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Highlights 
- In-situ IV monitoring of perovskite solar cells under vacuum with 1 MeV protons irradiation 
- Determination of an optimum perovskite stoichiometry for radiation hardness & stability: 1.6 eV 
- Excellent resistance of perovskite materials until 1x1014 protons/cm² 
- Cells sub-assemblies irradiations reveal weakness of PTAA hole transport layer at higher fluences 

Abstract 
In recent years, the mixed halide Perovskite solar cells (PSCs) triggered huge amount 

of R&D activities, thanks to their excellent optoelectronic properties, fast progressing power 
conversion efficiencies and low cost potential. On top of that, with their high specific power & 
compatibility with flexible substrate, PSCs appear as a promising mid/long-term alternative 
photovoltaic technology for space applications. However, the harsh space environment requires 
particularly robust PV solutions, especially against electrons & protons irradiations; detailed 
evaluation and comprehension of ageing under irradiations are thus key steps on PSCs 
development path. In this paper, we focus on perovskite materials and subsequently solar cells 
proton radiation hardness, with a fluence up to 5x1014 protons/cm² at 1 MeV. Optical, 
microstructural and electrical characterisations, both in-situ and ex-situ, are used to track the 
evolutions of 4 different perovskite stoichiometries under irradiation. To this end, single layers, 
sub-assemblies and full solar cells stack were exposed to protons flux. This systematic approach 
allowed us to highlight the differences in radiation hardness of PSCs constituting layers: the 
photo-active Cs0.05FA0.95Pb(I1-xBrx)3 materials exhibits outstanding radiation hardness under 
the tested conditions, while the PTAA Hole Transport Layer (HTL) appears as a weak contact 
layer driving cells performance degradation at high fluences.  
 

Keywords: perovskite, solar cells, space, protons irradiation, in-situ characterizations 

Introduction 
Nowadays, space solar arrays are built on III-V multi-junctions, a solar cell technology that 

benefits from high & long lasting performances as well as extensive flight heritage [1] [2]. Yet, 
recently, the strong need for cost reduction in this field has boosted R&D on alternative 
photovoltaics technologies, such as perovskites solar cells. While perovskites in space would 
have seemed unrealistic few years ago, today even the idea of manufacturing them on the moon 
is considered [3]. Looking back at the past 10 years, mixed halide perovskites have aroused 
increasing interest in the field of photovoltaics because of their excellent optoelectronic 
properties and low cost potential. Perovskite single junctions have seen their efficiency increase 
from 3.9% in 2009 [4] to a record 25.5% by 2022 [5] [6]. However, several research and 
industrial challenges remain before a perovskite photovoltaic technology can power a space 
mission. While many research groups are working towards increased time stability of PSCs 
against terrestrial constraints (oxygen, humidity & UV) [7] [8] [9], in space PSCs will be facing 



a more severe environment (irradiations, vacuum, temperature, etc.) [10]. We focus in this study 
on only one of these constraints: proton irradiation at one energy. However, PSCs technology 
remains appealing for the following reasons: 

-  Excellent power conversion with < 1µm active material thickness, resulting in high 
specific power (up to 30 W/g reported) [11], 

- Ease of integration on flexible substrates [11] [12] [13],  
- Promising resistance to protons [14] [15] [16] [17] & electrons irradiations [14] [18] [19] 

[20]. 

In addition, the vacuum encountered in space, though posing other challenges, has the 
advantage of suppressing humidity exposure in operation (even if humidity would still be 
present during ground phases). This overall favourable context led several research groups to 
conduct various flight tests with PSCs. In 2018, I. Cardinaletti et al. made the first stratospheric 
experiment with a balloon reaching 32 km altitude and monitoring J(V) performance of PSCs 
and others cell technologies for several hours [21]. Two years later, L. K. Reb group have sent 
a rocket at 200 km altitude with PSCs on board [22]. More recently, in a joint NREL-NASA 
experiment (MISSE), PSCs were brought to the international space station to study their 
operation during flight at 415 km orbit, and also post-flight after samples return [23]. Such 
flight demos are useful to assess the performances of PSCs under relevant combined 
environment constraints, to build heritage / confidence and to push forward this new technology. 
However, accelerated ageing studies in ground facilities with a single constraint offer an easier 
path towards degradation mechanism comprehension, especially given the diversity of 
materials and processes in use for this emerging photovoltaics branch. Protons irradiations are 
for instance a key constraints regarding space environment.    
To this end, in-situ J(V) measurements after proton irradiation have been employed. This 
original approach allows the direct monitoring of the behaviour of PSCs in conditions close to 
the space environment (vacuum, AM0 illumination).  
 The work presented here thus focuses on mixed halide perovskite radiation hardness 
under 1MeV protons irradiations, with the following sections: i) First, presentation the scope 
of the work, with the various samples and absorbers investigated, as well as characterization 
methodology and protons irradiation conditions, ii) the second part deals with the investigation 
of perovskites optical and microstructural properties before & after irradiations, followed by 
iii) a study of PSCs performances with in-situ J(V) measurements and iv) finally, irradiations 
performed on selected sub-stack of PSCs, combined with ex-situ characterisations are used to 
identify the origin of the observed degradations. 
 

 

Materials and methods  
 

Materials 
Glass is alkali-free boro-silicate from the Earth industry. PbI2 (99.99%, trace metal basis, 
L0279) was purchased from Tokyo Chemical Industry (TCI) and FAI from Greatcells Solar 
Materials. PbBr2 (99.999% trace metal basis), CsI (99.999% trace metal basis), N,N-
Dimethylformamide (anhydrous, 98.8%), Dimethyl sulfoxide (anhydrous, ≥99.9%), 4-tert-
Butylpyridine and Li-TFSI (99.95% trace metal basis) were purchased from Sigma Aldrich. 
SnO2 was formulated from an industrial nanoparticle solution and diluted four times in 
deionized water. PTAA was purchased from EM Index and acetonitrile from Carlo Erba. 
 



Device fabrication 
ITO-coated glass substrates (25 x 17 mm²) from Visiontek were cleaned sequentially by a 
performing ultrasonic treatment in acetone, isopropanol and deionized water for 5 min. A tin 
(IV) oxide (SnO2) nanoparticle colloidal suspension with a thickness of 30 nm was spin-coated 
in 3 steps: 200 rpm for 5 s, 2400 rps for 2 s and 4000 rpm for 40 s on cleaned ITO after UV–
ozone treatment for 30 min. The perovskite precursor was prepared in a nitrogen 
filled glovebox by mixing PbI2, FAI, PbBr2 and CsI in a DMF:DMSO (4:1 vol ratio) to obtain 
a 1.2 M solution with the following formula: Cs0.05FA0.95Pb(I1-yBry)3 with 6% Pb excess and 4 
stoichiometries were manufactured with different I/Br ratios: 91/9, 83/17, 75/25 and 67/33. The 
solution was kept at 40 °C under magnetic stirring overnight. After that, the solution of the 
perovskite was spin-coated on the SnO2 using a 3-step spin-coating protocol: 200 rpm for 5 s, 
1000 rpm for 10 s and finally 6000 rpm for 20 s. During the final step, 150 µL of chlorobenzene 
was dropped on the substrate 5 s prior to the end of the protocol. The crystallization was 
completed by post annealing at 100 °C for 1h in a nitrogen atmosphere for a total thickness of 
350 nm for this layer. Finally, PTAA (14 g/L) was also spin-coated at 150 rpm for 40 s and 
2000 rpm for 30 s (30 nm). To complete the whole solar cells, 2 differents electrodes were used. 
Some samples were completed with a gold electrode (100 nm) evaporated on top of the HTL 
layer (Sa = 0.33 cm²) and other samples were completed by ITO electrode (ITOTop) deposited 
by Physical Vapor Deposition (PVD) without any heat treatment (Sa = 0.5 cm²). 
 
Characterizations 
Optical characterization was carried out by a Shimadzu UV-2600 spectrophotometer in the 
wavelength range of 300 to 1200 nm with an integrating sphere ISR-2600. The measured step 
height absorbance ratio for the perovskite layers were calculated as the EOL/BOL ratio of the 
absorbance onset. This jump was calculated for specific wavelengths for each Eg: Eg 1 at 
700 and 850 nm ; Eg2 at 680 and 830 nm ; Eg3 at 660 and 810 nm and Eg4 at 640 and 790 nm.  
Microstructural characterization was carried out using X-ray diffraction (AerisPANalytical, 
Benchtop X-ray diffractometer) equipped using CoKα radiation source at 40 keV and 15 mA. 
The angle values were then reported in Cu source which is commonly used in the literature. 
The ITO peak was taken as a reference on the diffractograms because ITO does not degrade at 
such fluences. Thus all the intensities measured for the perovskite phase on the different 
samples were related to the ITO peak for the calculation of the EOL/BOL ratio. 
The current density–voltage J(V) curves of solar cells were measured on a Keithley 2402 
measure unit under AM1.5G and AM0 illumination at 1000 W m–2 and 1367 W m-
2 respectively using an Oriel 9403A-SR1 for ex-situ measurement and qualified by 
spectroradiometer. And on a Keithley 4200-SCS under AM0 illumination qualified by III-V 
cells isotypes for in-situ measurement.  
TLM measurements was carried out by GP solar “GP4 test” tester and sheet resistance was 
measured with 4-point probes with a Napson equipment. 
 
SRIM simulation 
To simulation depth of defect penetration a total of 1x105 protons were simulated using SRIM. 
The following material densities were used: ρITOTop = 7.2 g/cm3, ρPTAA = 1.2 g/cm3, ρPk = 
4.59 g/cm3, ρSnO2 = 6.85 g/cm3, ρITO = 7.2 g/cm3, ρglass = 2.58 g/cm3.  
Employed particles was : hydrogen, mass = 1.008 amu,  
Energy = 1MeV. 
 



Scope of the work 
In this study, the performances of un-encapsulated PSCs based on four different 

perovskite (Pk) compositions are investigated under protons irradiation. It is indeed well known 
that perovskite bandgap can be adjusted over a rather wide range through stoichiometry tuning 
[24], and that bandgap (Eg) of cells absorber is a key parameter to reach optimum photovoltaic 
conversion under a given light spectrum. The Shockley-Queisser (S-Q) limit shows that the 
optimal gap of a cell for ideal photon collection with AM0 is slightly below 1.3 eV [25] [26]. 
For PSCs, Z. Yang et al. have shown that the bandgap of a cell is notably controlled by I/Br 
ratio [27]; thus in order to get close to theoretical Eg optimum, this I/Br ratio was adjusted in 
the precursors formulation to produce 4 different Pk with general formula Cs0.05FA0.95Pb(I1-

xBrx)3 (Eg1, 2, 3 and 4, see Table 1). While the 1.3 eV target could not be reached with the 
tested perovskite compositions (the tested Eg ranges between 1.57 and 1.68 eV), these four 
stoichiometries were selected for this study to evaluate performance in both begin-of-life and 
end-of-life conditions, as well as their intrinsic stability.  
 

Cs0.05FA0.95Pb(I1-xBr x)3  
Label Ratio I/Br Eg (eV) 
Eg1 91/9 1.57 
Eg2 83/17 1.60 
Eg3 75/25 1.65 
Eg4 67/33 1.68 

Table 1. Formulation, I/Br ratios & associated bandgaps for the different perovskite absorbers used in 
this study 

Typically, for III-V solar cells, a complete radiation hardness study for solar cells 
requires experimental campaigns with protons and electrons irradiations sequences spanning 3 
to 12 different energies (JPL or NRL methods)[28]; for protons, the relevant energy range is 
classically from 0.1 to 10 MeV. Depending on the type of particles and their fluences, it is 
indeed possible to create very different defects in materials [29]. For emerging thin film 
technologies such as perovskites, the most relevant irradiation conditions remains the subject 
of discussions within the community [30] [31]. Indeed, A. R. Kirmani et al. have shown that 
low energies (e.g. around 50 keV) allowed more displacement damages creation, compared to 
higher energies (few MeV) where ionization defects are relatively more important. We have 
therefore chosen in this work to study the effect at 1 MeV, a standard test condition [32]. Indeed, 
this energy allows a rather homogeneous irradiation of the device layers, i.e. the whole active 
region (<1µm) of the devices sees incident protons with similar energy (very close to 1MeV), 
unlike in the case of low energy protons.With 1 MeV energy, the protons penetration depth is 
much smaller than the 500µm glass substrate thickness; consequently, protons exposure were 
performed through the top side of the solar cells (see Figure 1 left). In that case, the protons 
Bragg peak appears beyond the cells stack  (~ 15 µm depth within the glass), as shown in the 
SRIM simulation [33] in Figure 1, right. Thus, with 1MeV protons irradiation from the top 
electrode ITO electrode side, defects are created relatively homogenously through the device 
layers. 

The PSCs in this study were irradiated with a proton beam until a fluence of 5x1014 
protons/cm². Incremental fluence steps were implemented and in-situ J(V) measurements 
performed at 1x1013, 1x1014 and 5x1014 protons/cm². The in-situ J(V) measurements were 
performed in a vacuum chamber (MIRAGE at ONERA, Toulouse, France [34]) just after 
irradiation without breaking vacuum between each step and with thermo-regulation of the 
sample holder during irradiations and measurements. Details of sample holder, proton flux, 
beam size and homogeneity are given in Figure S1. These measurement conditions make it 



possible to simulate cells operating in conditions close to space environment: it supresses 
potential self-healing phenomena that could occur when bringing cells back in air for the 
measurements [35]. This in-situ measurement configuration is also helpful to identify PSCs 
degradation threshold. 

 
  Figure 1. Left: Schematics of perovskite cells stack with irradiation from the top electrode. Right:  
SRIM simulations of 1 MeV protons trajectories through cells stack showing Bragg peak at 15µm in the 
glass and a zoom of the top-most 1µm region. 
 
Table 2 summarises all the different stacks and the associated characterisations. All the 
characterisations were carried out before and after irradiation (Beginning Of Life/ End Of Life: 
BOL/EOL). 

- Stack #1 is used to study the evolution of the optical properties & microstructure  
BOL/EOL of the perovskite material from UV/Visible Absorbance Spectroscopy and 
XRD measurements, respectively. 

- Stack #2 corresponds to the complete stack of the cell with an ITO (Indium Thin Oxyde) 
top electrode. This transparent electrode is necessary to perform the in-situ J(V) 
measurements within the irradiation chamber (optical port for illumination at a tilted 
angle with respect to proton beam, (Figure 1, left). 

- Stacks #3 and #4 are designed to monitor the evolution of electrical, optical and 
microstructural properties of the lower and upper electrodes (labelled ITO and ITOTop). 

- Stack #5 is focusing on optical properties of the PTAA (Poly-TriAryl-Amine) layer 
alone, which is the HTL of the cell. 

- Stack #6 allowed contact resistivity measurements between the top electrode and the 
HTL. It compares the PTAA/ITOTop interface used in this study (enabling in-situ J(V) 
measurements) with standard & optimized PTAA/Au interface. For this purpose, TLM 
(Transmission Line Measurement) resistivity measurements were carried out. 

- Stacks #7 and #8 are used to study the degradation of the electrical properties of the Pk 
and PTAA layers independently of each other. Two incomplete Glass/ITO/SnO2/Pk and 
Glass/ITO/SnO2/Pk/PTAA stacks were irradiated and then completed with the missing 
contact layers (Au and PTAA/Au respectively).  
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 Protons irradiation – 5x1014 protons/cm² @1MeV 

# Layer stack schematics 
Number of 

(references 

; irradiated) 

Sheet 
resistance 

Contact 
resistance 

In-
situ 
IV 

Ex-
situ 
IV 

UV/Vis 
spectro. 

XRD Objectives 

1 

 

(2;4) 

 

 

 

 

BOL & EOL 
Study of Pk material properties 
with 4 different bandgaps 

2 

 

(NA;6) 
BOL 

& 
EOL 

 
In-situ study of Pk cells radiation 
hardness  

3 
 

(3;4) 

BOL & 
EOL 

 

BOL & 
EOL 

 

BOL 
& 

EOL 
Evaluation of contact electrodes 
radiation hardness 

4  
(3;4) 

 

5 
 

(2;4) 

 

Study of PTAA single layer 
radiation hardness 

6 
 

(3;4) BOL & 
EOL 

 

Study of PTAA/Electrode 
electrical properties  

7 

 

(6;6) 

 

EOL 
(BOL 

on 
Ref) 

 

Evaluation of Pk & PTAA layers 
radiation hardness within PSCs 
 

8 

 

(6;6) 

Table 2. Matrix of samples layer stacks, characterizations steps and objectives. 
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Results and discussion 

1. Perovskite absorber under proton irradiation – material study 
 

Figure 2.a shows UV/Visible Absorption Spectroscopy carried out to study the optical 
properties of BOL & EOL Pk with various bandgaps (see Table 1). First of all, it is interesting 
to note that no change in band-gap was observed after application of the Tauc Plot method [36] 
for all samples before and after storage or irradiation. For a given film thickness and absorption 
coefficient, in first approximation, the step height scales with the absorber quantity, here the 
perovskite [37].  
Figure 2.b shows the EOL/BOL step height in absorbance for 1 MeV and fluence of 5x1014 
protons/cm² for the 4 Pk stoichiometries studied (see Table 1). The timescale of these 
experiments being relatively long (7 days), similar measurements were performed on samples 
that were stored but not irradiated to distinguish between irradiation and potential storage 
stability effects (Figure S2). A degradation upon storage for one week under ambient conditions 
(air & dark) is clearly observed for the most Br-rich series (black curve - Eg4 = 1.68 eV). The 
origin of the instability of the Br-rich perovskites has already been reported in the literature and 
would tend to come from Br-induced photo-segregation [38]. 
Interestingly, a different trend was observed for irradiated samples (red dash curve). While no 
significant variation is observed for the 3 higher bandgaps perovskites, for the smallest gap 
(Eg1 = 1.57 eV), a slight absorbance decrease is observed with 10% loss of the absorbance 
onset. While being closer to the ideal candidate from the efficiency point of view, this suggests 
that Pk with a high iodine content could be detrimental for irradiation stability. In addition, in 
different studies, the migration of iodine through the different layers has already been 
demonstrated with the volatile I2 present in the Pk layer [15] [39] [40]. It has been shown that 
this migration can have a negative impact on the electrical properties of the cells. It could be 
envisaged here that the Eg1 series, which contains a large amount of iodine, similar phenomena 
could be be responsible to the larger degradation observed 

  

Figure 32.a. UV-vis absorbance spectra for Pk materials (Stack #1, see Table 2- average of 4 samples) 
before and after 1MeV  5x1014 protons/cm²  irradiation ; b. EOL/BOL absorbance onset for Pk samples 
(Stack #1, see Table 2) stored in dark & cleanroom (reference - solid line - average of 2 substrates) and 
after 1MeV  5x1014 protons/cm²  irradiation (dash line - average of 4 samples) as a function of bandgap. 
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A study of the Pk microstructure by XRD was also carried out to gain more knowledge 
about the material behaviour under protons irradiation. Figures 3.a and b show the 
diffractogram recorded before and after irradiation for the Eg1 and Eg2 series, respectively. It 
is important to note that the peak associated with the ITO (highlighted by a yellow star) has 
been taken as a reference. Indeed, the ITO is known to be stable in such irradiation conditions 
[41]. This peak allows to check if there is a global variation of the signal and thus of the intensity 
of the diffractogram due to the device. From a general point of view, one can first note on these 
XRD patterns (see Figure S3 & S4 for Eg3 & Eg4) that protons irradiation did not result in the 
appearance of new XRD features. More specifically, it is interesting to note that no signature  
from the δ-phase were detected [42]. As shown in Figure 3.a, the study of the ITO peak reveals 
an overall signal decrease of ~30%. Despite of this diminution, it is also observed a decrease of 
~50% of the signal intensity for all the peaks of the α-phase of the perovskite for the Eg1 series. 
On the contrary, Figure 3.b represents the Eg2 series and shows an increase in the intensity of 
the perovskite and PbI2 features. A similar behaviour is observed for the Eg3 and Eg4 series, 
(see Supports S3 & S4) while the intensity of the ITO peak remains stable . The degradation of 
Eg1 series coincides with the UV/Visible absorption spectroscopy observations presented 
above. The increase observed for the other 3 series could come from a higher crystallinity of 
the Pk material after irradiation. For future works, it will be interesting to realize SEM pictures 
in order to study the compactness and grain size of Pk layers before and after irradiations. These 
results are in line with the evolution of the FWHM of the Pk peak (Figure S5). Indeed, one can 
observe an increase in the FWHM for Eg1 after irradiation corresponding to a decrease in the 
crystallites size. One can also note the opposite behaviour for the 3 other series: a decrease in 
FWHM corresponding to an increase in the crystallites size present in the Pk layer. Moreover, 
it is observed for the stored samples a decrease in Pk peak intensity with increasing Bromine 
content (Eg3 and 4). This diminution in the amount of crystalline Pk in the layer is also 
consistent with the UV/Visible Absorption Spectroscopy observations (Figure S6). 

 
Figure 3. Perovskite samples (Stack #1, see Table 2) diffractograms before and after irradiation with 1 
MeV  5x1014 protons/cm² for a. Eg1 series and b. for Eg2 series (see Table 1)  

According to this first Pk material characterization, one can conclude that both optical 
and microstructural properties are not significantly degraded after irradiation at such a high 
proton fluence, for the three highest bandgap stoichiometries (Eg2, 3 and 4). Conversely, the 
lowest bandgap (Eg1) samples shows significant degradation under the same conditions. These 
results are all the more interesting as the reference samples that were stored during the 
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irradiations do not behave the same way. This highlights both the preponderant degradation of 
the Br-rich series during storage, as some research groups have already highlighted [32], but 
also the effect of the Eg on the radiation tolerance. Device efficiency being influenced by a 
large number of material & layers properties, these observations alone are obviously not 
sufficient to conclude about device radiation hardness. Yet, maintaining appropriate absorption 
properties and crystallinity are two prerequisites to get functional devices. 
 

2. In-situ J(V) monitoring of PK-based devices 
From the previous observations, the photovoltaic behaviour of perovskite-based devices was 
then monitored in-situ in vacuum chamber for each of the 3 steps of irradiations.  
 
2.1 Pre-irradiation testing  
 

As described in the scope of this work, the experimental set-up and the protons 
irradiations used in this work for in-situ J(V) measurements requires cells architectures with 
transparent top electrodes.  
 The impact of such a change, compared to state-of-art design with gold contacts, has first been 
assessed. Typical J(V) curves of devices made with a gold or an ITOTop electrode are shown on 
Figure 4.a and average device characteristics are grouped in Table 3. 
 

Figure 4.a Influence of contact electrodes materials (Au or ITO) under AM1.5G spectrum, b. Influence 
of spectra (AM1.5G or AM0) and measurement conditions (Air or Vacuum) on un-encapsulated Pk cells 
with ITO electrode (Eg2, see Table1). 
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Top electrode - Spectrum - 
Atmosphere 

Voc  
(V) 

Jsc 
(mA/cm²) 

FF  
(%) 

PCE  
(%) 

Au - AM1.5G - air 1.139 
+/-0.015 

22.6 
+/-0.2 

75 
+/-2 

19.2 
+/-0.7 

ITO Top - AM1.5G - air 1.071 
+/-0.021 

18.9 
+/-0.4 

67 
+/-2 

13.6 
+/-0.5 

ITOTop - AM0  - air 1.109 
+/-0.005 

22.1 
+/-0.8 

54 
+/-1 

9.7 
+/-0.6 

ITOTop - AM0 - vacuum 0.982 
+/-0.014 

24.4 
+/-1.4 

40 
+/-3 

7.1 
+/-0.9 

 

Table 3 - Evolution of Voc, Jsc, FF and PCE for different contact electrodes (Au or ITOTop), spectra 
(AM1.5G or AM0), and measurement conditions (air or vacuum) for Pk cells (Eg2, see Table1). 

 
The typical efficiency of our reference Pk cells with gold contact under AM1.5G 

spectrum measured in air is >19%: with Voc = 1.139 V, Jsc = 22.6 mA/cm² and FF = 75%. A 
significant decrease in efficiency is observed when using an ITOTop electrode (instead of Au) 
needed for in-situ J(V) measurements.  This decrease is linked to several combined effects. First, 
the interface between the polymeric HTL (PTAA) and ITO has not been finely optimised in our 
process, so FF is impacted as sputter damages from the ITO process has been reported to impair 
charge extraction [43]. In addition, this ITO electrode is less conductive than Au, which also 
leads to higher series resistance. Finally, no anti-reflective layer has been added to the ITO 
which greatly impacts on the Jsc. From these results, it is clear that ITO electrode is not optimal 
from a device performance point of view; process developments would be required  to get 
similar performances as the gold electrode stack but this goes beyond the scope of this work 
(e.g. metal oxide buffer layer between PTAA and ITO, anti-reflective coating on top of ITO). 

Then, to closely match space PV working conditions, the effects of illumination spectra 
(AM1.5G & AM0) and measurement conditions (air & vacuum) on PSCs characteristics were 
evaluated (Fig 4b). When measured under AM0 illumination, the increase of nearly 15% in Jsc 
is obviously linked to the convolution of the higher AM0 irradiance (1.36x higher than 
AM1.5G) and the cell spectral response. However, one can see that under AM0, the cell stack 
with the transparent ITO electrode design is also sub-optimal:  significant parasitic resistances 
lead to FF reduction (67% under AM1.5G versus 54% under AM0). In addition, when measured 
under vacuum another degradation of Pk cells electrical properties is observed. This deleterious 
effect under vacuum for un-encapsulated Pk cells has already been documented by several 
research groups [44] [45]. The observed increase in Jsc (~2 mA/cm2) could reflect an optical 
change in a layer and/or interface. Complementary analyses (the scope of this paper) such as 
measurement of the optical properties under vacuum would help to understand this 
phenomenon. Nonetheless, this effect does not prevent appropriate data analysis, since we 
perform relative comparison of the cells results with BOL reference being already in-situ under 
vacuum conditions 
In light of these results, it is important to stress out that in-situ J(V) data will be used for relative 
comparisons (relative degradation versus fluence steps). Despite the lower initial efficiencies 
of these devices under AM0 and vacuum conditions, it brings valuable insights on protons-
related degradation behaviour.  
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2.2 Device behaviour under irradiations  
 

Figure 5 shows the evolution of Voc, Jsc, FF and PCE of 6 cells (Stack #2, Table 2) for 
each of the 4 different stoichiometries which were irradiated at 3 different fluences (1x1013, 
1x1014 and 5x1014 protons/cm²) in order to follow their behaviour under irradiation. The 
stepwise increase in fluence and the in-situ J(V) measurements (without breaking vacuum) 
made it possible to study the electrical behaviour under irradiation without potential air-related 
self-healing phenomena [35], this experimental configuration is thus closer to real space 
conditions. The in-situ J(V) measurements for the different steps in fluences highlight: 

- Up to 1x1013  protons/cm², none of the 4 stoichiometries was further degraded. One can 
even note a slight efficiency increase that could originate from irradiation induced 
annealing effect [46] 

- From 1x1014 protons/cm², degradation starts for the Eg1 series (black square) while the 
performances of other compositions increase slightly further 

- Then, the 4 series clearly degrade from 5x1014 protons/cm², with an average loss of 52% 
of the initial properties. Here again, the FF is largely impacted, this suggests that one of 
the layers or interfaces of the cell has been degraded. 

To sum-up, different degradations pathways can be identified from these in-situ 
measurements. First, measurements under vacuum have shown a clear degradation of the 
electrical properties. As this is observed for the 4 stoichiometries, this phenomenon could be 
independent from the perovskite bandgap. Secondly, no degradation is observed for series Eg2, 
3 and 4 up to 1x1014 protons/cm². Yet, in parallel, a significant degradation of the Voc of Eg1 
series is highlighted. A degradation of the open circuit voltage can be directly linked to the 
intrinsic properties of the layers and this result seems to be in agreement with the degradations 
observed in the previous section regarding Pk materials properties. This could be explained by 
the migration of iodine species which are predominantly present in this stoichiometry. The 
migration of iodine from Pk through the cell layers is widely reported in the literature [47] [48] 
[49]. Thus, mobile ions I- are likely to be oxidised to iodine I0. The latter act as recombination 
centres and also accelerate the degradation of Pk. Thirdly, a significant degradation of Jsc and 
FF is observed at 5x1014 protons/cm²; this degradation seems to be independent of the Pk 
stoichiometries as it appears for the four bandgaps. 
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Figure 5.  In-situ evolution of PCE, Jsc, Voc and FF with protons irradiations as function of the bandgap 
(Eg1, Eg2, Eg3 and Eg4, Table 1) for different fluences: 1x1013, 1x1014, 5x1014 protons/cm² @1MeV 
under AM0 & vacuum (average of 6 samples) 
 

As documented above, no significant degradation from a material point of view (UV/Vis 
spectroscopy & XRD) could be detected for the Eg 2, 3 and 4 series up to 5x1014 protons/cm². 
Yet, this does not mean that the electrical properties of these layers are not affected, so further 
characterisations were therefore necessary to understand the origin of the discrepancy between 
the Pk radiation hardness (optical and crystalline properties) and device performance 
degradation (opto-electronic properties). For this purpose, the study of the electrical, optical 
and microstructural properties of the different layers stack (i.e. beyond the absorber) was carried 
out, before and after irradiations (Stack #3, 4, 5 and 6, see Table 2). In the following, focus will 
be placed on Eg2 bandgap series and a fluence of 5x1014 protons/cm² as this stoichiometry 
offers good performance and this fluence seems a critical threshold for the investigated PSCs. 
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3. Root cause degradation analysis  
 

As described before, a significant decrease in Jsc & FF is observed for devices at the 
maximum fluence. As an example of this behaviour, associated J(V) curves of devices from 
Eg2 series before and after irradiation are presented in Figure 6 (ex-situ measurements). From 
these curves, it is clear that the irradiation leads to a significant increase in series resistance. 
This behaviour could for instance be linked to the degradation of one of the charge transporting 
layers (SnO2, PTAA) and/or also the degradation of one of the electrodes (ITO & ITOTop). To 
evaluate the impact of irradiations on these layers, different stacks were irradiated (with 1MeV 
5x1014 protons/cm²).  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Comparison of JV characteristics for PSCs (Eg2 see Table 1 – Stack #2 see Table 2 – error 
bar refers to min/max data averaged on 6 samples) before irradiation (BOL - black solid line) and 
after irradiation (EOL - red dash line) @1MeV 5x1014 protons/cm² under vacuum and AM0 spectrum. 

 

Stack 
Rsheet BOL 
(Ω/square) 

Rsheet EOL 
(Ω/square) 

#3 : Glass/ITO/SnO2 8.7 +/-0.1 9.0 +/- 0.1 
#4 : Glass/ITOTop 137.4 +/- 0.1 124.2 +/- 0.1 

 
Table 4. Evolution of sheet resistance for stack #3 and #4 before and after irradiation at 5x1014 
protons/cm² @1MeV  
 
 
  Table 4 summarises the evolution of the Rsheet of stacks #3 and #4 before and after 
irradiation at 1 MeV 5x1014 protons/cm². This measurement reveals a slight Rsheet increase (< 
5%) in the bottom ITO/SnO2 stack. Given the device geometry and electrical properties, such 
an increase in sheet resistance leads to a very moderate increase in the power losses (ca 3%) 
[50] [51]. It thus cannot justify the FF degradation observed in the in-situ J(V) measurements 
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(35% loss in average). On the same stack, UV-Visible Transmission Spectroscopy and XRD 
measurements were carried out and showed no degradation of the optical and microstructural 
properties of the Glass, ITO and Sn02 layer (Figure S7 & S8).  
As for the top electrode (sun facing one, stack#4), sheet resistance measurements showed a 
decrease about 10% after irradiation. This decrease may be due to a structural rearrangement 
of the ITO layer caused by energy input during irradiation. It should be noted that during the 
deposition of this layer, no annealing is carried out in order to avoid potential damage of 
underneath layers, so this ITOTop layer does not have an optimal structural arrangement and 
therefore optimal conductive properties. Furthermore, UV/Vis Transmission Spectroscopy 
measurements on Glass/ITOTop did not reveal any degradation of this layer (Figure S9) ruling 
out the hypothesis of a decrease in Jsc originating from a stronger parasitic absorption and/or 
higher reflection at the front electrode.  

Thus, the two ITO electrodes of the cell are marginally altered by such proton fluence. 
This is also in good agreement with the work of D. V Morgan et al that has shown a remarkable 
resistance of ITO under protons irradiation, up to fluences of 1x1016 protons/cm² [41]. 

Specific attention was then placed on the PTAA layer. For this purpose, the stack #5 
(see Table 2) was irradiated. The BOL/EOL UV/Visible Absorbance Spectroscopy 
measurements curves are shown in Figure 7. Post-irradiation, an absorbance decrease around 
380 nm (from 0.715 A.U. to 0.676 A.U.) is detected. This decrease in absorbance could for 
instance originate from a reduced conjugation length [52] and hence be the signature of 
molecular chains scissions. Such a mechanism has already been documented for different 
conjugated polymers including PTAA under UV light. For instance M. Petrović et al. evidenced 
structural degradation of PTAA that lead to partial decomposition of the conjugated structure 
[53]. Chain scission under low-energy proton irradiation has already been demonstrated in the 
past in other polymers such as Polycarbonate Makrofol-De [54]. Moreover, it is interesting to 
note that in the PTAA molecule the lowest bond energy is the C-N (293 kJ/mol) [55] and the 
breaking of this bond has also been observed in polyimide-type polymers [56].  
Beyond the impact on optical properties, such a degradation could also lead to changes in the 
electrical properties. M. Petrović et al indeed observed that beyond structural integrity, UV 
exposure increased defect population and hindered hole extraction properties. Other groups 
have also highlighted the importance of molecular weight, which is directly related to the chain 
length of PTAA, on solar cell performance. Indeed, the higher the molecular weight, the better 
the efficiency [57]. 
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Figure 7. UV-visible Absorbance spectra of PTAA (Stack #5, see Table 2) before and after irradiation 
at 5 x 1014 protons/cm² @ 1 MeV 

 
It is recalled that in a previous study, J. Barbé et al. demonstrated the degradation of 

Spiro-OMeTAD (HTL) under proton irradiation [58]. While the respective behaviours of spiro-
OMeTAD and PTAA have been extensively studied for terrestrial applications [59], to the best 
of our knowledge, PTAA behaviour under proton irradiation had not been specifically 
investigated. 

4. Electrical characterizations of irradiated & completed sub-part 
 

In order to study the radiation hardness of the Pk and PTAA layer independently, 
Glass/ITO/SnO2/Pk (Stack #7, Table 2) and Glass/ITO/SnO2/Pk/PTAA (Stack #8, Table 2) 
samples were manufactured. Half of the samples were kept as reference and the other half  were 
irradiated with 5 x 1014 protons/cm² at 1 MeV. Once this step done, all samples (reference & 
irradiated), were completed so as to measure their PV efficiency. To this end, pristine layers of 
PTAA and gold electrode were deposited for Stack #7 and pristine layer of gold for Stack #8, 
respectively.  
Figure 8.a shows the ex-situ J(V) measurements in AM1.5G of the stack #8 cells. It is clear that 
the overall electrical properties of the cell are altered after irradiation. One can note a ca 10% 
decrease in the Jsc and the Voc and more importantly a strong increase in series resistance 
which causes a collapse of the FF (Figure 8). PCE drops by 58% after irradiation of this stack, 
which is very close to the 52% of degradations observed previously with in-situ measurements 
for the same fluence and energy. Figure 8.b shows the ex-situ J(V) measurements under 
AM1.5G of the cells in stack #7. Conversely, there is almost no difference between the 
reference cells and the one irradiated up to the Pk layer and then completed with PTAA & gold. 
Details of the electrical parameter values (PCE, FF, Jsc and Voc) and min-max standard 
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deviations are given in Figure S11. These experiments thus point out that the origin of the 
observed PSCs performance loss for high protons fluences is not linked to the Pk layer 
degradation but rather to the PTAA HTL. To further evidence this effect, TLM resistivity 
measurements were also carried before and after irradiations on Glass ITO/PTAA/Au and Glass 
ITO/PTAA/ITOTop samples (Stacks #6). Figure S10 shows the increase in contact resistivity 
after irradiation at 1 MeV 5 x 1014 protons/cm² for both samples types with Au and ITOTop 
electrodes (from 11.9 to 14.1 mΩ.cm² for gold electrode and from 16.3 to 19.5 mΩ.cm² for ITO 
electrode). While these stacks do not allow to discriminate between PTAA bulk and interfacial 
effects, it seems clear that such irradiations lead to significant alteration of PTAA properties.   
  

 
Figure 8. Comparison of J(V) characteristics for PSC before and after 1 MeV 5 x 1014 protons/cm² 
irradiation for a. Stack #7 and b. Stack #8 (see Table 2 – error bar refers to min/max data averaged 
on 6 samples) 
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Conclusion 
 

In this study, the PSCs radiation hardness under 1 MeV protons irradiations with 
increasing fluences was analyzed for four different perovskite stoichiometries, using in-situ 
AM0 J(V) measurements. It was found out that for the perovskite with the highest iodine 
content and lowest bandgap (Eg1 - 1.57 eV) the degradation is more pronounced than the other 
three series. Moreover, some performance losses during storage (thus without irradiation) has 
been detected for the large bandgap cells (Eg3 and 4). Thus, the Eg2 = 1.60 eV series (I/Br ratio 
of 83/17) appeared to be a good compromise between the theoretical AM0 Eg optimum (~ 1.3 
eV) and the time stability requirements. This bandgap was thus selected in this study to 
investigate the irradiation-related degradation mechanisms.  
These in-situ J(V) measurements also revealed two clear degradations for the PSCs. The first 
one appears when the samples are exposed to vacuum (without encapsulation) and the second 
one for an irradiation with a fluence of 5x1014 protons/cm². The origin of the device degradation 
was then investigated using protons irradiations of selected layers constituting the PSCs. From 
the BOL/EOL characterizations, it appears that the two ITO electrodes (top and bottom), SnO2 
and Pk layers do not show significant electrical, optical nor microstructural degradation at such 
fluences. On the other hand, the PTAA, the hole transport layer in cells structure, exhibit 
absorption losses after protons exposure. Such a behaviour could originate from chains 
scissions of the PTAA molecule that are triggered by the deposited energy, leading to optical 
degradation and potential electrical properties alteration. This assumption was supported by ex-
situ J(V) measurements of the electrical properties on cells where PTAA layer had been 
irradiated and which show pronounced electrical degradation; conversely, the deposition of 
pristine PTAA layers after Pk irradiation leads to fully performant solar cells, in line with the 
reference samples. Thus this study demonstrates that irradiation related performance loss of 
PSCs can be mainly related to the degradation of carriers extraction layers, as seen here with 
PTAA. The radiation hardness of the Pk absorber layers itself is confirmed with this work 
(except for high iodine content), underlying at the same time that interfaces and contact layers 
shall not be neglected for space applications. Future work should thus focus on increasing HTL 
(and its interfaces) radiation hardness as well as studying the behaviour of the such PSCs and 
sub-layers under electron irradiations, which are also key constraints in space. More generally, 
one must be aware that the space environment is full of constraints. This study shows that the 
perovskite material is well resistant to one of them for a specific architecture and conditions, 
but many challenges remain to infer the behavior of PSCs in a space environment. 
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Figure S1: Picture of the sample holder with : 8 substrates positioned so as to be measured 
under vacuum directly after the irradiations (with two cells per substrate = 16 measurable cells) 
and 4 places allow irradiation without measurement 
 

Energy used 1 MeV 

Total fluence  5 x 1014 protons/cm² 

Average flux 8,3 x 1010 protons/cm².s 

Average current 13,6 nA 

Homogeneity 10 – 15 % on 12 x 12cm² 

Temperature monitoring 25 °C 

 
More details available on publication [34] and on request. 
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Figure S2. Absorbance spectra Pk material (Stack #1, Table 2) as a function of the bandgap 
(see Table 1) before and after storage for 7 days in ambient conditions.  
 

 
 
Figure S3. Diffractogram on Glass/ITO/SnO2/Pk (Stack #1, Table 2) of Eg3, before/after 
irradiation at 5x1014 protons/cm² @1MeV 
 
 



  

24 
 

 
 
Figure S4. Diffractogram on Glass/ITO/SnO2/Pk (Stack #1, Table 2) of Eg4, before/after 
irradiation at 5x1014 protons/cm² @1MeV 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S5 : Evolution of EOL/BOL FWHM as a function of bandgaps (Stack #1, see Table2), for 
reference samples (solid black line - average of 2 substrates) and after 1 MeV  5x1014 protons/cm² (red 
dash  line - average of 4 substrates) 
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Figure S6: Evolution of EOL/BOL intensity peak (001)  as a function of bandgaps (Stack #1, see 
Table 2), for reference samples (solid black line - average of 2 substrates) and after 1 MeV  5x1014 
protons/cm² (red dash  line - average of 4 substrates) 
 

 
 
Figure S7. UV/Visible Transmission Spectra of Glass/ITO/SnO2 (Stack #3, Table 2), 
before/after irradiation at 5x1014 protons/cm² @1MeV 
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Figure S8. Glass/ITO/SnO2 XRD patterns (Stack #3, Table 2), before/after irradiation at 
5x1014 protons/cm² @1MeV 

 
Figure S9. UV/Visible Transmission Spectra of Glass/ITOTop (Stack #4, Table 2), before/after 
irradiation at 5x1014 protons/cm² @1MeV 
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Figure S10. Contact resistivity of Glass/ITO/PTAA/Au (black patterns) and 

Glass/ITO/PTAA/ITOTop (red patterns) extracted from TLM measurements before/after 

irradiation at 5x1014 protons/cm² @1MeV 

 

 

Figure S11. Details of the electrical parameter values (PCE, FF, Jsc and Voc) and min-max 

standard deviations for Stack #7 and Stack #8. 


