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Abstract:

Metal halide perovskite solar cells are of interest for high altitude and space applications due to
their light weight and versatile form factor. However, their resilience towards the particle
spectrum encountered in space is still of concern. For space cells, the effect of these particles is
condensed into an equivalent 1 MeV electron fluence. We probe the effect of high doses of 1
MeV e-beam radiation up to an accumulated fluence to 10'® e/cm? on methylammonium lead
iodide perovskite thin films and solar cells. By using substrate and encapsulation materials that
are stable under the high energy e-beam radiation we can study its net effect on the perovskite
film and solar cells. Our quartz substrate-based perovskite solar cells are stable under the high
doses of 1 MeV e-beam irradiation. Time resolved microwave conductivity analysis on pristine
and irradiated films indicate that there is a small reduction in the charge carrier diffusion length
upon irradiation. Nevertheless this diffusion length remains, larger than the perovskite film
thickness used in the solar cells, even for the highest accumulated fluence of 10 e/cm?. This

demonstrates that perovskite solar cells are promising candidates for space applications.



Thin film metal halide perovskite solar cells (PSCs) have reached power conversion efficiencies
as high as 25 % for single junction solar cells.>3 Similar efficiencies have been reached for multi-
junction cells using two different perovskite absorbers.** For these multi-junction cells, it is
expected that much higher efficiencies can be reached by reducing losses from the wide
bandgap subcell.®”® Due to the high absorption coefficient and direct bandgap the perovskite
films are rather thin, in the range of 0.5 micrometers.’ This implies that the complete solar cell
stack is generally less than 1 micrometer thick if we exclude the substrate. Hence, when
employed on a thin and light weight substrate their power to weight ratio can be very high (26
W/g) for a 4 um thick polyester substrate.'® These properties make perovskite solar cell very
appealing for high altitude and space applications. In space applications the solar cells are
exposed to high energy radiation and it is therefore crucial to evaluate their stability under such
conditions. In one case PSCs were tested in the stratosphere by elevating them using a balloon
flight. The power conversion efficiency (PCE) dropped with 36 % after the balloon flight.}!
Several accelerated tests exposing the solar cells to high doses of high energy radiation using

1314 heutrons,’® and gamma-rays®® have also been performed in PCSs. In all

electrons,!? protons,
but one case, the initial PCE of the employed cells was in between 5 and 14 %, which may not
be representative as only high-efficiency PSCs will eventually be used in space missions. Even
though the results on these cells are in general positive, there are still considerable
uncertainties. Additionally, a number of studies using lower energy (keV) electron beams, in
general those used in scanning electron microscopy, have shown structural changes in solution
processed perovskite films.1%118 The damage in these experiments is caused by the high
accumulated dose rates, in the order of 1x10®to 1x10%e cm™. In addition, the energy
deposition for keV electron beams is very different from 1MeV electrons. At these low energies

the penetration depth is much less, which is likely to lead to more direct damage in the

perovskite layer. According to the standard space solar cell qualification and quality



requirements, AIAA S-111A-2014/A1-2019, the tests to predict degradation in space require the
use of high energy electron irradiation. These conditions were used recently to evaluate solution
processed PSC with a high PCE.' In that study the initial PCE was around 20 % and thus
significantly above that of previously studied PSCs which were studied under various irradiation
conditions. Upon exposure to 1 MeV e-beam with an accumulated fluence up to 10® e/cm?, a
significant reduction in the PCE of the solar cells was observed. This was caused by a modest
reduction in the open circuit voltage (Voc) and fill factor (FF) but primarily by a strong reduction
in the short circuit current (Jsc). The strong decrease of the Jic upon irradiation was a combination
of irradiation induced darkening of the soda lime glass used as the substrate and perovskite

degradation.

In this work we demonstrate beyond any doubt that PSCs are stable under high doses of 1 MeV
e-beam radiation conditions. We do this by investigating high efficiency vacuum deposited
methyl ammonium lead iodide (MAPbIs) based PSCs on both soda lime and quartz substrates
and by extending the accumulated fluence to 10'® e/cm?. Under these conditions, the quartz
substrate-based PSC show virtually no degradation. Surprisingly, we find in our study of more
than 60 cells; that those show initially slightly lower performance improve after e-beam

exposure, whereas top performing cells remain unchanged.

Results

The MAPbI; films were characterized using x-ray diffraction (XRD), scanning electron microscopy
(SEM) upon preparation. In figure 1 the typical x-ray diffractogram is depicted for the pristine
film. The reference sample has the typical diffraction patterns for this perovskite, highly
oriented along the 001 direction (Figure 1a). The MAPbI; also exhibited the typical grain

structures (Figure 1b) and spectroscopic features (Figure 51).2°



The typical performance of the solar cells employing the films is similar as previously reported?
and the current density (J) versus voltage (V) curves when illuminated with 1 sun of AM1.5
spectrum are displayed in Figure 1d. The key performance parameters derived from the J-V

curve are as follows: Js. of 20.6 mA/cm?, Vocof 1.16 V and FF of 78% leading to a PCE of 18.6 %.
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Figure 1: a) XRD diffraction pattern of the sublimed MAPbI; film capped with 50 nm of PMMA,
b) Scanning electron microscope image of perovskite deposited on glass. c) Schematic of the
used solar cell layout: ITO / MoOs (5 nm) / TaTm (10 nm) / CHsNH3Pbls (600 nm) / C60 (25 nm) /

BCP (7 nm) / Ag d) J-V curve under AM1.5 illumination at 1 sun intensity.

The first irradiation experiments were done using solar cells that were deposited on ITO coated
glass substrates. These were irradiated (radiation incident on the glass ITO side of the device)
with 1 MeV electrons reaching fluences of 10'* and 10%® e/cm?. To ensure that the encapsulation
is robust enough and sample shipment from Valencia to Delft and back is not affecting the

performance, control devices were also included in the experiments. The irradiation



experiments were performed using 1 MeV electrons from a Van de Graaf electron accelerator,
at 20 °C, for approximately 200 and 2000 seconds (5-10!! e’s'cm), for the 10'* and 10%° e /cm?,
respectively. The use of soda lime glass as the substrate introduces a complication since it
contains impurities. These impurities act as traps for electrons and holes in the materials
generated by the high energy electron irradiation, leading to color centers in the material.??
These are long-lived trapped charges that absorb in the visible and hence leads of a progressive
darkening of the substrate with higher accumulated fluences (Figure 2a). This led to a reduction
in the Ji going from 20 to 14 and 12 mA/cm?, respectively for the two fluences employed.
Interestingly, the FF is virtually unaffected by the irradiation or, if anything, it leads to an increase

in FF(Figure 2c).

The Vo is slightly reduced, from 1.14 to 1.11 V upon irradiation (Figure 2b and 2c). This minor
decrease can be accounted for by the reduction of the Js.. As a result of the strong reduction in
Jsc the PCE of the solar cells drops from an average value of 18 % to 12 and 10 % for the cells
exposed to e-beam radiation of fluences reaching 10'*and 10> e/cm?, respectively. The variation
in the performance parameters for the different cells is very small as can be observed from
Figure 2c with most of the cells that were evaluated showing a similar performance as a

function of irradiation dose.
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Figure 2: Performances for devices on soda lime glass a) images of the reference and e-beam
exposed solar cells, b) J-V curves under AM1.5 illumination at 1 sun intensity, c) PCE, Js, Voc
and FF derived from the J-V curves and plotted as a function of electron beam fluence. The
control devices were also shipped and kept in air for the same duration as the longest e-beam

irradiation experiment.

For confirmation of the suspected darkening of the glass substrates as cause of the reduction in
Jsc and, more importantly, for the study of PSC without this artefact, a second series of devices
were prepared on ITO coated quartz substrates. The initial performance is similar, yet the best
performing cells had a PCE of 19 %, hence slightly higher than those prepared on glass
substrates. This slight increase is not the effect of the substrate but rather some small
fluctuation in device performance over time. We attribute these slight changes to the use of
different batches of Pbl, and MAI as the second series of e-beam experiments was performed
several months after the first set of experiments. For this second batch of cells we extended the
accumulated electron fluence up to 10'® e//cm?. The radiation was again incident on the ITO side
(now on the quartz substrates) of the devices. As the control devices on glass substrates did not
show degradation during shipping and exposure to air, they were omitted in this second batch

of PSCs on quartz substrates. Compared to the previous batch, the variation in performance of



the as-prepared cells is slightly increased. The PCE varies from 16 to 19 %. The origin of the
increased variation is not fully understood but is in part due to the patterning of the ITO which
was done manually instead of using industrial photolithography as in the case of the ITO on glass

substrates.

Several substrates and a multitude of cells were irradiated with 1 MeV electrons reaching
fluences of 10%, 10 and 10 e’/cm?. The J-V curves (under 1 sun illumination) of a control cell
and irradiated cells are depicted in Figure 3a. Both forward and reverse scans are virtually the
same for all accumulated fluences, the key performance parameters for these curves differ only
marginally leading to a PCE of 18-18.5 %. See Table S1 for the averages of the performance
indicators for each accumulated fluence. Hence, the performance of the devices remains
virtually identical even when irradiated with the highest accumulated fluence of 10% e’/cm?. For
The actual particle spectrum in space consists of protons and electrons with a broad range of
energies. For IlI-V space cells, the effect of these particles is condensed into one equivalent 1
MeV electron fluence, based on the non-ionizing energy loss deposited in the material. For
typical space missions this results in equivalent fluences around 10%° e'/cmfwith fluences
around 10%* e’/cm? encountered in low earth orbit missions, and 10'® e’ /cm? for missions in the
inner radiation belts. For PSC these relative damage coefficients, correlating the effect of
different energies of one particle type as well as the relative effect between electron and
protons still needs to be determined. Nevertheless, the fact that no degradation is observed for
a dose of 10'® e//cm? implies that perovskite solar cells are promising candidates for space
applications. These findings compare favourably with results obtained under similar conditions
for Si,?® GaAs,?* and InGaP/InGaAs/Ge,?® single and triple junction cells that show a larger
decrease of the overall efficiency (10-30%). Other thin film technologies like CdTe and
Cu(In,Ga)Se (CIGS) show similar stability than our perovskite solar cells. CdTe showed 4%
degradation in overall efficiency at 2x10% e cm™.2® And CIGS cells on glass have been found to

be stable up to 1x10* e cm™ 1 MeV electron irradiation.?’
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Figure 3: Quartz substrate based PSCs. A) J-V curves obtained under 1 sun illumination for solar
cells exposed to different accumulated high energy eV fluences. B, C, D and E) PCE, Jsc, Voc
and FF versus accumulated electron fluence, respectively of the quartz substrate based solar

cells. Closed symbols are the values before irradiation and open symbols are after irradiation.

All the irradiation doses shown were tested on 2 equal devices with more than 10 pixels each to
discard any effect of the encapsulation and have reliable data (see Table S1 for average data).
As mentioned, for the quartz-based PSCs the variation in performance was larger than for the
first batch on glass substrates, there were also a number of pixels with large leakage currents
that were discarded from the analysis. Another result of this variation is that not all cells had the
same PCE prior to the irradiation experiments. This variation, although undesired, has allowed
us to observe an unexpected behaviour of the PSCs. Namely, the PSC with a lower initial
performance become better after irradiated with MeV electrons. This effect can be clearly
observed for the cells irradiated with an accumulated dose of 10** e/cm?. For these cells, both

the Jsc and V¢ increase, whereas the FF slightly decreases.



A decrease of the FF is generally observed for all cells exposed to different irradiation doses. The
Jse when initially in between 21 and 22 mA/cm? is not significantly affected by the irradiation,
independent on the accumulated fluence reached. Only when the Ji is low on the pristine cells,
it increases upon irradiation. There is also a notable increase in the Vo for the cells exposed to
accumulated fluences of 10'* and 10 e’/cm? Unfortunately, the variation of data for the cells
exposed to accumulated fluences of 10%e/cm?is too large to draw conclusions from it.
However, for the other two accumulated fluences, below and above 10% e/cm? the effect is
clear, which we therefore assume to be a general trend for all accumulated fluences. Due to this
“healing” effect on Js, which compensates for the loss in FF, the overall PCE of the solar cells

remains unchanged upon irradiation.

The penetration depth of the high energy electrons is much larger than the thickness of the used
quartz plates (0.7 mm) and therefore eventually all electrons reach the perovskite layer. The
effect of radiation can actually only be related to the cell as a whole. The perovskite layer is so
thin (0.6 um) that almost no direct ionizations will take place for 1MeV electrons. However,
there are indirect effects; the passing of the electrons through quartz will generate Cerenkov
radiation (wide range of wavelengths peaking in the UV) which will be absorbed in the perovskite
and can lead to damage. In addition, backscattering from the aluminum back electrode will
result in some low-energy electrons that will deposit energy (ionizations) in the perovskite.
Therefore, on the cell-level we can only see the overall effect of the irradiation dose and can not
link it to one particular section or layer within the device stack. We performed some additional
experiments on irradiated devices and on the perovskite films to try and elucidate if some
evidence for high energy radiation related structural degradation in the perovskite layer can be
found. Analysis of the irradiated MAPblI; films using XRD and SEM did not reveal any significant
change in the crystallinity or grain morphology (Figure S2 and S3). The steady state
photoluminescence spectra of the irradiated devices were measured using an excitation

wavelength of 350 nm with a bandwidth of 7 nm and a wide emission range from 380 to 910



nm. The photoluminescence signal of the HTL used, TaTm, appears around 450 nm and is
identical in shape for all irradiation doses (Figure S1 for a typical curve). The typical
photoluminescence of MAPbI; is observed at 769 nm and also does not change significantly with
irradiation dose. Hence, no detectable damage can be observed from the PL spectra. A sensitive
external quantum efficiency (EQE) measurement in the bandgap region for solar cells exposed
to different irradiation fluences did not show any additional trap states (Figure S5). Hence, even
though these are sensitive techniques we were unable to determine significant changes upon
irradiation. By taking the first derivative of the EQE spectrum an accurate determination of the

perovskite bandgap is obtained which is 1.60 eV in agreement with previous reports (Figure S6).

In an attempt to gain more insight in the effect of exposure to 1 MeV electron on the electronic
properties of the intrinsic perovskite layer we have performed time-resolved microwave
conductivity measurements (TRMC). The perovskite samples were deposited on quartz
substrates by vacuum deposition in the same way as for the solar cells discussed above, and
subsequently sealed with a poly(methyl methacrylate) (PMMA) layer by spin-coating. This
sealing is done to prevent degradation due to exposure to oxygen and water under ambient
conditions. Figure 4 shows a comparison of the photoinduced conductivity in perovskite samples
using the TRMC technique for different doses of irradiation with 1 MeV electrons. The samples
were excited with a 3.5 ns laser pulse (A = 650 nm) resulting in an increase in conductivity upon
photogeneration of charges. After the excitation pulse, the conductivity decays due to a
recombination and trapping of charges. The differences in the decay of the photo-conductivities
for different irradiation doses is relatively small, however, there is a clear trend, showing slightly
faster decay for the highest doses. Exponential fits of decays show a small but gradual decrease
of the decay time from ~55 ns for the unirradiated samples to ~40 ns for the sample irradiated
with 10® e//cm?. This points to the formation of trapping sites in the perovskite material itself.
This trap formation is supported by additional TRMC measurements for varying laser excitation

densities (see Figure S7). These show that for the non-irradiated sample, there is a clear higher



order recombination effect, leading to faster decay for higher initial charge densities. For the
sample irradiated with 10 e’/cm? this second order effect is significantly less pronounced,
indicating more first order decay by trapping. From the carrier mobility and lifetime obtained
from the TRMC measurements, the carrier diffusion length can be derived, as shown in Table
S2. The estimated carrier diffusion lengths range from ~0.8 um for the non-irradiated sample,
down to ~0.65 um for the 10'® e’/cm? sample. The latter diffusion length is still well-above the
thickness of the perovskite layer in the solar cells studied here, consistent with the small effect

of irradiation on the solar cells efficiency.
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Figure 4: Photoinduced conductivity of perovskite samples on quartz capped with PMMA from
time-resolved microwave photoconductivity measurements for the control film and those

exposed with the indicated electron irradiation doses.

In conclusion, we have prepared two sets of thin film perovskite based solar cells employing
vacuum sublimation for all the materials. The first set employed glass based substrates whereas
the second set was prepared using quartz substrates. The glass based perovskite solar cells
darkened significantly during irradiation experiments. This leads to a decrease in solar cells

performance but it is not clear if this originates solely from the darkened substrate or also from



degradation of the solar cells themselves. The quartz substrate based cells do not darken upon
irradiation and allow for a careful analysis of the effect of the irradiation fluences on the solar
cell performance. The main finding is that these fully vacuum deposited perovskite solar cells
maintain their high power conversion efficiency of 19 % after irradiation with high energy
electrons up to very high accumulated fluence (10%* e/cm?). This implies that perovskite solar
cells are promising candidates for space applications. Detailed studies do show that there is a
slight reduction in the fill factor which is compensated by an increase in the open circuit voltage.
Surprisingly, we find that cells that exhibit performances at the bottom of the distribution are
improved after having been irradiated. This improvement is primarily due to an increase in open
circuit voltage. Time resolved microwave conductivity analysis on pristine and irradiated films
indicate that there is a small reduction in the charge carrier diffusion length upon irradiation.
Nevertheless this diffusion length remains, larger than the perovskite film thickness used in the
solar cells, even for the highest accumulated fluence of 10 e/cm? This explains why no

reduction in solar cells performance is observed under these conditions.

Methods

Photolithographically patterned ITO coated glass substrates were purchased from Naranjo
Substrates. N4,N4,N4’,N4’-tetra([1,1’-biphenyl]-4-yl)-[1,1":4’,1’-terphenyl]-4,4’-diamine (TaTm)
was provided by Novaled GmbH. Fullerene (Ce) was purchased from sigma Aldrich. Pbl; was
purchased from Tokyo Chemical Industry CO (TCl), while CHsNHsl (MAI), MoOs and
bathocuproine (BCP) were purchased from Lumtec. ITO on quartz substrate were purchased

from Prazisions Glas & Optik GmbH and patterned in-house using a soft etching process.

Thin (600 nm) MAPDbI; films were formed by dual-source vacuum deposition of MAI and Pbl,
following the procedure used to obtain high efficiency solar cells reported previously.” These
MAPDI; films were integrated in p-i-n type planar solar cells, by depositing them onto an ITO
coated substrates of 3 by 3 cm covered with 5 nm of MoOs and 10 nm of TaTm. Following the

perovskite deposition, the devices were completed by depositing 25 nm of Cg,, 7 nm of BCP and



100 nm of Ag (Figure 1c). All layers were deposited using thermal sublimation in an inert
atmosphere integrated vacuum chamber (see experimental section for more details). After
preparation the cells were encapsulated using a thin (0.8 mm) aluminium sheet and an adhesive
(Figure 2a). To allow evaluating just the 600 nm MAPbI; films without degrading them during
the irradiation test, they were covered with a thin (50 nm) polymethylmethacrylate (PMMA)
film. The PMMA was deposited by spincoating at 3000 rpm from a toluene solution of ~40
mg/ml. Prior to the SEM analysis of the irradiated films, the PMMA film was removed by washing

with toluene.

The solar cells were characterized through a shadow mask with 0.05 cm? aperture using a
Wavelabs Sinus 50 solar simulator with spectral response matching AM1.5G illumination (see
for details the experimental section). High energy electron beam radiation (1 MeV) experiments
were performed Van de Graaf electron accelerator facility at Delft University of Technology.
Hence, after preparation of the cells, they were transported from Valencia to Delft in a nitrogen
filled sealed transport container. The solar cells are irradiated from the top quartz side to the
bottom aluminum side of the device stack. The cells are placed on an irradiation table covered
with a frame with kapton foil window (50 um) for irradiation under inert gas conditions (nitrogen
flow at 10 | /min). The irradiation dose and time of exposure depends on the accumulated dose
desired. For the accumulated doses of 1x10'* e cm? and 1x10™ e  cm? the solar cells and
perovskite films were exposed to an irradiation dose of 5 x10* e s cm-2 for 200 s to 2000 s,
respectively. For the accumulated dose of 1x10% e- cm™, the irradiation dose was 1 x10* e st
cm-2for 10000 s. The perovskite thin-films were irradiated through the encapsulating PMMA

layer. After the irradiation experiments the solar cells were shipped back to Valencia and

characterized again.
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