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Thin-film tandem solar cells, comprising of a perovskite top junction and a radiation hard
CIGS bottom junction are attractive for space applications since they can be thin, lightweight,
flexible, and efficient. The ability to withstand the harsh radiation environment in space,
consisting mainly of high-energy protons is demonstrated. In-situ measurements of the J -V
characteristics during proton irradiation with an energy of 68 MeV reveal the stability of these
novel organic-inorganic perovskites. The investigated CHsNH3sPbls based perovskite solar
cells possess a negligible degradation for doses of up to 102 pcm?2. The observed
degradation at very high doses is dominated by coloring of the glass substrate. Taking this
effect and the photo-degradation into account the proton-induced absorber degradation shows
a change of Jsc by only 20 % at a proton dose of 10® p cm, while the open circuit voltage
remains constant. In addition to the superior radiation hardness, CH3NH3sPbls exhibits a self-
healing mechanism when the proton irradiation is terminated. The photocurrent and the

photovoltaic performance of the perovskite recover with time.

1



ADVANCED
Submitted to MATERIAI.S

1. Introduction

Solar cells based on hybrid perovskites, such as methyl ammonium lead iodide
(CH3NHsPbl3), showed already excellent device performances with efficiencies exceeding
20 %! after an impressive short research and development time.!*?! Band-gap tuning over a
wide energy range -1 makes this class of materials interesting for multi-junction solar cells
with ultra-high efficiencies. Tandem solar-cells combining perovskites with Si>1l
Cu(In,Ga)Se 1213 and Cu.ZnSn(S,Se)!have been reported. Such high power multi-
junction solar cells are needed for spaceships and satellites in outer space, where efficiency,
size, and weight represent important factors. On the other hand, ionizing radiation, mainly
helium (He) and protons (p), originating from either galactic cosmic radiation or solar flares is
known to affect electronic devices by defect creation. [** Depending on exposition and
distance from earth the particle flux varies between 10° and 108 particles cm 57212619 Hence,
a dose of 10® particles cm can be reached in about one day. This has been shown to have a
tremendous effect on the power conversion efficiency of silicon, InGaP, GaAs, and InP solar
cells that are commonly used in space. 2% For example, the Equator-S Mission, equipped with
an GaAs/Ge solar cell reported a reduction in efficiency of around 10 % after 30 days in the
low earth orbit.”! Interestingly, one of the most radiation resistant solar-cell absorber
materials, namely, copper indium gallium di-selenide (CIGS)®2Y is rarely used due to its
moderate power-conversion efficiency.??l A thin-film tandem solar cell comprising of a CIGS
bottom- and a perovskite top junction seems to be an ideal candidate to overcome this
limitation. In principle, the combination should allow a new generation of efficient,
lightweight, thin, and flexible solar-cell arrays for space applications. Solar-cell array foils
that self-enfold once launched into orbit are imaginable.[?1 Moreover, it is conceivable that
radiation resistant devices based on hybrid perovskites are employed in harsh environments

like damaged nuclear power plants. However, before such revolutionary designs will be
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implemented, the radiation resistance of these organic-inorganic perovskites has to be
demonstrated. Therefore, we present a study on the radiation hardness of CHsNHz3Pbls using
68 MeV proton irradiation. In-situ measurements revealed a superior radiation resistance in
comparison to a commercially available crystalline silicon (c-Si) photo-diode. In light of the
reported instabilities of perovskite solar cells, the observed radiation resistance is

remarkable.[?4]

2. Results and Discussion

Proton-induced defect creation occurs due to ionization and lattice displacement effects.
In addition, proton irradiation can also stimulate nuclear reactions due to proton capture of
atoms. Typically, the newly generated nuclei are radioactive. Therefore, after the radiation
experiments the samples must remain in the radiation safety controlled area delaying device
characterization of the sensitive perovskites. In order to investigate the radiation hardness of
the hybrid perovskite CH3NH3Pbls, we decided to track the development of the short circuit
current, Jsc, the open circuit voltage, Voc, the fill factor, FF, and the power conversion
efficiency, », in-situ under illumination during irradiation with protons. Hence, the J — V
characteristics of 6 devices were measured simultaneously every 30 seconds. Three of these
devices were exposed to proton irradiation, while the remaining solar cells served as a
reference. Proper encapsulation of the solar cells allowed taking additional measurements

after the radioactivity decreased to a safe level.

2.1. Solar Cell Performance

Typical perovskite solar cells based on TiO, and spiro-OMeTAD show pronounced

hysteresis effects. 2?1 This would complicate the correct analysis of the in-situ
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measurements during proton irradiation. Therefore, we chose the inverted staggered structure
with a layer sequence of glass/ITO/PEDOT:PSS/CH3NH3Pbls/PCBM/BCP/Ag. This structure
has the advantage that a hysteresis of the J — V characteristics is negligible. %81 Fig. 1(b)
shows a simplified sketch of the used device structure and a cross-sectional scanning electron
microscopy (SEM) micrograph is depicted in Fig 1(a). The film homogeneity is controlled by
using a mixture of the solvents y-butryolactone (GBL) / dimethyl sulfoxide (DMSO) and by a
toluene dripping in a late spin coating stage. 28 Details on the device preparation are given in
the experimental section.

Figure 1(d) shows the current-voltage characteristics of as-fabricated solar cells under
AM 1.5G illumination. Due to the used inverted structure a hysteresis in the J — V curves is
negligible. The power conversion efficiency derived from the J — V curve amounted to » =
12.1 % [see Fig. 1(d)]. This is corroborated by measuring the power conversion efficiency as
a function of time using a maximum power-point tracking algorithm [inset in Fig. 1(d)]. After
400 s a stabilized value of = 12.1 % was obtained. The fill factor, open circuit voltage, and
short circuit current amounted to FF = 71%, Voc = 0.95V, and Jsc = 17.9 mA/cm?,
respectively. Because of their high performance, stability, and lack of hysteresis effects the
solar cells employed in this study are well suited to investigate degradation effects related to
the absorber radiation hardness. The external (EQE) and internal quantum efficiencies (IQE)
are depicted in Fig. 1(e). The integrated short circuit current amounts to 17.4 mAcm= and

matches the value obtained under AM1.5 illumination.

2.2 Radiation Hardness under Proton Irradiation

lonizing radiation in space is dominated by high energy protons in the MeV range!?®3%, In
particular, protons with energies close to 1 MeV have a high stopping cross-section and

therefore, can cause severe damage to electronic devices and solar cells.3Y On the other hand,
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an effective radiation guard requires only a view millimeters of shielding. Thus, for our study
we have chosen a proton energy of 68 MeV that still causes considerable damage while
having a projected range of several centimeters. This ensures homogeneous defect creation
throughout the entire perovskite absorber. The proton energy-loss is shown in Fig. 1(c) as a
function of the target depth. The data were derived from a SRIM calculation.?

Three identical perovskite solar cells were exposed to proton irradiation with a total proton
dose of ¢=1.02x10% p cm™. The experiments were performed at the cyclotron facility of the
Helmholtz-Zentrum Berlin. 2334 The proton flux was kept constant at about ¢ = 1.68x10°
p cm? st The total dose of 1.02x10® p cm was accumulated after 101 min. Fig. 2 shows the
degradation of the photovoltaic parameters Jsc, Voc, and 7 of an irradiated device as a
function of the proton dose, ¢.

Upon proton irradiation Jsc and the power conversion efficiency, 7, decrease (red and
open circles in Fig. 2(a)), while the open circuit voltage and the fill factor remain constant
(blue diamonds and black triangles in Fig. 2(a)). Hence, the proton-induced decrease of 7 is
solely caused by a decrease of Jsc, which changes due to the generation of localized defects. It
is important to note that the perovskite solar cells do not exhibit any degradation for a proton
dose of ¢ < 2x10™ p cm. Only at higher proton doses a decrease of Jsc and 7 is observed
with a reduction of around 10 % and 40 % for ¢= 10'? p cm and 102 p cm™, respectively.
On the other hand, the impact of proton-irradiation experiments on the short-circuit current of
a commercially available c-Si photo diode shows pronounced degradation due to defect
creation even for a low proton dose. A 40 % decrease of the photo current is observed for a
proton dose of only ¢ = 7x10% p cm? (blue curve in Fig. 2(a)). This is in good agreement
with previous reports for ¢-Si solar cells.®® The data shown in Fig. 2(a) clearly demonstrate

that perovskite solar cells are significantly less affected by proton radiation than c-Si devices.
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In addition to the degradation of the absorber layer, proton irradiation can affect other
layers in a solar cell. An example is the creation of color centers in the glass substrate.6371 As
a result some light will be absorbed in the glass and consequently, the performance of the
solar cell decreases. Fig. 2 (b) shows the transmission spectra of ITO coated glass substrates
before (black curve) and after proton irradiation (blue and red curves). The coloring of the
glass affects the transmission spectra in the spectral range between 300 and 800 nm. This
shading effect is depicted by the hatched areas in Fig. 2 (b). As a remark, optical glasses can
be stabilized against radiation induced coloring for example by adding lanthanum or
cerium. 3!

Since in-situ measurements of the solar cells were performed during proton irradiation
the formation of color centers in the substrate has to be taken into account. The data shown in
Fig. 2(b) were used to separate the degradation of the perovskite layer due to proton
irradiation from the formation of color centers in the glass substrate. For a proton dose of
10" p cm a decrease of Jsc of about 20 % is observed. This is shown by the red diamond in
Fig. 2 (a). Hence, the perovskite layers can withstand proton doses as high as 102 p cm™
before degradation commences. This exceeds the proton dose at which c-Si begins to degrade
by almost 3 orders of magnitude. Thus, we have experimentally demonstrated that the
perovskite layers are radiation hard making them a desirable material in solar cells for space

applications.

2.3 Self-healing

The in-situ measurements of the perovskite solar cells were continued after the proton
irradiation was terminated. In Fig. 3 the time dependence of the normalized short-circuit

current, open circuit voltage, fill factor, and power conversion efficiency are shown for the
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sample irradiated with a proton dose of ¢ =1x10% p cm (red circles) and a reference sample
that was not exposed to high-energy protons (black diamonds). Here, t — tir = 0 s corresponds
to the end of the irradiation experiment. Surprisingly, Jsc and #n of the proton-irradiated
device increase continuously with time, while Voc and the fill factor remain constant. A
change of Jsc is mainly due to a change in the concentration of localized defects. Hence, this
result shows that the perovskite solar cells possess a self-healing capability that lowers the
number of defects caused by proton irradiation. It is likely that proton-induced defect creation
and self-healing is due to ion and/or atom displacements. It is important to note that self-
healing occurs at room temperature. Hence, the migration barrier for atoms and ions is
expected to be small. This is consistent with the low crystallization temperature of the
perovskites.

Proton irradiation experiments produce radioactive elements in the exposed materials that
decay to a tolerable level within about 10 days. After this waiting period the irradiated solar
cells and the reference devices were characterized again. It is important to note that the
reference devices were exposed to the same photon flux as the proton irradiated solar cells
and were also kept in the radiation cabinet for 10 days. The photovoltaic parameters of three
proton and three reference solar cells are plotted in Fig. 4 (a). Due to the prolonged
illumination with an AM1.5G spectrum all parameters of the reference solar cells degraded
and an average efficiency of 7~ 5.7 % was obtained (black diamonds in Fig. 4). The proton-
irradiated solar cells show a more pronounced decrease of Jsc while the open circuit voltage
and the fill factor increased, which resulted in about the same efficiency of 7 =~ 5.7 % (full red
circles in Fig. 4). However, for the proton-irradiated specimens the formation of color centers
in the glass substrate has to be taken into account. When correcting for this deleterious effect
Jsc increases to about 11.7 mAcm™. Interestingly, this results in a higher power conversion

efficiency of 7 ~ 8.0 % compared to the reference devices (open red circles in Fig. 4 (2)). The
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internal quantum efficiency (IQE) and the reflection of a reference and a proton-irradiated
solar cell are plotted in Fig. 4(b). The change of the integrated IQE curve due to proton-
irradiation corresponds to the observed decrease of Jsc (Fig. 4(a)).

Proton irradiation has detrimental consequences for the host material. Besides the
production of impurities through transmutation of nuclei that may be radioactive, atom
displacement may occur through the transfer of kinetic energy. When atoms are displaced
from their lattice site vacancies and an interstitials are created. These Frenkel pairs 8 can
cause secondary displacements. Recently, it was speculated that ion migration might be
responsible for instabilities observed in perovskites.®®! In particular, changes of the
photoluminescence with time in CHsNH3Pbls were attributed to the migration of iodine. "
Furthermore, charged particles like protons directly ionize the host lattice. In general, ionizing
radiation damages the host material by disrupting bonds between atoms. Most susceptible are
covalent bonds since their energies are in the low eV range.*!l Hence, the following picture is
conceivable. Proton irradiation causes significant ionization of the perovskite lattice that
eventually leads to the dissociation of ionic and covalent bonds. Since covalent bonds are
more susceptible than ionic bonds*Y most radiation-induced damage may occur at the organic
CH3-NHz molecules by the breaking of C-H, C-N, and/or N-H bonds. In organic
semiconductors the dissociation of C-H bonds upon irradiation is well-known.[%41 In fact, it
has been shown that the release of H atoms causes the formation of localized defect-states in
the bandgap that act as recombination centers.[*¥l Hence, it is likely that proton irradiation
results in the dissociation of C-H and N-H bonds giving rise to localized states in the bandgap
of the perovskite. This picture is consistent with results from electron spin resonance
experiments in combination with calculations which showed that fragmented methyl-
ammonium gives rise to localized defects in the bandgap of perovskites.[*s When the proton
irradiation is terminated the solar cells exhibit a self-healing mechanism. It is conceivable that

displaced hydrogen atoms migrate in the perovskite lattice and passivate both, newly
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generated localized defects due to the proton irradiation and pre-existing defects.
Consequently, this leads to an improvement of the proton irradiated solar cells when

compared to the reference devices.

3. Summary

In summary, we have fabricated inverted perovskite solar cells with a layer sequence of
glass/ITO/PEDOT:PSS/CHsNH3Pbls/PCBM/BCP/Ag. The inverted structure is beneficial for
in-situ proton irradiation experiments since it does not suffer from a hysteresis effect in the
J — V characteristics. The solar cells had a stabilized power conversion efficiency of 7 =
12.1%. The devices were irradiated with 68 MeV protons until a total dose of
1.02x10%™ p cm™was reached. During the irradiation experiments J — V curves were measured
every 30s. A decrease of Jsc by 10% and 40 % was observed for a proton dose of
$=10"pcm? and 10% pcm?, respectively. However, when the data are corrected for
deleterious effects, such as the photo degradation of the perovskite layer as measured on a
reference, the decrease of Jsc amounts to only 20 %. A degradation of Voc and the fill factor
is not observed. Hence, the perovskite absorber can withstand proton doses up to 102 p cm?,
which exceeds the damage threshold of c-Si by almost 3 orders of magnitude. Moreover,
when the proton irradiation is terminated a self-healing process of the perovskite commences
and Jsc recovers. After 10 days Voc and the fill factor were significantly enhanced compared
to the reference devices. The fact that CH3sNH3Pbls perovskites are radiation hard and exhibit

self-healing renders these solar cells highly attractive for space applications.

4. Experimental
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Preparation of Perovskite Solar Cells: Planar inverted perovskite solar cells were
prepared with the layer sequence glass/ITO/PEDOT:PSS/CH3NH3Pblz/PCe1:BM/BCP/AQ.
First, the ITO coated glass substrates were cleaned using acetone, detergent/H.O, H2O,
isopropanol, and Os. Then, a 60 nm thick PEDOT:PSS layer was deposited by spin-coating at
3000 rpm for 30 s. Subsequently, the PEDOT:PSS layer was annealed at 150 °C for 20 min.

A stoichiometric CHsNH3Pbls precursor solution containing 1.1 M of Pbl> and CH3NHal
was prepared in a mixed solvent of y-butryolactone and dimethyl sulfoxide with a volume
ratio of 70 vol.% to 30 vol.%. The solution was stirred for 12 h at 60°C. In a second step, the
CH3NHsPblz solution was spin coated with the following sequence: 1000 rpm for 10s,
2000 rpm for 20 s, and 5000 rpm for 20 s. At the last stage 150 pl toluene were dripped on top
of the CH3NHsPbls layer 28 Spin coating was performed in nitrogen atmosphere.
Subsequently, the CH3sNH3Pbls layer was crystallized at 100 °C for 10 min. The absorber had
a thickness of d =350 nm. The electron selective contact was formed by spin coating a
~50 nm thick PCs1BM layer at 2500 rpm for 60 s. After annealing for 10 min at 100 °C a thin
layer of bathocuproine (BCP) was spin coated from ethanol solution (0.5 mg/ml, 4000 rpm,
45 s). Subsequently, the devices were annealed at 70°C for 15 min and transferred into an
evaporation chamber with a base pressure of about 10”7 mbar. Electrical contacts consisting of
100 nm Ag were thermally evaporated using a shadow mask. The overlap of the patterned

ITO and the metal contacts defined the active area of the solar cells and amounted to 0.16 cm?.

Characterization: The perovskite solar cells were characterized using an AML1.5G
simulated solar spectrum. Because of the well-known hysteresis effect 25271 current-voltage
scans were performed in forward and reverse direction using a voltage sweep of 85 mV/s. For
the inverted solar cell structures, a hysteresis was not observed and the maximum power
points for forward and reverse scan directions were identical. The external quantum efficiency

was measured without bias voltage and illumination. Prior to the characterization the solar
10
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cells were light soaked for 30 min. The proton irradiation experiments were performed at the
cyclotron of the Helmholtz-Zentrum Berlin. B33 The proton energy was 68 MeV. The
Tandetron-cyclotron combination provides a high stability of the beam intensity. To achieve a
homogeneous irradiation over an area of 3.0 cm?> wobbler magnets were used. The beam
intensity was monitored online using a transmission ionization chamber. During proton
irradiation in-situ measurements were performed using a halogen lamp. The light intensity
was about 25 mW/cm?, A crystalline silicon photo-diode ‘BPW34’ purchased from Vishay

semiconductors was used as reference.
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Fig. 1. (a) Cross-sectional SEM micrograph of an inverted staggered perovskite solar cell
consisting of the layer stack glass/ITO/PEDOT:PSS/CHsNH3Pbls/PCBM/BCP/Ag. (b) shows
a sketch of the perovskite solar cell. Proton irradiation was performed through the Ag
electrode while the device was illuminated through the glass substrate. The projected range of
the proton beam in the perovskite CHsNH3Pbls is shown in (c). The simulation was performed
using SRIM B2, (d) shows current-voltage characteristics of the perovskite solar cell taken
prior to the proton irradiation. The blue curve was measured in the dark and the black curves
were taken under AM1.5G illumination. The scan direction of the voltage is indicated by
arrows. A hysteresis between reverse scan (solid line) and forward scan (dashed line) is

negligible. The inset shows the stabilized efficiency from maximum power point tracking. (e)
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Shows the external (EQE) and internal (IQE) quantum efficiencies. The black solid line

depicts the specular reflection.
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Fig. 2. (a) Normalized solar cell parameters as a function of the proton dose, ¢. Symbols
depict the evolution of the short-circuit current Jsc, the fill factor FF, the efficiency #, and the
open circuit voltage Voc of a perovskite solar cell. The red diamond depicts the normalized
value of Jsc at the end of the proton irradiation experiment after correcting for transmission
losses due to color centers in the substrate. The blue curve shows the evolution of the Jsc of a
c-Si photo-diode. (b) Diffuse transmission of glass/ITO substrates before (black solid curve)
and after proton irradiation with a dose of ¢ = 7.78x10! p cm2 (blue dashed curve) and ¢ =
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7.75x10%2 p cm™ (red dotted line). The resulting shading (AT) is shown by hatched red and

blue curves. The difference of the internal quantum efficiencies (AIQE) from Fig 4 (b) is

shown by the solid green line.
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Fig. 3. Time dependence of the normalized solar-cell parameters after termination of the

proton irradiation for a proton irradiated device (red circles) and for a reference solar cell

(black diamonds). The data are normalized to unity at t — tir = 0.
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Fig. 4. (a) comparison of the photovoltaic parameters of irradiated perovskite solar cells
and reference devices under AM1.5G. The data (full symbols) were measured after the
radioactivity decayed to a tolerable level within 10 days. The open circles represent the short
circuit current and the efficiency of the proton irradiated solar cells taking the formation of
color centers in the substrates into account. (b) shows the internal quantum efficiency (IQE)

and reflection (R) of the reference (black) and the proton irradiated device (red).
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The radiation hardness of CHsNH3sPbls based solar cells is evaluated from in-situ
measurements during high-energy proton irradiation. These organic-inorganic
perovskites exhibit radiation hardness and withstand proton doses that exceed the
damage threshold of c-Si by almost 3 orders of magnitude. Moreover, after termination
of the proton irradiation a self-healing process of the solar cells commences. Radiation

hardness and self-healing renders these solar cells highly attractive for space

applications.
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