocols for the production of n-i-p and p-i-n devices based on the currently best-performing 

perovskite composition, commonly known as “triple cation” perovskite. Typically, TiO2 or 

SnOx are used as electron transport layer (ETL) and the organic molecule named spiro-

OMeTAD as hole transport layer (HTL) for n-i-p devices, while fullerene (C60) and PTAA as ETL 

as HTL, respectively in p-i-n devices. With these structures, we are able to reach efficiencies 

close to 20% (Fig. 1), which correspond to the performance of common and reproducible 

state-of-the-art devices. TAU group has dramatically improved the fabrication of perovskite 
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solar cells, thanks to the knowledge transfer from HZB partners. At TAU, we are now also able 

to reach state-of-the-art efficiencies (~20%) of perovskite solar cells . At the beginning of the 

project, the highest efficiency of our perovskite solar cells was only 10% so we have been able 

to double the performance. 

 

Figure 1. Photovoltaic parameters for n-i-p and p-i-n devices. Data from HZB partner. 

 

TO2: custom ageing test device. 

This objective was related to the work at the HZB laboratory. Thanks to the SolarWAVE 

project, a custom-made accelerated ageing setup (Fig. 2) has been built and it is operational. 

Over the last couple of years, the system has been constantly employed to measure the 

stability of devices produced by various labs under different conditions. The setup has been 

implemented in capacity and features overtime, being now possible to perform maximum 

power point (MPP) tracking measurements on up to 64 different devices simultaneously, each 

with up to 6 cells. The test can be performed for each 8-devices box in different atmospheres 

(N2 and air) and temperatures. Moreover, it is possible to add a UV-blocking filter if needed 

and a JV scan is performed on every cell every 24 h to monitor the behaviour of the different 

photovoltaic parameters, such as power conversion efficiency (PCE), open-circuit voltage 

(Voc), fill factor (FF) and short-circuit current (Jsc). Both active and passive bias is possible and 

two shutters and temperature cycles were recently implemented to simulate day/night 

cycles. All the results undergo a thorough statistical analysis to correctly assess the 

degradation process. Examples of data extracted from stability tests on the ageing setup will 

be shown later in the text.  
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Figure 2. Custom-made ageing setup (a) at HZB with highlight on one of the 8-devices boxes (b). 

 

Scientific results: 

SO1: identify novel organic/inorganic selective contacts. 

At TAU, we have designed and synthesized overall 10+ novel charge transport materials that 

combine their main function (hole or electron transport) with the passivation of the 

perovskite surface to boost the device stability. Among them, 4 organic electron acceptors 

have been tested in organic photovoltaics together with VTT collaborators with promising 

preliminary results (manuscript under preparation). 

A lot of work has been devoted both by us and our HZB collaborators in order to identify and 

test new selective contacts and as a result we successfully fulfilled SO1. 

In Fig. 3 all the different materials designed and synthesized at TAU are represented. All these 

materials are designed to both interact with the underneath perovskite layer and act as 

selective contact. Therefore, in fulfilling SO1 we also integrate concepts from SO2: Implement 

new compounds to passivate the perovskite surface. 

PF, PFI, and SR1-5 are hole-transporting materials (HTMs). They can interact with the 

perovskite layer in different ways, specifically PFI anchors to the halides on the perovskite 

surface through halogen bonding, while PF is not able to have such interaction and it is used 
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as reference. On the other hand, SR1-3 are partly constituted by a Lewis base and therefore 

can passivate the surface by donating their lone pair in excess, in this case SR4 and SR5 act as 

a reference. The molecules were synthesized in TAU and tested in devices at HZB. 

SR6-10 are electron-transporting materials (ETMs) and they were tested for devices 

applications in organic photovoltaics (OPVs) at TAU together with a newly established 

collaboration with VTT, because the energy levels of the materials are not suitable for their 

use in perovskite solar cells. The idea is to use these materials instead of the traditional 

fullerene-based electron acceptors in OPVs. So far, the tests showed limited efficiencies, 

therefore new electron acceptors (SR9, SR10) have been designed and the tests showed a Voc 

improvement in OPV devices. 

   

 

Figure 3. HTMs (SR1-5, PF, PFI) and ETMs (SR6-10) designed and synthesized at TAU. 

SO2: Implement new compounds to passivate the perovskite surface. 

Passivation is one of the most useful and versatile techniques to improve PSCs performance 

and stability. At HZB, they tested several molecules and explored their effect on different 

aspects (e.g. effect on recombination, energy levels, and moisture resistance) and their 

application on devices. Considering the purpose of this project the most relevant 

achievements are related to the passivation of perovskite with perfluorodecyl iodide (IPFC10), 
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a molecule that interacts with the perovskite through halogen bonding and that possesses a 

fluorinated tail, making it highly hydrophobic. The results were published in ACS Nano.9  

The molecule was used as an interlayer between perovskite and electron transport material 

in p-i-n devices with structure FTO/p-TPD/PFN/perovskite/IPFC10/C60/Cu. Devices showed a 

Voc improvement, in agreement with the other data reported so far by the HZB partner, but 

most importantly they also displayed enhanced stability both in humid air and heating 

conditions (Fig. 4), stressing the relevance of employing hydrophobic XB molecules to 

improve PSCs resistance to degradation. The devices also showed excellent stability of more 

than 250 h under continuous MPP tracking and of several months in shelf stability. 

 

Figure 4. Stability measurements for PSCs with perovskite surface passivated with perfluorinated molecules (left) 

under humid air exposure and (right) after heating. 

In addition to improving stability, passivation can also lead to a control over the energy levels 

of the perovskite. This is useful because it eases the energetic requirements between the 

different layers within the device, leading to more flexibility in the choice of materials. Thanks 

to this, when choosing a new material, it is possible to focus on features such as stability 

rather than good energy levels. The above-mentioned molecule (IPFC10) was used, together 

with others, to prove this concept in perovskite solar cells. The results from the HZB partner 

are presented in Fig. 5 and were published in the prestigious Energy & Environmental 

Science.10 TAU partner has also performed some characterization in this work. Fig. 5 shows 

how dipolar molecules able to bind to the halide ions (a) or to the Pb ions (b) on the perovskite 

can induce a work function shift of several hundreds of meV, depending on the concentration. 

Moreover, the direction of the dipole dictates the direction of the shift. 

 
9 Wolff, C. M. et al., Perfluorinated Self-Assembled Monolayers Enhance the Stability and Efficiency of Inverted 
Perovskite Solar Cells, ACS Nano 14, 2020, 1445. 
10 Canil, L. et al., Tuning halide perovskite energy levels. Energy Environ. Sci. 2021, doi:10.1039/d0ee02216k. 
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Figure 5. Kelvin-probe force microscopy measurements showing the work function (WF) changing depending on 

the solution concentration when the perovskite is functionalized with a positive (a) and negative (b) dipole. In 

this specific case, the molecules creating a positive dipole were IPFC10 and IPFC12 (perfluorododecyl iodide), 

and the ones making a negative dipole were amyl sulfide (csc5) and trioctylphosphine oxide (TOPO). 

Overall, these results are evidence that we are able to produce stable PSCs thanks to surface 

passivation, therefore milestones D4: small-area highly stable PSCs with a passivated surface 

was achieved.  

SO3: Combine SO1 and SO2 in a new integrated approach of supramolecular, halo-

functionalized PSCs 

At HZB, they worked on optimizing devices with PFI and PF on one side and with SR1-5 on the 

other, considering them as two separate experiments because of the different properties of 

the materials. 

Halogen bonding HTMs: PFI vs PF 

PFI and PF were tested as HTMs in n-i-p perovskite devices with structure 

FTO/TiO2/perovskite/HTM/Au.  As shown in Fig. 6, devices with PFI display a Voc enhancement 

of 20 mV in average, which results in a PCE improvement, as highlighted in Fig. 6b, where 

additionally it is also possible to notice a reduction of hysteresis in presence of PFI. The 

maximum power point (MPP) tracking in the inset of Fig. 6b proves the better performance 

of PFI-containing devices. Quasi-fermi level splitting (QFLS) measurements (Fig. 6c) support 

the Voc enhancement by showing that the Voc difference between the materials corresponds 

to the difference between their QFLS. These results clearly show how the capability of PFI of 

forming XB with the perovskite positively affects devices.  
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Figure 6. PFI/PF-based devices performance: (a) photovoltaic parameters. (b) JV curves and stabilized efficiency 

through MPP-Tracking in the inset. (c) Quasi-fermi level splitting (QFLS).   

 

PFI, in contrast to PF, can anchor to the perovskite surface, thus forming a more ordered and 

compact layer. This results in a suppression of recombination, which directly affects the Voc. 

Moreover, the interaction between halides on the surface and I on the molecule act as a 

screen for the I- ions on perovskite, limiting their movement. This is highlighted by the 

reduction in hysteresis (Fig. 6b) and by the improved stability showed by PFI-based devices 

(Fig. 7a). 

Stability enhancement is the main objective of this project, therefore we tested it with 

particular attention. The stability of the devices under working conditions was tested in HZB 

custom-made ageing setup. PSCs with PFI and PF were stressed for more than 500 h under 

continuous maximum power point tracking (MPP-tracking). Both cases show excellent 

stability retaining for more than 90% of the initial efficiency until the end of the test, with PFI-

based devices displaying less degradation than their counterpart. This is furthermore 

highlighted by the projected T80 (i.e. time at which the performance reach 80% of the initial 

value) calculated assuming a linear decay of the devices (dashed lines in Fig. 7a), indeed in 

presence of PFI, the projected T80 is more than the double than with PF. As mentioned before, 

this stability improvement can be ascribed to the limitation on ions movement thanks to the 

XB interaction between perovskite and HTM. 
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Figure 7. PFI/PF-based devices stability: (a) Normalized PCE of FTO/TiO2/perovskite/HTMs/Au devices for ~550 

h of continuous MPP-tracking under 1 sun illumination. The measurements were performed in N2 atmosphere 

with a UV-blocking filter.  Average of 7 pixels for PFI and of 4 pixels for PF. Dashed lines represent the projection 

of the stability trend to identify the time at which 80% of the initial efficiency is reached (T80). UV-vis 

measurements in transmission for different dipping times of (b) perovskite/PFI and (c) perovskite/PF samples in 

ethanol. (d) Comparison of the change in intensity of the peak at A and B from (b) and (c) depending on the 

dipping time. 

The capability of PFI of anchoring to the perovskite together with the hydrophobic nature of 

the molecule also improves the resilience of the material to dissolution. Evidence of this is 

shown in Fig. 7b-d, where we display the results of UV-Vis measurements in reflection mode 

performed on ITO/HTM samples after their immersion in ethanol for different time intervals, 

the A peak corresponds to signal from the HTM, while the peak in B corresponds to signal 

from the underneath perovskite layer. Ethanol is a solvent that can slowly dissolve the HTMs, 

therefore through this experiment, we aimed at monitoring how strongly the materials resist 

this process. Fig. 7b and c show how the spectra change for PFI (b) and PF (c), for a better 

analysis we plotted in Fig. 7d the peaks in A and B against the dipping time. It is interesting to 

notice how after the first 15 s of solvent exposure the A peak for PFI remains stable, while for 

PF it increases. This is probably due to the fact that PF desorbs easily and forms agglomerates 

that increase the signal, on the other hand, PFI seems to be more stable and resists longer 

against the solvent. This is also supported by the fact that peak A decreases faster and peak 

B increases faster for PF, indicating that the layer is dissolving quickly and therefore exposing 

the perovskite layer more than PFI. 
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Overall, our results with PF and PFI represent an important success for this project, since we 

obtained improved performance and especially stability by combining passivation strategies 

(SO2) and new materials for selective contacts (SO1). A paper with these results was published 

in Advanced Energy Materials,11  a journal with an impact factor of 29.4 and therefore a 

reference point in energy-related research. This gave great visibility to the results and thus to 

the SolarWAVE project. 

 

Pb-passivating HTMs: SR1-5 

The second group of molecules, SR1-5, was developed with a similar idea to PFI and PF, i.e. 

interact with the perovskite layer. In this case, the interaction happens through the 

undercoordinated Pb2+ ions on the perovskite surface, rather than the halide ions.  

HZB partner prepared solar cells with structure FTO/TiO2/perovskite/HTM/Au. Initially, they 

made the devices so that the HTM layer would be around 100 nm thick, like for standard 

HTMs, but the results were not optimal, with efficiencies around 5%. Therefore, they varied 

the thickness of the layer until reaching an optimized efficiency. The results are shown in Fig. 

8 and correspond to a very thin layer (under SEM sensitivity), possibly a monolayer. With this 

condition, we could then compare SR1-3, which can interact with the perovskite surface, with 

SR 4-5, which cannot. As evident in Fig. 8, all the passivating HTMs show an improvement in 

Voc, coherent with what we observed with PFI and PF. This leads to an improvement in PCE, 

Figure 8. SR-based devices photovoltaic parameters. 

 
11 Canil, L. et al., Halogen-Bonded Hole-Transport Material Suppresses Charge Recombination and Enhances 
Stability of Perovskite Solar Cells. Adv. Energy Mater. 2101553, 2021. 
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except for SR3 because of a Jsc loss. These results, therefore, point out again the success of 

our approach in employing passivating HTMs. 

Also in this case we tested the stability of SR-based devices using HZB ageing setup (Fig. 9). 

Unfortunately, it seems like a thin layer increases efficiency at the expense of stability, indeed 

Fig. 9a clearly shows that all SR-based devices degrade quickly. Therefore, we tested the 

stability on devices with a thick HTM layer (~100nm – Fig. 9b) and the results are indeed more 

interesting, showing overall good stability, although it seems like in this case the passivation 

does not have a positive effect on this measurement. 

Considering the success of PFI as a newly developed HTM we focused our efforts on it. 

Nevertheless, SR molecules could still be further optimized or used as interlayers between 

perovskite and spiro-OMeTAD. 

Figure 9. SR-based devices stability for a thin (a) or thick (b) material’s layer. Devices structure:  FTO/TiO2 

/perovskite/HTM/Au. Measurement for ~600h (a) and ~350h (b) of continuous MPP-tracking under 1 sun 

illumination with a UV-blocking filter.   

 

D5: technology validated in a real environment. 

At HZB, there is the possibility to access a well-established outdoor testing setup that is 

constantly operational testing different kinds of devices, including PSCs. In Fig. 10 we show 

the results from tests performed on devices prepared at HZB with two different HTMs: the 

standard NiO and a self-assembled monolayer (SAM) developed by HZB. This successful 

objective enabled the testing of the devices in a real environment and can be used to evaluate 

the stability of perovskite solar cells with different treatments and materials. 
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Figure 10. Outdoor testing at HZB of perovskite solar cells with different hole transport layers. 

 

SO4: Demonstrate the most stable combination of materials in a prototype device  

The prototype development (SO4) was realized in collaboration with Confidex. The prototype 

we defined with the company is a flexible Bluetooth low energy (BLE) card/label which can be 

attached on asset or other curved surface for temperature and movement monitoring indoor, 

powered by solar energy provided by our solar cells.  

Initially, we worked in order to produce a module satisfying the requirements shown in Fig. 

11a. In order to reach this objective, a collaboration between the HZB group and their 

colleagues from the Young Investigator Group Hybrid Materials Formation and Scaling (EE-

NYFS) at HZB, with expertise in producing modules, was initiated. 

First, modules made of 3 cells in series (Fig. 11b) with 2.5x2.5 cm2 area were chosen, because 

already been optimized as rigid panels by our collaborators. We prepared some rigid devices 

in this configuration and sent them to Confidex for a first evaluation. The measurements at 

different light intensities show that this kind of panel could power the targeted BLE device 

with light intensity higher than 1000 lux. Since the requirements for indoor applications of 

BLE devices is to work at lower intensities, we decided to develop and optimize new modules 

with 4 solar cells in series and to implement the employment of flexible substrates as well. 

Producing large-scale modules involves a laser patterning of the substrate to define the 

different cells. The optimization of such a process for a new pattern is not trivial and can be 

time-consuming, moreover a further complication arises from the sensitivity of flexible 

substrates, which can be easily “burned” by the laser. Therefore, in order to make sure that 

the project would be concluded within its terms, we developed an alternative strategy to 

compensate for possible problems with the laser patterning process. In this second case, the 
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prototype would be made by manually connecting in series through wiring single flexible solar 

cells. 

 

Figure 11. (a) Schematic of solar connections to the card and specifications for the solar panel. (b) Rigid solar 

modules were produced in HZB lab and tested for fulfilling the requirements in (a). 

We were able to produce a first batch of 4 cells modules, both on rigid and flexible substrates. 

However, the power output was not sufficient for the requirements. A second test was not 

possible because the laser was encountering problems and thus it was sent to maintenance. 

The prospect was to have the tool available again only after a few months, therefore we 

switched to the development of a module with manual connections. For this purpose, in 

agreement with Confidex, we adjusted the power output requirements, aiming at producing 

a module delivering 1.8-4.2 V at light intensities between 200 and 10000 lux. 

As proof of concept, HZB prepared flexible devices with structure PET 

ITO/2PACz/perovskite/PCBM/BCP/Ag or Au, where PET ITO is a flexible plastic material 

coated with indium tin oxide,  2PACz is [2-(9H-Carbazol-9-yl)ethyl]phosphonic Acid and it is a 

self-assembled monolayer developed by HZB lab, PCBM is Phenyl-C61-Butyric-Acid-Methyl-

Ester, and BCP is bathocuproine. An example is displayed in Fig. 12, highlighting also the 

flexibility of the devices (Fig. 12b - right). The devices were tested in a solar simulator at 1 sun 

light intensity (~ 120000 lux) and showed efficiencies around 10%. The detailed PV 

parameters for three solar cells of this kind are reported in Fig. 12c.  
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Figure 12. (a-c) Features of flexible single solar cells. (a) JV curves for 3 solar cells recorded at 1 sun light intensity 

in a sun simulator. “Rev” is reverse scan (from 1.2V to 0V), “for” is forward scan (from 0V to 1.2V). (b) On the 

left picture of a device with 4 single solar cells (labeled a to d). On the right, example of the flexibility of such 

devices. (c) Photovoltaic parameters of the JV curves in (a). (d-f) Features of a flexible module with 6 single cells 

in series and manual connections. (a) Front (left) and back (right) side of the module. (e) Voltage output at the 

light intensity present in the room where the test was carried out. (f) Voltage output at different light intensities 

simulated by the sun simulator. 

In order to build the module, the cells of a device were separated by cutting the substrates 

and then reconnected in series (Fig. 12d). The modules consisted of 6 cells and can deliver 

3.12 V at the light intensity of the room where the measurement was performed, i.e. at low 

V = 3.12 V  
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light intensity (Fig. 12e). The dependence of the voltage on the light intensity was also 

evaluated by adjusting the light intensity of the sun simulator (Fig. 12f), although in this case 

it was not possible to reach the required low light intensity. The module was then shipped to 

Confidex for further evaluation. The results are shown in Table 1 and demonstrated that HZB 

module can produce the required power output at a low light intensity and thus potentially 

power a BLE card/label. Although further optimization is required to ease the connection 

between module and card. 

Table 1. Photovoltaic parameters of a flexible module produced at HZB and tested at Confidex. 

 

 

 

In conclusion, SO3: demonstration of prototype devices was reached using materials 

commonly employed in flexible devices. Preparing a module with the materials developed in 

this project would be possible by switching the structure of the device from p-i-n to n-i-p and 

identifying a suitable ETL. 

Dissemination of the results 

We have been constantly in contact with HZB and Confidex collaborators through in-person 
and virtual meetings or email. Knowledge transfer from HZB partner to TAU on the device 
fabrication and characterization has been essential to advance TAU expertise and know-how 
on perovskite topic. Expertise spreading has been also guaranteed through attendance at 
international conferences in person or virtual (e.g. NanoGe meetings and conferences) and 
by organizing/joining thematic virtual meetings with HZB and their collaborators. As a result, 
our network of national and international collaborators has been significantly expanded after 
this project. 

We have disseminated our results to multiple audiences over the years. For example, we have 

organized seminars with high schools (unfortunately the events had to be interrupted since 

the pandemic started) to promote the societal impact of our research. At TAU, we have also 

presented the main findings in meetings with other Finnish universities (e.g. Aalto University, 

Åbo Akademi) and research centers (VTT). The dissemination of our results to new and known 

collaborators from other organizations has opened up future collaborations (e.g. joint 

proposal writing for EU Horizon Europe calls). 

Also from HZB side, the results of the SolarWAVE project and collaboration have been 

presented at in-house meetings and national and international conferences, e.g. MRS Fall 

Meeting 2018 in Boston (USA), HOPV 2019 in Rome (Italy), PSCO 2019 in Lausanne 

(Switzerland) and NanoGe Fall meeting 2019 in Berlin. A seminar about this topic with the 

title “Perovskite work function tuning through fluorinated self-assembling monolayers” was 

also delivered at the University Jaume I in March 2019 in Castellon (Spain). An abstract related 

to the advantages of PFI as halogen bonded HTM has been submitted for oral presentation at 

the nanoGe IPEROP conference which will take place in Kobe (Japan) in January 2022. 

  2000lx 1000lx 100lx 

Voc(V) 4.12 3.104 2.522 

Jsc(uA) 28.3 17.6 3.21 
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Conclusions and recommendations 
Overall, the research plan originally presented for SolarWAVE was closely followed and we 

could reach all the main objectives with the exception of the final part related to the 

prototype and its integration in the reel-to-reel production of smart labels. However, the final 

target has been re-defined during the course of the project with the approval of the funding 

agency. The newly defined objective for the prototype was successfully achieved as proof-of-

concept within the time frame of the project. A more optimized final prototype, as well as the 

integration of the materials developed for this project in it, would have required more time 

and resources.  

Overall, we are able to produce state-of-the-art devices and test their stability in a high-

throughput custom-made ageing setup (TO1 and TO2). Thanks to this, we could successfully 

achieve the main goal of this project (SO3): developing new stable selective contact (SO1) 

which are able to interact with the perovskite surface (SO2) and protect it from degradation. 

In particular, at HZB 7 different HTMs were studied, selected the most promising ones and 

tested their performance and stability in devices. The most successful material was the so-

called PFI, which is able of binding with perovskite through halogen bonds, resulting in devices 

that could maintain more than 90% of their initial efficiency for the 550 h in accelerated 

testing conditions, and showed increased resilience to solvent exposure compared to its non-

interacting counterpart. Moreover, devices with PFI as HTL showed increased Voc and thus 

performance. Finally, we developed a proof-of-concept perovskite-based flexible module able 

to deliver approximately 3 V at low light conditions (1000 lux). 

As hypothesized in the risk assessment in the original project plan, it was not possible to 

demonstrate 10+ years stability of the produced devices. However, the achieved devices 

stability enhancement is still significant, and it represents a concrete step towards obtaining 

PSCs with long-term stability. Moreover, the devices seem stable enough to power low-

energy IoT devices that do not require outstanding lifetimes.  

Among all the explored molecules, the set named SR1‒SR5 gave results under our 

expectations and they did not seem suitable for the project objectives. However, their 

deposition could be further optimized and they could be used for different objectives, as 

outlined in the utilization plan. 

The work performed in the frame of SolarWAVE has a good perspective in academia and 

several possible exploitations in industry. The latter, however, will still require a challenging 

effort. 

Improving stability is one of the most important objectives in the PSCs research field and the 

above-presented achievements are an important step forward in this direction. Our results 

showed the high potential of halogen bonding (XB) in stabilizing interfaces of perovskite-

based devices. This opens up the exploitation of this kind of interaction for devices with 

different structures and perovskite compositions than those used within the project. We 

believe in the need of leveraging XB further also for other than HTM designs and beyond 

traditional lead-based perovskites.  
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Within SolarWAVE we explored a hole transport material (HTM) with XB ability, however new 

HTMs with the same ability but different cores can be developed for further increasing 

efficiency and stability. Moreover, the same strategy can be applied to electron transport 

materials (ETMs). The development of this follow-up project requires conceptualizing and 

synthesizing new materials, thus the time frame for its success will probably stretch to a few 

years. The preliminary results obtained with the SR1-SR5 molecules are also a platform for 

potential follow-up projects, where these materials can either be further optimized to be used 

as passivating HTMs or can be employed and thin passivating interlayer between the 

perovskite and the layer above. 

Regarding stability, another important achievement is the high throughput aging setup we 

built during the development of SolarWAVE. The tool is indeed an important resource that 

can be used to measure any kind of lab-sized solar cells at different conditions. This results in 

collaborations with research labs and potentially companies all over the world, some of which 

are already taking place.  

From the point of view of industrial applications, PSCs are still not ready for 

commercialization, mainly because of challenges related to stability and mass production. 

However, big steps forward are being taken and the achievements of the SolarWAVE project 

are a part of it. The module prototype we developed is a proof-of-concept with manual 

connections, thus it cannot be directly used for industrial applications. Nevertheless, the 

result is enough to prove that PSCs modules have the ability to power IoT devices and they 

can be prepared on flexible substrates. The next step towards the development of stable 

perovskite modules is to go from manual connections to connections incorporated in the 

device through laser patterning. This is not a trivial task, especially on flexible conductive 

substrates, which can be easily burned. The optimization of this process will likely need 

several months, followed by additional work in order to successfully deposit the different 

materials of the module on a large scale. At this point, it will be possible to focus on enhancing 

the modules’ stability and apply the results achieved in SolarWAVE. Specifically, the standard 

materials currently used in lab-level PSCs (for example the HTM spiro-OMeTAD) will need to 

be replaced by more stable compounds (like our novel HTM PFI). Together with targeted 

functionalization, of which the halogen bond-driven monolayers here discussed are an 

example. The combination of these approaches will likely lead to perovskite modules with 

enhanced stability and flexibility with could be implemented in industrial level mass 

production procedures like reel-to-reel or printing. At this stage, it would also be possible to 

explore the tunable properties of the perovskite layer and, for example, substitute the 

standard “triple-cation” composition with others possessing different properties. For 

instance, employing wide-bandgap perovskite would lead to the high voltage output, thus the 

modules would require less cells, moreover the film would be semi-transparent. We believe 

that producing stable perovskite-based flexible modules at industrial level is achievable, 

however the optimization process might need to span over a few years and will require new 

funding and solid collaborations with companies.  
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Other Publications from HZB group belonging to SolarWAVE dissemination: 

- Li, M.; Yang, Y-G.; Wang, Z-K.; Kang, T.; Wang, Q.; Turren-Cruz S-H.; Gao, X-Y.; Hsu, 

C-S.; Liao, L-S.; Abate, A. Perovskite Grains Embraced in a Soft Fullerene Network 

Make Highly Efficient Flexible Solar Cells with Superior Mechanical Stability Adv. 

Mater., 2019, 31, 1901519. 
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- Invited viewpoint to Angewandte Chemie on the importance of halogen bonding in 

perovskite solar cells field (under review). 

 

Some of these works became the main contributions to the Ph.D. thesis of Hannu Pasanen 

(“Discovering Perovskite Photophysics with Transient Reflectance Spectroscopy”, 2021) and 
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Laura Canil (“Tuning interfacial properties in perovskite solar cells through defined molecular 

assemblies”, 2021).  

 

 


