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Abstract

Solar cells based on complex lead halides with the perovskite structure have
attracted particular attention of material scientists and engineers all over the world. It is
believed that perovskite solar cells (PSCs) can replace more expensive and complex Si-
based solar cells on a market. However, the main obstacle on the way to successful
perovskite solar cell commercialization is the poor stability of complex lead halides.
There are many factors that influence perovskite solar cell operation stability. Among
them, the degradation occurring at the interfaces between adjacent functional layers and
in the bulk of perovskite material.

At the first stage of the performed study, we focused on exploring the interfacial
degradation pathways induced at the interfaces between the methylammonium lead
iodide (MAPDI3) and the commonly used charge transport layer (CTL) materials.
Importantly, we explored two principally different sample geometries and showed that
placing CTL as substrate under the perovskite films induced completely different
interfacial chemistry as compared to the samples when CTL is deposited atop the
MAPbI3 films as encapsulating coating. We have shown that any specific interactions
between the CTL and perovskite decomposition products strongly accelerate the light-
induced aging effects.

At the second stage of the work, we performed a systematic study of a series of
four commonly used hole-transport layer materials (HTLs) in combination with five
different lead halide perovskite absorbers. We demonstrated that the interfacial
degradation effects depend not only on the composition and properties of the HTL
materials but are also largely affected by the perovskite formulation. Surprisingly, the
most simple perovskite structures such as MAPbI3 and Cso.15sFAo.85Pbls showed superior
photostability if properly encapsulated.

At the final stage of this work, while having identified stable interfaces between
the lead halide absorbers and the charge transport layers, we explored the potential of
space applications for PSCs. While analyzing the radiation stability of different
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perovskite films we revealed several new degradation pathways, particularly, the
unusual halide phase segregation induced by gamma rays. Among all explored
perovskite absorbers the MAPDbI3 formulation showed the best radiation stability, which
makes a good parallel with the results of the light-induced stability tests. Using the most
stable absorber materials and charge transport layers we demonstrated impressive
radiation stability of PSCs featuring their potential for space applications.

To summarize, we performed a systematic study starting from individual thin
films and going all the way to completed devices and analysis of their radiation stability.
This study shed light for the first time on numerous interfacial degradation pathways,
leading to operation failure in PSCs. The most stable material combinations were
identified and potential for further stability improvement was outlined, thus paving a
way to design efficient and stable perovskite photovoltaics.
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Chapter 1. Introduction
1.1 Evolution of Photovoltaics

Solar energy being the most available energy source on our planet started to be
used for power generation only in the last century. Nowadays it is the fastest-growing
energy market that occupies about 3% of globally produced electric power.! According
to BP Energy Outlook 2019, by 2040 solar power will make over 12% of the total
generated power worldwide (Figure 1).! The growth in solar energy is dominated by
China, India, and EU markets.

30% i

. Geothermal and biomass l

25%
25% Solar .

Wind

20% .

5% .

09 _im_ - .
1995 2010 2025 2040

Figure 1. Global renewables: share of power generation by source.!

Most of the solar cell market is occupied by the crystalline silicon solar cells
(CSSC), which were developed as early as in the 1950s. At that time solar cells were
used mainly for space shuttles and satellites due to inexcusably high cost. Later, driven
by the world oil crisis in 1973 they found a terrestrial application.

Single-crystal Si or c-Si solar panel consists of wafers cut from the same large Si
crystal painstakingly grown under carefully controlled conditions. This process is time-
consuming and energy-intensive and has a big impact on the final cost of the solar cell.

However, in the last decade due to the massive production of photovoltaics (PV) in

13



China, the cost of c-Si PV module decreased from 3.5 to 0.45$ per peak watt (Figure
2).2

4.00 A
3.50 A
3.00 A
2.50 A

2.00 A

S/peak W

1.50 A
1.00 H

0.50 A

0.00 A
20062007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Year
Figure 2. The average cost of PV ¢-Si module (U.S. Energy Information Administration, EIA).2

C-Si solar cells are also one of the leading solar cell technologies in terms of power
conversion efficiency (PCE). According to the NREL efficiency chart® presented in
Figure 3, for decades scientists could not produce single-crystalline Si solar cells with
PCE over 24%. Until 2014, when Masuko K. et al. reported 25.6% efficient
heterojunction crystalline SSC.* Recently this record was broken by Yoshikawa K. et
al. exceeding 26% efficiency.® Even though c-Si PV technology has achieved a
remarkable cost/efficiency ratio, it still has some drawbacks which are needed to be
solved. C-Si solar cells are heavy and bulky and can hardly be fabricated on flexible
substrates. Moreover, monocrystalline silicon is challenging to produce and it has very
high embodied energy, which might be an obstacle for further cost reduction. Later on,
a polycrystalline Si (p-Si) solar cell technology was developed. P-Si wafers are
produced from multiple Si crystals growing together. In this way, the process does not
need to be as strictly controlled as in c-Si cells and it gets cheaper. However, PCE is

lower with a record of 22.04% achieved by Junco Solar.?
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Figure 3. NREL best research - cell efficiencies chart.®

In the 1970s, a group of thin-film technologies raised on a market aiming at
reducing solar cell production cost. These are mainly represented by amorphous Si (a-
Si), Cadmium Telluride (CdTe) and Copper Indium Gallium Selenide (CIGS).
Amorphous Si is deposited in a very thin layer on top of a conductive glass or metal
substrate. Such technology has the lowest embodied energy among all the Si-based ones,
but the efficiency is twice less than in polycrystalline solar cells. A-Si solar cells are
quite popular in portative electronics, where the amount of generated power is not that
important.

CdTe is one of the most successful thin-film technologies that can compete with
c-Si cells. The current record is 22.1% achieved by the largest CdTe cell producer First
Solar.® This technology is cheaper than c-Si and can be applied to flexible substrates,
however some concerns about operation stability and material toxicity pushes it back.
CIGS solar cells are even more efficient going beyond 23%?2 and not as toxic as CdTe,
however, the production cost is higher than that of c-Si solar cells.

In the late 90s, the interest in solar cell development was recommenced after a
long break. Scientists continued looking for cheaper materials that can revolutionize the

power generation market. A new group of solar cells called Emerging PVs appeared in
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the field. Dye-sensitized solar cells (DSSCs), organic photovoltaics (OPVs), quantum
dot solar cells (QDSs) and PSCs are typically considered in this group. All of them allow
producing solar cells using simple and cheap roll-to-roll technology on any required
substrates including flexible ones. Unfortunately, the first three mentioned technologies
so far were not able to reach efficiencies comparable to PCE of single-crystal SSCs.
Only PSCs demonstrated rapid growth from an initial 3% to world record 25.2% within
11 years of development.® Such results along with cheap and simple fabrication
processes make PSCs one of the strongest competitors of Si-based solar cells.
1.2 Perovskite solar cells as an emerging PV technology

Named after Russian mineral collector Lev Perovsky, perovskite was first found
in 1839 in the Ural Mountains by Gustav Rose. Later this mineral of CaTiOs
composition gave the name for the whole class of semiconductors which have the same
cubic crystal structure with general formula ABXzwhere X is an anion and A and B are

cations of different sizes. The crystal structure of perovskite is depicted in Figure 4.

Figure 4. Schematic representation of perovskite crystal structure, where A, B are cations and X

is an anion.®

In lead halide perovskites, the largest cation A in the middle of the cube is
typically methylammonium (CHsNHs") or formamidinium (NH2CHNH.") but also can
be inorganic such as Cs™ or Rb*. Small anions X in the angles of the octahedron are
halogen anions I, Br, CI". Cation B is the most commonly represented by Pb?* but also
can be Sn?* or Ge?*.
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In 1926, Goldschmidt formulated the tolerance factor (TF) concept for inorganic
solid-state perovskites; the relationship between the ionic radius of the A-site cation

(ra), B-site cation (rg) and X-site anion (rx) is given in equation (1):

TF = (ry+1,) / 2(r5+71,). (eq.1)

Later on, this approach was extended for hybrid perovskite materials.”® Thus, for
both inorganic and hybrid perovskites the optimized TF lies in the range of 0.8 to 1.9
It means that materials with such TF are expected to have a stable photoactive cubic
phase.

Most studied MAPDbI3 perovskite has TF in this window (=0.95)8, therefore it is
widely used for PSCs fabrication. Notably, Formamidinium lead iodide (FAPbI3)
perovskite has TF slightly above 1, therefore cubic perovskite structure is less stable
than e.g. hexagonal polymorph at room temperature. CsPbls with its small-sized Cs*
cation has TF below 0.8, so orthorhombic structure becomes most favorable at room
temperature. However, by mixing these cations in a certain proportion one can obtain
Csa-xFAxPbI3 with an effective TF value between 0.8 and 1 and stable cubic phase
suitable for PV applications (Figure 5). The same result can be achieved by mixing
CsPbls and CsPbBrs. CsPbBr3 has TF of about 0.9 but due to a very wide bandgap, it is
rarely used in solar cells in pure form. Adding a small amount of CsPbBr3 to CsPblz will
give CsPbl2Br which has a decent combination of the relatively low bandgap and

reasonably stable cubic phase.!

1.05- « A AN
W5.-FAPbl, ® ¥ e % ¥ Hexagonal
by | 3 NN
1.00
3 © 8 L3 .
S 095 b o
g @‘b\ # a-FACs,,Pbly Ll e
.— e ¢ Cubic
) X .
o 0904 R
2 7 L
lg .....
0.80 L °
A" 5,CsPbly b - I i )
L I A Y N
140 160 180 200 220 240 260 280 300 .:.t.

Effective radius (pm)
Figure 5. Schematic showing how TF can be used to stabilize the metastable phases of FAPbI 3

and CsPbls with the formation of Cs(1-¢FAxPbl; with a stable cubic phase.*?
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Complex lead halides with ABXs cubic structure showed unique optoelectronic
properties that boosted scientific interest all around the world. Within 10 years the
number of publications dedicated to PSCs has raised to 3600 and PCE of fabricated solar
cells reached 25.2% in 2019 (Figure 6).2

€ 3500 - 25
E 3000 A 2.
S 2500 - .
< 2000 - = 157
. LLI
é 1500 - < 10
S 1000 -
=

500 A

0 \_

T T U
2007 2009 2011 2013 2015 2017 2019 2009 2011 2013 2015 2017 2019
Year Year

Figure 6. Publication activity on the topic “Perovskite solar cells” (left) and the evolution of PCE
in PSCs (right).

T. Miyasaka’s research group became the first who reported the photovoltaic
performance of PSCs.!® They modified DSSCs by depositing CHsNH3sPbBrs and
CH3sNH3Pbls perovskite nanocrystals on TiO2 achieving 2.8%'% and later 3.6%.* In
2011 using the same approach the efficiency was increased to 6.5% by Park et. al.®
Non-sensitized perovskite solar cells were first fabricated by the Snaith group with
10.9% efficiency.'® A year after a group of S. Seok obtained 12% efficient solar cells
with the configuration FTO/bl-TiO2/mp-TiO2/CH3NH3Pbls/HTM/Au.Y”  They
investigated multiple hole-transport materials (HTM) with the best results reached for
poly[bis(4-phenyl)(2,4,6-trimethylphenyl) amine (PTAA). Later on, it was found that
complex lead halides with perovskite structure have ambipolar transport behavior which
allowed to fabricate not only solar cells on mesoporous TiO2 but also with planar
structure. Snaith et al.*® obtained 15.4% efficient devices by co-evaporation of CHzNHs|
and PbCl.. Instead of the TiO- scaffold, they used a compact solution-processed TiO>
layer as an electron transport material (ETM). Such rapid improvement in terms of

efficiency resulted in a fact that in 2013 The Science magazine included perovskites in
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the list of Top-10 breakthroughs of the year.!® Variation of cations in the perovskite
structure boosted device efficiency even further. In 2016 Gritszel et al.?° demonstrated
21.1% efficient triple cation perovskite solar cell with complex structure
Csi(MAG17FAGss)1-9Pb(lossBroar)s). The current world record reached 25.2% according to

National Renewable Energy Laboratory and this number is continuously going up.?

1.3 Operation stability issues in perovskite solar cells

Even though the efficiency of PSCs is high enough to compete on a solar cell
market, there is a big problem with operational stability. For the successful
commercialization of any new solar cell technology, one should look at the factors of
the golden triangle: cost, efficiency, and lifetime (Figure 7a).?t As mentioned above,
PSCs and CSSCs have very comparable PCEs. In 2018 the production of PSCs was
estimated twice cheaper than of CSSCs (Figure 7b), however, the massive production
of c-Si wafers, as well as updated power conversion efficiency, pushes the price down
below 0.3 $/W?2 (Figure 7c) and makes Si technology highly competitive. Nevertheless,
the cost of PSCs potentially also can go down with massive production.

a [V

Cost

Solar cell performance
golden triangle

E Y Lifetime

W

2018U.S. SperW,

26.6% 9599 25Years 215 1H2019 Processing Efficiency Gains  Economies-of-Scale
~0.30 s W1 (16% Module)  (19%for PERC)  Advancements (22%) (2025)
si si Research and Development Plus Sales, General, and Administrative Il Cell Metalization Pastes
g <lr2ofSi PVSK #
M Remaining Costs for Module Assembly Wafer Processing
PVSK 1year B Balance-of-Module Materials W Silicon
L 1 A 1 || | | Remaining Costs for Cell Fabrication & Qaculated Sustainable Price
Cost E"icnency Lifetime

Figure 7. Comparison of ¢-Si and PSC - Golden triangle: cost, efficiency, and lifetime (a,b)? and

historical, current, and projected cost of ¢-Si panels (c)%.
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The only weak point of PSCs on the golden triangle is an operation lifetime. The
best lifetime obtained for PSCs is about 10 000 h (around 1 year), but the PCE of such
solar cells is only 12%.23 If we set an efficiency threshold of 20% the best light-soaking
stability is only 1000-2000 h.?*% Nowadays, the whole world is struggling to produce
more stable PSCs varying material composition, looking for good encapsulating layers
and stable CTLs. This issue becomes fundamental and should be prioritized over
attempts to achieve higher PCEs.

Among the main factors affecting long term stability of perovskite material, one

can name extreme sensitivity to moisture, 2630

oxidation in the air in presence of
light,®32 thermal®-, and photochemical degradation®®" in the bulk and at the
interfaces. Moisture and oxygen-induced processes are extrinsic factors, while

temperature and light affect mainly the intrinsic stability of PSCs.

1.3.1 Extrinsic stability

Complex lead halides with perovskite structure (particularly MAPbI3) were found
to be moisture sensitive which was revealed at the early stages of the research
development. Many publications are dedicated to the degradation mechanisms induced
by direct contact of perovskite material with water, as well as with humid air.26.2%.3038
Extensive research in this area resulted in a determination of the veritable degradation
mechanism: exposure to moisture leads to the formation of Pbl, and monohydrate phase

according to the reaction?®:

4CH3NHz3Pbls + H;O «— 4CH3NH3*H20 «—> (CH3NH3)4Pblse2H20 +3Pblo.
Figure 8 shows the phase transition of perovskite material in the presence of

moisture.
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Figure 8. Change of perovskite crystal structure under the impact of moisture.

In the formed phase, MA* cation is no longer bonded to I" and interacts with water
molecules. Some researchers claim that this reaction is reversible if the material is
exposed to dry air. However, if perovskite material contacts humid air in the presence
of heat, methylamine irreversibly evaporates from the surface. To prevent hydration,
perovskite material should be properly encapsulated.

Another degradation process in perovskite thin films intensively studied by
researchers is oxidation in the presence of light.31*2 Photoexcited electrons bond with
oxygen molecules forming reactive species. This results in photo-oxidation of the
perovskite layer following reaction®!:

CHsNHz3Pblz +O2"" — CH3sNH: + Pblz +1/21>+ H»0.

Lead lodide gets further oxidized on with the formation of PbO. Due to the higher
electronegativity of oxygen compared to iodine, the O atoms prefer to replace adjacent
| atoms and bond to two Pb atoms:*

Pblz + 1/20; — PbO + 1.

It was found, that PbO forms mostly on a surface and works as a protective layer
for further oxidation of Pbl2.*® It should be noted that the proposed oxidation mechanism
is valid only in the presence of light. MAPDI3 films left in the air in the dark remain
stable. Moreover, such a process was observed on the pristine perovskite layer, directly
exposed to the environment while in completed solar cell stacks photooxidation is a
problem of a much lower extent and depends on electron extraction properties of charge
transfer layers.3> To suppress photooxidation, the generated electrons should be

extracted from perovskite material before they bond with oxygen by adjacent electron-
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transporting layer, collected at the negative electrode, and pushed to the external circuit.
For example, electron transfer to mesoporous TiO> outcompetes oxidation reaction
slowing down the solar cell degradation.®®® However, even if the formation of
superoxide O2" was prevented by effective electron extraction, oxygen still can react
with I" ions under the light. This reaction can be excluded only by a proper solar cell

encapsulation.

1.3.2 Intrinsic stability: photochemical and thermal

The main factors that influence material stability intrinsically are sunlight,36:37:40
electric bias,***2 and temperature.®*-> Depending on material composition, these factors
can affect stability at a different rate. MAPDI3 is the most popular material used in PSCs
and also the most vulnerable to the mentioned stress factors. Due to the high mobility
of MA" ions, MAPbI3 rapidly decomposes at elevated temperatures starting from 45-
50 OC36'43:

CHsNH3Pblz — CH3NHzsl + Pbl,

Lead iodide under light further decomposes to metallic lead and iodine vapor®*:

Pbl, <> Ph° + I,°,

While MAI can decompose mainly by two paths:33:354546

(1) CHsNHsl <—» CH3NH; +HI;

(2) CH3aNH3zl «<—» CHzsl + NHs.

There are still active debates about the role of each reaction in MAPbIs
decomposition. It is believed that the higher is the temperature, the more the equilibrium
is shifted towards the 2" reaction.*® In both cases, volatile components can penetrate
through CTLs and irreversibly leave the system.4"48

MA* cation makes the perovskite deposition process very reproducible and
simple, but at the same time, it makes solar cells extremely sensitive to operating
conditions. Since the temperature of solar panels in sunny days in hot regions can reach
80-100°C, the usage of MAPDIz in PSCs is under big question, unless efficient
encapsulation layers preventing the loss of volatile components are found. Nowadays

many publications are dedicated to the search of cations that can replace MA* in
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complex lead halides. Different combinations of cations and halides were studied in the
last 5 years to find the most stable configuration. Recently MA-free systems such as
CsxFA@1xPbls and CsxFA(1-xPbBrxli-x) have attracted particular attention showing
remarkably high PCE and enhanced thermal stability. Saliba et. al have shown that it is
possible to produce efficient PSC (20.35%)*° without MA* cation and with improved
stability. However, the absence of MA* cation significantly worsens phase stability and
requires more careful film preparation: annealing temperature should be optimized to

exclude the formation of the beta phase and Pbl >

1.3.3 Interfacial stability

Along with the stability issues of absorber material, researchers are struggling to
find suitable CTLs that will accomplish a stable solar cell configuration. Chemical
processes occurring at the interfaces between CTLs and perovskite material are often
the most crucial for solar cell operation stability. CTLs have to be uniform, compact and
non-permeable for the volatile perovskite degradation products to achieve the desired
stabilization and isolation characteristics.*®

Depending on CTLs, different interfacial degradation mechanisms can occur.
Fullerene derivatives (e.g. PCs1BM) commonly used as ETLs in p-i-n solar cells were
found to facilitate the decomposition of MAPDbIz by absorbing MALI in the cavities
between the fullerene spheres.®! Introducing additional ZnO nanoparticles as a hole
blocking layer (HBL) placed atop the PCe1BM films helps to mitigate the problem of
the metal electrode corrosion, but can hardly prevent the perovskite decomposition.>2
TiO2 being one of the most popular ETLs for n-i-p PSCs was also found to be reactive
with the perovskite layer. Applied bias induces a reversible oxygen migration from TiO>
to the MAPbDI3 layer even in the absence of other stress factors. Oxygen migration
affected the perovskite phase crystallinity and facilitated the formation of Pbl,.%3 The
degradation at the perovskite/ETL interface was suppressed by the insertion of a
diffusion barrier interlayer of Sb,Ss between the TiO, and MAPbI; layers® The
operation stability of PSCs utilizing mesoporous oxide scaffold was enhanced by

replacing TiO2 with Al,03.%®
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The contact between the HTL and the perovskite material is also crucial for stable
solar cell operation. Spiro-OMeTAD (2,2',7,7-Tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9'-spirobifluorene) commonly used as an HTL in PSCs with
the n-i-p architecture was shown to be the main cause of device degradation by many
researchers.®>>" The main reactive species are 4-tert-butylpyridine (tBP) and lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI) - typical modifying additives for HTLs with
low hole mobility.>8% tBP was shown to be dissolving Pbl, %° LiTFSI salt is hygroscopic
and attracts moisture from the environment and it can also react with some perovskite
decomposition products.®” The cation-radical of spiro-OMeTAD might oxidize I with
the formation of Iz, which represents an important degradation pathway at the
perovskite/doped HTL interface.*® At the same time, spiro-OMeTAD molecules tend to
crystallize at elevated temperatures, which is another mechanism of the device failure.>

PEDOT:PSS was extensively studied within the last decade as HTL material for
p-i-n PSCs.%%  Many publications reported high reactivity of PEDOT:PSS with
adjacent layers: semitransparent electrode and absorber material.5263%48 PEDOT:PSS
has acidic nature since it represents a salt of a weak organic base and strong polystyrene
sulfonic acid (PSS). Therefore, PEDOT:PSS can react with In2Oz and etch 1TO with the
release of mobile In®*" ions. This kind of chemistry negatively impacts both device
efficiency and stability.52%2 It was also revealed by Time of Flight Secondary lonic Mass
Spectroscopy (ToF-SIMS) analysis the appearance of S-ions at the PCsiBM/Ag
interface.®® Nevertheless, a great number of methods to improve PEDOT:PSS
performance and device stability were developed in the last years, including solvent
post-treatment,®*° the addition of graphene oxide protective layer®®®” or HTL doping.®

Along with PEDOT:PSS, big attention was given to p-type metal oxides such as
NiOx and CuO as they normally provide higher open-circuit voltage (Voc) values and
better energy alignment. First time PEDOT:PSS was replaced with NiOy in polymer
bulk heterojunction solar cells (BHJs).®® Soon it became popular in PSCs giving
efficiencies as high as 18-20%.7%"3 NiOy layer properties can vary depending on the

deposition method: the easiest and most common way is solution processing,®>’ but
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spattering,’® and atomic layer deposition (ALD)’® also quite popular techniques. Along
with improved efficiencies the researchers claim superior air stability of PSCs based on
NiOx.”>":7® However, very few if any papers are dedicated to the photostability of such
systems.

The best efficiencies ever obtained in inverted PSCs were gained from devices
using PTAA3%3%7980 a5 an HTL. PTAA is also a popular HTL in n-i-p architectures. It
has rather low hole mobility and, therefore, is usually doped and/or modified using
certain additives such as LiTFSI and tBP. However, as was mentioned earlier, these
compounds are highly reactive and, therefore, badly influence PSCs stability. Recently,
it was shown that non-doped PTAA can provide device efficiencies of up to 18.2% if
appropriate HTL thickness is used.”®% However, the photostability of the
PTAA/perovskite interface was not thoroughly investigated until now.

Recently it was shown that polytriphenylamine derivative (named PTA in the
literature) with only one methyl group in each repeating unit is even more promising
HTL in PSCs.8! It was first synthesized by 1. K. Yakushchenko et al.82 and used as HTL
in electroluminescent devices. The main advantages of PTA over PTAA is deeper-lying
HOMO and Fermi energy levels which effectively minimize interface recombination.
Moreover, PTA has better charge transport properties due to the more compact
molecular structure.

Quite often the researchers use hybrid HTL layers, trying to obtain improved solar
cell characteristics. Combination of PEDOT:PSS/PTAA on flexible substrates resulted
in a competitive 14.23%, which is higher than in the absence of PTAA.8 NiOy/PTAA
system is quite a common combination, as PTAA smoothens NiOy surface and enhances
charge transport.84% Best obtained efficiency in single junction PSCs with such HTL is
17.1%.8°

The list of CTL/interfaces is endless and some of them enable chemical reactions
that destabilize solar cell performance. The current trend in the PSC research field is to
reveal such CTLs that can form a stable interface with adjacent layers and minimize

interfacial degradation processes in realistic solar cell operational conditions.
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1.3.4 Radiation stability

Since the emergence of the space industry, different types of solar cells have been
used as the main electrical energy source to power spacecrafts and satellites. Solar
irradiation in space is substantially stronger than on Earth, and it has no disturbance in
a form of clouds, which makes it a more consistent and reliable energy source to convert
photons to electrical energy. However, high-energy particles and radiation sources, such
as protons, electrons, X-rays and gamma rays from such entities as Sun flares and
galactic radiation can damage and even destroy conventional semiconductor materials.
One of the first pioneering works published in 1963 reported the rate of the degradation
of a silicon solar cell caused by electron damage:® at short circuit current the device
degrades by 25% within 45 days in Circular equatorial orbit. Another report on solar
cell degradation in space was presented in Nature.®” Different types of solar cells
available at that time were fixed on NTS-2, a Navigation Technology Satellite, that spent
223 days on a geocentric orbit (20000 km). The experiment showed a reduction in the
device efficiency by 8 to 47%, depending on the type of the cell, while the origin of
aging effects and the doses of radiation affecting the solar cells in space were unknown.
Some reports were dedicated to the radiation stability of the solar cells based on A3B5
materials such as GaAs alone or in tandems with other absorbers such as Inp.88%
Developing methodology for suppressing a severe impact of high-energy particles on
conventional semiconductor materials became one of the main tasks for the space
industry.

A number of reports are dedicated to the modeling of the solar cell device
degradation in space.’*® However, predicting the degradation behavior is a
complicated task considering the flared nature of the solar radiation and a strong
dependence of the absorbed radiation dose over the orbit distance. The total ionizing
dose (TID) is used to determine the radiation tolerance of the space equipment. For
satellites, working at low equatorial orbit (LEO), TID should be within 100-1000 Gy.%*
Electrons, protons, and photons with energies below 1 MeV could be partially stopped

by shielding. NASA reported results of a shielding experiment performed on the ATS-
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1 spacecraft, which spent 416 days at the distance of 35792 km.% Non-covered Si-based
solar cells showed a power reduction by 90%, while the cells protected by 0.15 mm
shielding degraded by 8.5% only. Indeed, 100 um thick glass can stop 3 MeV protons.*®
Recent progress in this field has shown that Si-based solar cells with good glass
encapsulation can work in space for years without significant degradation. It was
declared that Si solar cells installed at the International Space Station (ISS) from
December 2000 to February 2003 degraded only by 0.45%.%’

The main disadvantage of the glass encapsulation is a reduced solar cell power per
unit mass. Conventional solar panels are quite heavy, so their deployment on satellites
and spacecrafts is very costly. This aspect is the main reason why researchers are
continuously looking for alternative absorber materials, which could decrease the
weight of solar cells substantially while being at least as efficient as silicon. In this way,
PSCs which currently deliver power conversion efficiencies of up to 25.2%?2 can be a
good candidate. At the same time, PSCs seem hardly suitable for a severe space
environment if one considers the current operational stability of such devices.

Nevertheless, PSCs were found to have superior radiation stability compared to
the conventional types of solar cells. It was shown that PSCs based on
CsxFA0.8sMA 15Pb(lo.g5Bro.15)s (X<0.05) and Cl-doped MAPDIzxClx can withstand
10%6-10% p/cm? of electrons (1 MeV) and protons (50 KeV)%, respectively, which are
known to completely destroy crystalline Si, GaAs, and InGaP/GaAs-based solar cell.*®
Another work reported decent stability of MAPDbIz-based solar cells under proton
irradiation of 10 p/cm? leading to a decrease in short circuit current density (Jsc) by
20%.1%° However, the solar cells were able to recover to nearly initial performance upon
continuous storage thus featuring a remarkable self-healing effect.!® Later, the solar
cells based on the Cso.0sMAo.17FA0.83Pb(Bro.17l0.83)3 perovskite formulation were shown
to maintain 95% of their initial efficiency after proton irradiation of 68 MeV with a total
proton dose of ¢ = 1.02 x 10 p/cm? 101

Gamma ray stability of PSCs should be explored along with the effects induced

by electron/proton irradiation exposure. Gamma rays have the highest penetrating
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ability and cannot be stopped by regular encapsulation materials. For over 20 years of
exploitation in space, solar cells can accumulate a big gamma ray dose (e.g. 1000 Gy)%,
which can significantly affect the solar cell performance. Recently, it was shown that
Cso.0sFA0.81MA0.14Pbl2 55Bro 45 perovskite is more resistant to gamma rays than a glass
substrate used for PSC fabrication.'%? Indeed, glass substrates exposed to high energy
particles undergo darkening due to color defect formation.!®® The decrease in the
substrate transmittance led to a decay of photocurrent density and efficiency of the solar
cell. However, the absorber material itself and the overall photovoltaic stack did not
degrade under radiation exposure. Another work reported very similar results for
FA0.945MA0.025CS0.03Pb(l0.975Bro.025)3 perovskite exposed to gamma-rays with a dose of
500 kRad.!* A further research in this field is required to reveal the promising
perovskite solar cell configurations suitable for space applications.

1.4 Research goal

There is a strong need for a new generation of PSCs with long operational
lifetimes enabled by appropriate choice of all functional materials forming stable and
inert interfaces in the device stack. A systematic and comparative study of multiple
interfaces under the effect of light and/or ionizing radiation is missing in the field. In
this work we tried to fill this gap by solving the following tasks:

e Revealing the impact of different charge-transport interlayers on the
photostability of MAPbIs films and solar cells with a focus on the interface-
induced degradation mechanisms;

e Investigation of the interface-induced degradation processes for a broad range
of lead halide perovskites combined with different HTLs in order to reveal
possible relationships between the materials composition, structure, and the
operational stability of these multicomponent systems. As one of the anticipated
outcomes, revealing the most stable combinations of perovskite absorbers and

HTLs can be envisioned.
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¢ ldentifying the mechanisms of the revealed bulk (within the absorber layer) and
interfacial degradation processes using a set of complementary analytical
techniques;

e Performing a comparative radiation stability study for a series of lead halide
perovskites in thin films and solar cells and evaluate their potential for space

applications.

1.5 Thesis outline

In the first chapter, a literature review on solar cell technologies in general and
PSCs, in particular, is presented. The main approaches to improving device operational
stability required for successful perovskite solar cell commercialization were analyzed.
The second chapter is dedicated to the interface-induced degradation pathways
involving the most popular perovskite material MAPDbIz and various charge-transport
interlayers. The third chapter is focused on the systems with p-i-n configuration, where
interface degradation effects occurring between 4 different HTLs and 5 perovskite
materials were analyzed. The potential of PSCs for space applications is assessed in the
fourth and fifth chapters of this work. The radiation hardness was studied for various

perovskite materials including mixed halide and pure iodide perovskite formulations.
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Chapter 2. Impact of CTL material on photochemical stability

of MAPDI3z in thin films and perovskite solar cells

2. Motivation

There is growing evidence that MAPbIz thin films have poor intrinsic
stability.33:2736.100.101 |y particular, it was revealed that MAPbDI; starts to decompose
under the elevated temperature of 50 °C.33 Fortunately, all chemical reactions involved
in MAPbI3 decomposition are reversible. To prevent this kind of degradation one needs
to encapsulate perovskite absorber films between the adjacent charge transport layers.
These layers have to be uniform, compact, and non-permeable for the volatile perovskite
degradation products to achieve the desired isolation characteristics.*’ In this chapter,
we systematically explored a series of CTLs in combination with MAPbI3 in order to

reveal those with good encapsulation characteristics.

2.2 Materials and methods

The detailed experimental protocol is presented in Figure 9. It was developed
following the recommendations of ISOS L-2 stability testing protocol initially proposed
for organic photovoltaics (OPVs)'%” and later adjusted for PSCs.*% ISOS L-2 protocol
suggests performing a light soaking aging experiment in an inert atmosphere at 65-85°C,
with light power within 80-100 mW/cm? for at least 1000 h. Device measurement is
recommended to perform in MPP or OC mode. In our experiment light power was 50
mW/cm? (with the reduction to 40 mW/cm? in the exp. described in Chapter 3) and
temperature 45 “C, which is less than recommended, but sufficient to reveal important
heat- or light-induced degradation mechanisms.

In the 1% stage of the experiment, Glass/CTL/MAPbI3; systems were exposed to
light soaking (50 mW/cm? 45°C). In the 2"% stage, the same CTLs were deposited on top
of MAPDIz and these samples were exposed to light soaking. In the 3d stage,
ITO/CTL/MAPDI3/CTL, samples were subjected to the light for 100 h and afterward

completed for solar cell characterization.
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Figure 9. Schematic representation of the experimental methodology.
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Film deposition and sample preparation

Glass substrates were cleaned by sonication in deionized water, acetone and
isopropyl alcohol (IPA) for 10 min each, dried with air and subjected to a plasma
cleaning for 300 s. While preparing glass/CTL/MAPDI3 stacks, a CTL film was first
deposited on glass (Figure 9, stage 1). NDI and PDI powders were dissolved in
chloroform (10 mg/ml) and spin-coated at 1000 rpm. PCe&:BM and PC7:BM were
dissolved in chlorobenzene (20 mg/mL) and spin-coated at 2000 rpm. Spiro-OMeTAD
solution in chlorobenzene (40 mg/mL) was deposited at 3000 rpm. Next, Pbl. films (100
nm) were evaporated atop glass/CTL samples in a high vacuum (5-10° mbar) chamber
installed inside a nitrogen glove box. The solution of MALI in isopropanol (25 mg/mL)
was spin-coated at 3000 rpm dynamically on air. All substrates were annealed for 3
hours at 85 °C inside the nitrogen glove box until the formation of the perovskite phase
was virtually complete and absorption spectra of the films were saturated (i.e. stopped
changing). While preparing glasssMAPbIs/CTL samples, the MAPbIs layer was grown

first on glass substrates and then CTL films were deposited following the same
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procedures as described above (Figure 9, stage 2). The best CTLs revealed after stages
1 and 2 were tested further in completed solar cell stacks (Figure 9, stage 3).

Aging experiment

All prepared samples were placed in a specially designed aging chamber
integrated into MBraun glove box. White light with 50 mW/cm? intensity was provided
by metal-halide lamps, which usually give a decent match with the solar AM1.5G
spectra. For perovskite material, the mismatch of Jsc gained from AM1.5 G and metal
halide lamp spectra is 22%. The sample temperature during the experiments was 45+3
°C.

Device fabrication

The n—i—p ITO/SnO2/MAPbDI3/spiro-OMeTAD and p—i—n
ITO/PEDOT:PSS/MAPDI3/ETL (ETL: PCe1BM or PC7:BM) samples were prepared
following standard procedures.® The SnO nanoparticle ink was purchased from Alfa
Aesar, while spiro-OMeTAD was doped with LiTFSI and tBuPy following standard
procedures.>” The aforementioned multilayered stacks without top electrodes were
exposed to light soaking under the same conditions as specified above. After completion
of the aging period, the samples were processed to complete solar cell architectures by
depositing Mg/Ag (20/80 nm) electrodes for p—i—n structures and Au/Ag (20/80 nm)
electrodes for n—i—p structures. Electrodes were evaporated in high vacuum (10°-10°
mbar) through a shadow mask defining the active area of each device as 0.16 cm?.

Solar cell characterization

The current-voltage characteristics of the devices were measured using Advantest
6240A source-measurement unit under the simulated 100 mW/cm? AM1.5G solar
irradiation provided Newport Verasol AAA class solar simulator. The intensity of the
illumination was adjusted using a reference silicon diode of a known spectral response.
Jsc values were reconfirmed by integrating the external quantum efficiency (EQE)
spectra against the standard AM1.5G spectrum. The EQE spectra were measured using

a PV Instruments system integrated with MBraun glove box.
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Characterization techniques:

UV-visible spectroscopy

Each sample was analyzed with UV-vis spectroscopy measurements to observe
the evolution of the film absorbance due to some degradation, e.g. photobleaching
effects. UV-vis spectra were measured in the range of 350-900 nm in an inert
atmosphere using AvaSpec-2048-2UV-VIS fiber spectrometer integrated with MBraun
glove box. UV-vis spectroscopy is a useful tool for quick estimation of film stability
and a rough estimation of the presence of the perovskite phase. However, it does not
provide sufficient data to understand the chemical composition of the degraded samples.

X-ray powder diffraction

X-ray diffraction analysis is a useful tool that allows observing crystal phases
present in the studied systems. X-ray diffraction patterns were collected using a Bruker
D8 instrument with a Cu Ka source. Thin-film measurements were carried out in a fixed
illumination mode with no sample stage rotation in the range of 5-60 2® degrees. Based
on the XRD data, we could make a conclusion on the presence and amount of different
perovskite phases, Pbl,, and metallic Pb in degraded samples. Note that amorphous
phases cannot be confidently registered with XRD.

Atomic force microscopy

Cypher ES microscope (Asylum Research, CA) was used to measure the
topography and surface potential of the samples in a tapping mode under dry inert Ar
atmosphere in an MBraun glovebox with Oz and H20 concentrations <0.1 ppm. The
samples were grounded through the 1TO with conductive silver paint. With the help of
AFM, we could observe the change in grain size over aging time as well as the formation
of light-induced defects.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were carried out using a
PHI XPS 5000 Versaprobe spectrometer (ULVAC Physical Electronics, USA) with a
spherical quartz monochromator and an energy analyzer working in the range of binding

energies (BE) from 0 to 1500 eV. The energy resolution AE was < 0.5 eV. The samples
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were kept in the vacuum chamber for 24 h prior to the experiments and were measured
at a pressure of 107 Pa.%’

ToF-SIMS analysis

ToF-SIMS measurements were performed using ToF-SIMS 5-100P Instrument
(ION-TOF GmbH, Germany, 2007). The profiles were gained with Cs* (positive ion

detection mode) and O2™ (negative ion mode) ion beams at 2000 eV ion energy and 480

nA measured sample current with the mass resolution >7000 (m/6m). The scanning was
performed in the area of 500 x 500 um? The collected data was analyzed and

represented in a form of images with resolution 256x256 pixels.

2.3 Photostability of MAPbI3

Before studying the perovskite/CTL interfaces, we explored the photochemical
stability of the reference bare glasssMAPbI3 samples. MAPbI3 was used as a benchmark
absorber material, which allows for a relatively fast assessment of the degradation
effects occurring in the system, particularly, at the perovskite/CTL interfaces. We
assumed that the glass substrate is mostly chemically inert with respect to the perovskite
films and does not affect their stability under light exposure. The performed experiments
allowed us to evaluate the MAPbIs degradation rate in the absence of any adjacent
charge-transport layer. Both UV-vis and XRD data revealed that MAPbI; film
undergoes a rapid decomposition under light exposure. In particular, the characteristic
perovskite band at 750 nm is disappearing in optical spectra. XRD data (Figure 10b)
evidenced that light induces the decomposition of MAPbIs into Pbl, with further decay
to metallic Pb. Figure 10c shows a diagram, which visualizes the evolution of the phase
composition of the films in the course of aging. The percentage of each phase was
estimated by considering a relative contribution of the analyzed component to the total
integral peak intensity at the XRD pattern. This method might be not fully precise with
respect to the real quantitative composition of the samples since it does not account for
the presence of amorphous components. However, it provides very valuable qualitative
information on the aging behavior of perovskite films. It was not possible to perform

guantitative analysis using the Rietveld method, which works well for crystalline
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powders. However, analyzing degraded thin lead halide perovskite films with this
method leads to significant inaccuracies due to high texture factors, the overlap of some

peaks, and a considerable amount of amorphous components.
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Figure 10. Evolution of the UV-vis spectra (a), XRD patterns (b), and phase composition (c) of
the glass/ MAPbIs samples under continuous light soaking. (502 mW/cm?, 45+1 °C). Symbols at XRD
patterns denote the peaks of Pbl, (+), MAPbI3 (*), and Ph0 (®) phase.

Figure 10c shows that the amount of MAPbDIs is gradually decaying, while the
formation of Pbl, and metallic Pb is observed after 200 h and 500 h of light soaking,
respectively.

Notably, ~70% of the crystalline material is represented by the perovskite
decomposition products after 1000 h, which illustrates poor photochemical stability of
MAPbIs. The obtained results are fully consistent with the previous publication reporting

low intrinsic thermal and photochemical stability of MAPbI3.%

2.4 Impact of CTL underlayers on the photochemical stability of MAPDbI3

Organic CTL material deposited between the perovskite film and glass substrate
can affect significantly the degradation rate of MAPbI3z under light soaking. Our choice
of the model CTL materials for this study was motivated by the following. Among
hundreds of HTLs reported for PSCs, spiro-OMeTAD is the most frequently used one
since it delivers high efficiencies in devices.?>% Common ETL materials for p-i-n PSCs
are based on Ceo and Co fullerene derivatives such as phenyl-Cei1-butyric acid methyl
ester (PCs1BM)%1 and phenyl-Cz1-butyric acid methyl ester (PC7:BM).*3112 They
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have relatively good charge carrier mobilities, optimally aligned frontier energy levels
with respect to the perovskite absorber and excellent film formation properties. At the
same time, a great success was achieved in organic photovoltaics by using rylene
diimides, such as perylene diimide (PDIs)!**1* and naphthalene diimide (NDIs)!!>!16
derivatives as non-fullerene acceptors (NFAS). It is reasonable to assume that many of
the NFAs working well in organic solar cells can be also successfully utilized as ETLs
in PSCs. Recent examples of using ITIC derivatives in PSCs support this conclusion.!’
The aforementioned arguments justify the choice of 5 different CTL materials involved
in this study: PCs1BM, PC7:.BM, NDI, PDI, and spiro-OMeTAD (Figure 11).
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Figure 11. CTL chemical formulas: NDI, PDI, PCs:BM, PC71BM, Spiro-OMeTAD.

There are some reports suggesting that the stability of perovskite films depends
on the grain size, i.e. the larger the grains, the more stable is the film of the material.}*8
Such a trend is fully justified with respect to the ambient stability since a decrease in the
size of the grains increases significantly the material's surface area, where perovskite is
in contact with aggressive species such as oxygen and moisture. In contrast, we found
no significant impact of the grain size on the kinetics of the intrinsic light-induced
perovskite decomposition.!® AFM and SEM analysis showed that pristine MAPbI3
films grown on different substrates have a uniform structure with an average grain size
of 0.1-0.15 mm and an RMS roughness of 10 nm (Figure 12 and Figure 13). Therefore,
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some specific interfacial interactions between the perovskite and CTLs provide the
strongest contribution to the films' degradation kinetics rather than the perovskite film

morphology itself.
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Opm 1 2 3 4 opm 1 2 3 4 Opm 1 2 3 4
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Film roughness, nm 21 18 10

Figure 12. Surface topography for the samples with CTL/MAPbI; configuration before light

soaking.
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Figure 13. SEM images of the samples with CTL/MAPbI; configuration before light soaking.

Figure 14 gives an overview of the evolution of the absorption spectra, XRD
patterns, and phase compositions of all studied CTL/perovskite systems. All samples
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were subjected to the light soaking (502 mW/cm?) in the inert atmosphere.

Interestingly, some charge transport layers accelerate perovskite degradation, while

others slow down the photodecomposition of MAPDIs.
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Figure 14. Absorption spectra (left), XRD patterns (middle) and phase composition diagrams

for

(right) glass/NDI/MAPbDI;

(@),

glass/PDI/MAPbI;

(b), glass/PCs1:BM/MAPDI;

(),

glass/PC7:BM/MAPDI; (d) and glass/spiro-OMeTAD/MAPbDI; (e) stacks. (50+2 mW/cm?, 45+1 °C).
Symbols at XRD patterns denote the peaks of Pbl, (+), MAPbI; (+), Pb® (@), and NDI (£2) phase.
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Among the first group, PDI and NDI were the strongest promoters of perovskite
degradation. Glass/NDI/perovskite stacks show no perovskite phase already after 20 h
of light soaking according to the UV-vis data (Figure 14a). XRD analysis of this system
provided very interesting results. NDI phase (peak at 8.5°) becomes dominating while
increasing the exposure time, which might be suggesting either crystallization of this
material or, most probably, amorphization of the perovskite film. Surprisingly, NDI
strongly suppressed the formation of crystalline phases of Pblz or metallic Pb so typical
for MAPDI3 photodecomposition. Such unusual behavior indicates the presence of some
specific interactions between NDI and the perovskite degradation products. Most likely,
a part of NDI reacts with Pbl> forming some mostly amorphous adduct (Scheme 1),
which is not detectable by XRD. In order to verify this hypothesis, we dissolved NDI
and Pbl. (1:3 ratio) in DMF and then evaporated the solvent. XRD analysis of the dried
powder (Scheme 1) showed the presence of both NDI and Pbl, phases along with a
number of other peaks, which can be tentatively assigned to the Pbl>-NDI adduct.

a) b) 5 10 15 20 25 30 35
_ ' ' T [—rr]
D>; T 9 / ;\dducll l l E
O e e
/_FO \ / lLL_h,I__
+ Pblz — Adduct 5_ Ithjsl 20 .12.5 30 35 :
2 theta ()

Scheme 1. Schematic illustration of some chemical interactions between NDI and Pbl; leading
to an adduct formation (a) and the XRD pattern for a powder of NDI-Pbl; blend (b).

The co-existence of the adduct with the pure components (Pbl> and NDI) did not
allow us to obtain single crystals of the adduct and identify its structure by x-ray
diffraction analysis. However, with respect to understanding the perovskite aging
behavior, identifying an exact structure of this adduct is much less important than the
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fact of its formation. It is known that MAPDI3 has low formation energy and, therefore,
can easily dissociate to MAI and Pbl, under elevated temperatures or light soaking.%®

Binding of Pbl> to NDI with the adduct formation shifts the thermodynamic
equilibrium in the system and accelerates the decomposition of the perovskite films.
Considering the fact that PDI has the same functional groups as NDI, it is reasonable to
assume that it can also form some adducts with Pbl. Indeed, the glass/PDI/MAPbI;
system (Figure 14b) shows essentially the same degradation behavior as
glass/NDI/MAPbDI3 stacks (Figure 14a). These two examples reveal the importance of
specific interactions between the CTL molecules and perovskite or its decomposition
products. In this particular case, these interactions strongly promote the light-induced
breakdown of MAPbIs. However, we believe that careful (supra)molecular engineering
might help to develop CTLs, which stabilize the perovskite phase via some specific
interactions.

The CTLs based on the fullerene derivatives did not affect the stability of MAPbI3
as dramatically as it was observed in the case of using NDI and PDI.
Glass/PCe1BM/MAPDI3 and glass/PC7:BM/MAPDIz stacks showed relatively slow
degradation kinetics under continuous light soaking.

For instance, ca. 60% of perovskite phase survived in glass/PCe1BM/MAPDI3
samples after 500 h of light exposure. However, complete decomposition of MAPbI3
to Pbl, and Pb(0) was observed after 1000 h (Figure 14c). The glass/PC7:.BM/MAPbDI3
system showed better stability demonstrating the presence of ~15% of crystalline
MAPbI3 after 1000 h under the same aging conditions (Figure 14d).

It should be emphasized that glass/spiro-OMeTAD/MAPDI3 stacks represent the
only system that showed somewhat similar stability than the reference samples based
on perovskite films deposited directly on bare glass (Figure 14e). Over 40% of the
crystalline MAPbIs phase survived after 1000 h of light soaking, while the reference
samples showed only 30% of this phase remaining. This observation suggests that spiro-
OMeTAD films provide even more inert substrate interface for the perovskite films than

the bare glass. The comparison of all five glass/CTL/MAPDIz systems based on the
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photobleaching Kkinetics of their films is presented in Figure 15. These results also
support the conclusion that spiro-OMeTAD underlayer slows down the perovskite
degradation as compared to the reference films, while all other CTLs promote the
MAPDI3 decomposition.
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Figure 15. Evolution of the optical density of glass/CTL/MAPDI; stacks at 700 nm (lo stands for

initial optical density at this wavelength).

Additional insight into the degradation behavior of all glass/CTL/perovskite
stacks was gained with the use of x-ray photoelectron spectroscopy (XPS). The XPS
survey spectra of glass/CTL/MAPbIz samples before and after light soaking are
presented in Table 1 and Figure 16e, f. Pristine MAPDI3 rapidly degrades and already
after 200 h of light soaking N content and N:Pb ratio drops down to 0. I/Pb ratio also
goes down with more than twice a reduction in iodine content after 1000h of light
soaking. A similar trend was observed for the glass/Spiro-OMeTAD/MAPDbIz sample
with a slightly lower iodine loss rate. Moreover, this system demonstrates the smallest
high-energy shift of the Pb 4f7/2 band in the course of light-induced aging within up to
1000 h, which indicates suppressed formation of the Pbl, phase (Figure 16c, d).

Surface composition for the glass/PCe1BM/MAPDI3 and glass/PC71BM/MAPbDI3
stacks are nearly the same as for pristine MAPDI3 considering the complete absence of
nitrogen and ~3-fold reduction in the I:Pb ratio after 1000 h of light soaking. An
interesting comparison can be also drawn from the full width of Pb 4f7> band measured
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at half of the intensity maximum (FWHM) and the energy position of this band (Figure
16¢, d). Importantly, there was no change in the FWHM for glass/PCs:BM/MAPDI3
samples up to 200 h of light exposure, while after 1000 h of light soaking it increased

only by ~10% (Figure 16¢). However, there is a high-energy shift of the Pb 4f7;, band
by ~0.19-0.20 eV after 200 h and by ~0.34-0.40 eV after 1000 h of aging, which clearly

indicates the formation of Pbl, phase.

Table 1. Surface composition (in at.%) of glasssfCTL/MAPbI; samples estimated from XPS

spectra.

Configuration

Surface composition (at. %)

Element ratio

Aging time (h) N Pb | I:Pb N:Pb
MAPDI; 0 6.8 9.5 25.3 2.7 0.7
200 6.2 11 26.5 24 0.6
500 0 14.8 21.1 1.4 0
1000 0 15.5 19.9 1.2 0
Spiro-OMeTAD/ 0.8
MAPbI; 0 7.7 9.6 25.1 2.6
200 7.8 10.8 24.4 2.3 0.7
500 0 15.2 24.7 1.6 0
1000 0 13.2 19.1 1.4 0
PCs:BM/MAPDI; 0 4.1 4.3 11.9 2.8 0.9
200 3.8 15.6 32.2 2.1 0.2
500 0 0.1 0.2 1.0 0
1000 0 6.8 6.7 0.9 0
PC1BM/MAPbI; 0 3.8 5.7 12.7 2.2 0.7
200 5.7 11.8 24.0 2.0 0.5
500 0 13.5 19.1 1.4 0
1000 0 7.3 6.4 0.9 0
NDI/MAPbI; 0 6.1 9.7 23.8 24 0.6
200 3.1 12 14.3 1.2 0.3
500 1.7 7.4 16.3 2.2 0.2
1000 0.9 11.1 14.4 1.3 0.1
PDI/MAPbDI; 0 7.5 8.6 21.7 25 0.9
200 0 16.1 17.2 1.1 0
500 0 10.3 13.1 1.3 0
1000 0 8.6 12.5 1.4 0

A similar trend was observed for glass/PC7:BM/MAPbI3 stacks. These results

suggest that fullerene derivatives somehow suppress the formation of metallic lead (at
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least on film surface) from MAPbIs under light soaking conditions, while Pbl> becomes
a predominant decomposition product.

In the case of glass/NDI/MAPbI3 stacks, the nitrogen content on the film surface
gradually decreases from 6.1% to 0.9% (note that NDI also has nitrogen) with the aging
time going up to 1000 h. At the same time, I:Pb atomic ratio for this system also
decreases from ~2.45 for fresh films down to 1.29 for the samples after 1000 h of light
soaking. XPS data suggest that glass/PDI/MAPbI3z undergoes even faster degradation
upon light exposure.
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Figure 16. XPS Pb 4f7/2 bands for NDI/MAPbI;s(a) and PDI/MAPbI; (b) samples. The comparison
of XPS Pb 4f7/2 band FWHM (b) and binding energy (c) evolution under aging for different systems.
I/Pb (e) and N/Pb (f) element ratio of CTL/MAPbI; samples estimated from XPS spectra.
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The nitrogen content decreases to zero already after 200 h of light soaking, while
the I:Pb ratio falls from 2.52 to 1.45. It should be noticed that XPS Pb 4f7;> spectra of
the glass/NDI/MAPDIz and glass/PDI/MAPbDIs (Figure 16a, b) samples show strong
band broadening in two directions: towards the high energies to match the Pbl, band
and towards the low energies thus featuring the formation of metallic lead. Thus, the
obtained XPS data confirm that MAPDI3 films deposited atop of NDI or PDI underlayers
undergo facile light-induced degradation while losing organic cations and forming Pbl>
and metallic Pb.

To summarize this part, we want to emphasize that the nature of the CTL
underlayer significantly affects the photostability of the perovskite films. Some
materials such as rylene diimides severely accelerate MAPDbI3z decomposition due to
their specific interactions with the Pbl, formed as perovskite aging products. Fullerene
derivatives PCs1BM and PC71.BM also promote decomposition of MAPDI3 since they
form adducts with MAI, which is another perovskite decomposition product.®® This
behavior can be understood considering the fact that bonding of MAI with Pbl> within
the perovskite lattice is rather weak and MAPDI3 can reversibly dissociate to MAI and
Pbly. If one of the decomposition products is absorbed by CTL or forms some adducts,
the equilibrium shifts to the right, and perovskite undergo massive decomposition
(Scheme 2). Note, that the experiment was performed under light soaking conditions at
45 °C. The same test in the dark did not reveal any decomposition of MAPbI3, thus we
can conclude that MAPDIz degradation followed by adduct formation has a

photochemical nature.

Light

MAPDI; - + MAI

~
™ . PCs1BM or PC74BM

/ NDI or PDI \\
N

P A
Adducts:
MAI @ PC¢BM

or

MAI @ PC7BM

Scheme 2. Impact of specific interactions between Pbl, or MAI with CTL material on the

decomposition of MAPDI3,
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On the contrary, other materials such as spiro-OMeTAD do not react with either
MAI or Pbl, and, therefore, provide the most stable interface with the deposited above
the perovskite layer while slowing down its decomposition. Thus, a careful design of
the CTL/perovskite interfaces is a crucial point to deliver the desired operation lifetimes

required for the practical implementation of perovskite photovoltaics.

2.5 Effect of CTLs as top coatings for MAPDI3 thin films

The charge transport materials discussed in the previous section were also
explored as coatings atop the perovskite films in the glasssMAPDbIs/CTL configuration.
The obtained results are summarized in Figure 17. It was not surprising that NDI and
PDI coatings accelerated the perovskite decomposition. These highly crystalline
materials did not provide uniform coatings above the perovskite layer (Figure 18), which
suggests that they can hardly block the evaporation of the volatile components from the
MAPbI; films in the course of their light-induced aging. At the same time, both NDI
and PDI tend to form some adducts with Pbl., which facilitates the decomposition of
the perovskite under light soaking.

All other investigated CTLs formed uniform coatings above the perovskite films
and increased substantially the lifetime of the MAPbDIs absorber under continuous light
soaking conditions (Figure 19, Figure 20, Figure 21). Rather interesting results were
obtained for the glass/MAPDI3/spiro-OMeTAD system (Figure 17). According to the
XRD data, the amount of MAPDI3z phase after 1000 h of light soaking was nearly the
same as in the case of glass/spiro-OMeTAD/MAPbI; samples with CTL underlayer.

Importantly, the degradation pathway has changed in favor of the formation of
metallic lead rather than Pbl, observed in the case of glass/spiro-OMeTAD/MAPDI3
systems discussed above. The formation of metallic lead might be a consequence of the
direct contact of the MAPDI3 degradation products, e.g. Pblz, with spiro-OMeTAD. It is
known that Pbl, can undergo photochemical decomposition to I, and Pb(0)*?°, while
electron-rich aromatic amines such as spiro-OMeTAD can absorb I> and undergo
doping. The proposed here I, absorption by spiro-OMeTAD might be a driving force

accelerating the decomposition of MAPDI3 to metallic lead.

45



5 10 15 20 25 30 35 40 45

2.0 —20h s
5 50 - ji 9—1uounq
——100h 5k A
: 1,54 } !
=8 ° ——150h * ! i [—=s00n — [~
31 0 ——200h 2 bl g i =2 — LI
£1,04 ——500h B ; ° !
o E [ ——=200n et I adduct
£ 750h % £ j * * i 3 2 Il Ferovskite
§0_5 —1000h £ ¢ L = — ®
L S
0.0 JL 0 200 500 1000
400 500 600 700 800 5 10 15 20 25 30 35 40 45 e th
2-Theta(®) Aging time (h)
b) Wavelength (nm)
5 10 15 20 25 30 35 40 45
—0h F ——1000h]
1,51 —50h —~ [ 3 * 7
= —100h s : o .
& ——150h o * : —5oun £ 6ol o
8 1,04 ——200h = . ﬂ bed [~
g ——500h = Zo0n] = b,
£ " —750h g J l 5 I Perovskite
g 05N —o00h £ ; 1
< N
0,0+ - S | S
400 500 600 700 800 5§ 10 15 20 25 30 35 40 45 0 200 500 1000
C) Wavelength (nm) 2-Theta(®) ging time (h)
5 10 15 20 25 30 35 40 45 100
2,0 3 j— ]
. —on | % lgg——1000n | %
31 5 _f%‘h S L A AL %
c 8¢ ; ] bﬂ £ 5o B
- —150h £ i < 60
8.0 — 200 2 A . o — I
E ' —500 h g 3 i i [ ——200h (% 40 I Ferovskite
5 —75%h 2t g | 20
50,5 ——1000h £ F : - m
0,04 ' A L. 0 200 500 1000
d) 400 500 600 700 800 5 10 15 20 25 30 35 40 45 Aging time (h)
Wavelength (nm) 2-Theta(®)
2,0 —_—0h 5 10 15 20 25 30 35 40 45
s —50h _f ¥* * ——1000n
15 —mwon S b1 | = o
< ——150h © i ——s00n| & [
840 —200n I A I @ I Pbl,
5" —500 h 5 | [——=200h] s I Perovskite
2 —750h C 1 j &
205 —000n 2 =~
< =L I
0,04 : . 0 15 20 25 30 35 4 500 1000
200 500 600 760 800 5 10 15 20 25 30 35 40 45 0 200

2-Theta(®) Aging time (h)

e) Wavelength (nm)
5 10 15 20 25 30 35 40 45
20 —0h E77 %~ 77 T %[ .——1000n 100
= —50h S | L* ] 80
B ——100h = o)
- r : ——500h &
s's —ison 3 f =] £, m=c
3 —o200n = A .= 1 — %
%1‘0 =500 h -o? L ; ——200h U-C) 40 I Ferovskite
2 —7son B b i ]
205 —1000h & F ; — 20
a% € L=
= =t | i
0 : , : - = 0 200 500 1000
400 500 600 700 800 5 10 15 gﬂgja??) 35 40 45 Aging time (h)

Wavelength, (nm)

Figure 17. Absorption spectra (left), XRD patterns (middle) and phase composition diagrams
(right) for glasss/MAPDbIs/NDI (a), glasss’MAPDI3/PDI (b), glass/ MAPDI3/Spiro-OMeTAD (c),
glasss/MAPDIs/PC, BM (d) and glasssMAPbIs/PC, BM (e) stacks. (50+2 mW/cm?, 45+1 °C). XRD

pattern symbols: + Pbl, phase; *MAPbI3 phase; 6 Pb(0) phase; © NDI phase.
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to the light soaking.
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Figure 18. Surface topography of glasssMAPbI3/NDI, glasssMAPbIs/PDI, glass/ MAPbIs/Spiro-
OMeTAD, glass/MAPbIs/PC, BM, and glasssMAPbIs/PC BM films before and after 1000 h exposure

Interestingly, spiro-OMeTAD acts as a good encapsulation layer stabilizing the
perovskite films for at least 500 h, while longer exposure to the light leads to the fast
aging with the formation of Pb(0). It is known that spiro-OMeTAD tends to crystallize
under light soaking,>® which might lead to the formation of grains and voids at the grain

boundaries. These voids might provide some routes for evaporation of volatile
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components from the perovskite layer thus ruining the encapsulation properties of spiro-
OMeTAD upper coating.

Among all the CTL layers explored as top coatings above MAPbI3 films, the
fullerene derivatives showed the best encapsulation characteristics. Indeed, PCs1:BM and
PC7:BM films deposited above MAPbI3z completely prevented its decomposition under
light soaking conditions (Figure 17d, €). Both UV-vis and XRD data for these systems
showed no signs of Pbl, or Pb(0) formation. The revealed remarkable stabilization
properties of the fullerene derivatives suggest that they form compact and uniform
coatings above the perovskite grains, thus preventing loss of volatile species produced
in the course of MAPDbI3 photochemical aging. Isolation of all degradation products
inside the perovskite layer shifts the thermodynamic equilibrium in the desired direction
and slows down the decomposition reactions.®® This mechanism relying on the
thermodynamic reversibility of the lead halide decomposition processes is apparently
explaining the self-healing of the PSCs in the dark after they were degrading under light
soaking conditions.**?! Moreover, fullerene derivatives are known to passivate
perovskite grain boundaries eliminating in this way non-radiative recombination.'?2
PCBM molecules can penetrate in the bulk of perovskite material and passivate Pb-I
antisite defects or under-coordinated Pb,* vacancies at grain boundaries.!??

To summarize this section, we conclude that for the investigated series of
glasssMAPDIz/CTL systems spiro-OMeTAD and, especially PCe1BM and PC71BM
showed the strongest stabilization effects on MAPDbIz films due to their excellent

encapsulation properties.
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Figure 19. Evolution of the optical density of glasssfMAPbI3s/CTL stacks at 700 nm (lo stands for

initial optical density at this wavelength).

2.6 Effect of CTLs on device stability

In the previous section, we featured PCs1:BM and PC7:BM as the most promising
CTLs enhancing remarkably the photostability of MAPDIz films. However, these results
might contradict with the conclusions of previous publication, where it was shown that
PCe1BM and PC7:BM absorb MAL in the cavities between the fullerene spheres, which
leads to a rapid failure of the photovoltaic cells.>

Here we revisited the stability of the ITO/PEDOT:PSS/ MAPDI3/ETL p-i-n device
architectures (ETL: PCs:BM or PC7:.BM) under continuous light soaking conditions.
Considering the fact that the top electrode might also be responsible for a number of
aging pathways, we exposed the electrode-free stacks ITO/PEDOT:PSS/MAPDI3/ETL
to the illumination and evaporated the Mg/Ag electrodes just before the measurements
(see details in 2.2 Materials and Methods). Figure 20 shows that the devices comprising
PCs1BM or PC71BM as ETLs strongly degraded within less than 20 h of light exposure,
and after 40 h the efficiency drops down to almost zero.

Current-voltage characteristics of the degraded solar cells can be found in Figure
21 and Figure 22. Particularly fast degradation was observed for the solar cells with the
PCe1BM layer. Jsc dropped from ~15 to ~4 mA/cm? within the initial 15 h of light

soaking. EQE measurements confirmed severe current losses Figure 23).

49



a)

Type 1 Type 2 Type 3

b) 1,004,

10. —s—Type1 E075{}
' ——Type2 & 050
—~ 0,8 —&—Type 3 (025
£ N 0, oo
S 06- 0 25 50 75 10
— Aging time (h)
w 1,00
O 04 -~
a £075
0,21 i 2050
0.0. — 025
, T T T T T T 0'00
0 20 40 60 80 100 O 25 50 75 100

Agi i h
Aging time (h) ging time (h)

Figure 20. Structure of 3 types of studied solar cells (a) and evolution of their PCE, Jsc, and FF

under light soaking conditions (b). Note that aging was performed before the top electrode deposition
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Figure 21. Evolution of the characteristics of ITO/PEDOT:PSS/MAPbI3/PCsBM/Mg/Ag solar
cells under light soaking conditions applied to ITO/PEDOT:PSS/MAPbI3/PCsBM stacks: Jsc (2), Voc
(b), FF (c), PCE (d).
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Figure 22. Evolution of the characteristics of ITO/PEDOT:PSS/MAPbI3/PC1BM/Mg/Ag solar
cells under light soaking conditions applied to ITO/PEDOT:PSS/MAPDI3/PC71BM stacks: Jsc (a), Voc
(b), FF (c), and PCE (d).
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Figure 23. Evolution of EQE spectra of ITO/PEDOT:PSS/MAPbDIs/PCs:BM/Mg/Ag (a),
ITO/PEDOT:PSS/MAPDIs/PC1BM/Mg/Ag (b) and ITO/SnO2/MAPbIs/spiro-OMeTAD/Ag/Au (c) solar
cells fabricated using fresh and exposed to light soaking top electrode free stacks.

Such behavior is fully consistent with the previous observations® and does not
match the excellent stability of the perovskite films encapsulated with either PCs1BM
or PCzBM. One that it is
PEDOT:PSS/MAPbIs, which is responsible for the observed device degradation.
However, replacing PEDOT:PSS with PTAA, which is one of the most chemically inert

might  suspect another interface, namely

and robust HTL materials, does not influence the degradation trend (Figure 24).
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Figure 24, Comparison of the degradation behavior of

ITO/PEDOT:PSS/MAPDI3/PCs:BM/Mg/Ag and ITO/PTAA/MAPDI/PCs1BM/Mg/Ag solar cells under
light soaking conditions applied to the electrode-free stacks: Jsc (a), Voc (b), FF (¢), and PCE (d).

Note also that the efficiency of devices with PTAA used as HTL comes close to
16%, which is a decent value for p-i-n PSCs, which were not optimized for reaching the
ultimate performance. This suggests also that MAPbIs films have acceptable quality and
bulk defects in the perovskite films should not affect dramatically their degradation
behavior. Therefore, the obtained results lead to the conclusion that the fullerene-based
electron transport layer is mainly responsible for the degradation at least within the
presented timescale.

Thus, even though PCe:BM and PC7:BM can encapsulate and stabilize the
MAPDI3 films with respect to their bulk aging, interfacial degradation ruins their
performance in devices. It should be also noted that the adsorption of MAI in PCs:BM
layer at the perovskite/ETL interface can hardly be detected by UV-vis or XRD
measurements due to the limited sensitivity of these techniques. Considering the
impressive perovskite film stabilization effects demonstrated here for PCe:BM and
PC71BM, future efforts should be focused on preventing the MAI absorption in the

fullerene-based ETLs while maintaining their charge transport characteristics.
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Notably, the n-i-p solar cells with ITO/SnO2/MAPbIs/spiro-OMeTAD/Au
configuration also showed low operation stability even though gold electrodes were
deposited just before measurements as described above for p-i-n cells. The PCE
decreased rapidly approaching ~2% after 100 h of light soaking (Figure 25). It is known
that the SnO- layer might also contribute to device degradation, while the major effect,
we believe, still comes from the top HTL layer. As a proof, solar cells fabricated with
TiOx bottom ETL and spiro-OMeTAD top HTL demonstrated a similar degradation
behavior. Therefore, we assume that spiro-OMeTAD layer is mostly responsible for the

observed device aging, while the impact of the oxide ETLs also should not be neglected.
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Figure 25. Evolution of the characteristics of ITO/SnO,/MAPbI3/Spiro-OMeTAD/Ag/Au solar
cells under light soaking conditions applied to ITO/SnO2/MAPbI3/Spiro-OMeTAD stacks: Jsc (2), Voc
(b), f FF (c), and PCE (d).

We have applied the ToF-SIMS analysis in order to gain a deeper insight into the
degradation mechanism of PSCs with spiro-OMeTAD hole transport layer. Fresh and
degraded 1TO/SnO2/MAPbIs/spiro-OMeTAD/Au devices were profiled with Cs*

(positive ion detection mode) and O, (negative ion mode) ion beams to reveal possible

light-induced changes inside the functional layers and at the interfaces. Figure 26 shows
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the distribution of the most important markers, which can be used to identify the
corresponding layers. For instance, Pb* and I,” ions show the homogeneous distribution
and outline the borders of the perovskite film. Organic CH3NH3" cations probed by both
CHs* and CHsN* ions show somewhat inhomogeneous distribution. Since the
perovskite films were grown using a two-step approach by applying organic iodide on
top of Pbl> films, some enrichment of the upper layers with respect to MAI as compared
to the bottom layers is not surprising. Therefore, both CHs™ and CHsN™ ions should be
considered primarily as markers of non-bound excessive MAI. The I>* ion, most
probably, is the marker of a degradation product formed via oxidation of iodide anions
I- to molecular iodine (I2*) and its trapping in the form of polyiodide (e.g. 13)'%
Interestingly, for fresh samples, it appears only at the interface between SnO> and
MAPbDI3 since Sn(IV) is oxidizing I, probably under the harsh conditions induced by
the ion beam. However, the aged sample shows I>" signal uniformly distributed in the
perovskite layer, which suggests that SnO2/MAPDI3 interface gets passivated (e.g. via
reduction of Sn(1V) to Sn(ll)) and polyiodide species accumulate everywhere in the bulk
of the perovskite phase suggesting its photochemical degradation with the release of

iodine. This degradation pathway was identified previously.3®

Pb* CHs* CHsN* 2! ' n*

fresh

N . l .

Figure 26. ToF-SIMS profiles showing the distribution of the marker in fresh and aged
ITO/SnO./MAPDI3/spiro-OMeTAD/Au/Ag solar cells.
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The most striking is the behavior of CHs" and CHsN* markers. Both of them
virtually disappear in the perovskite layer after aging suggesting the absence of any non-
bound “excessive”” MAI This result is expectable since long exposure of the samples to
light soaking and elevated temperature (~50 °C) facilitated interdiffusion of MAI and
Pbly thus producing MAPbIs with uniform composition. However, we can clearly
observe the appearance of CH3" inside the spiro-OMeTAD HTL layer after 100 h of
light exposure. One might assume that spiro-OMeTAD behaves in the same way as
fullerene derivatives PCe1:BM and PC7:BM by adsorbing and accumulating MAL.
However, the fact that CHsN* marker ions are not visible in the HTL, suggest other
nature of the absorbed species. It was reported previously that thermal and
photochemical degradation of MAPDI3 produces the first Pblz, while the organic part is
decomposing to CHsNHz, HI, NHs and CHzl. The latter two components might
dominate under certain conditions.>3% It is known that CHsl is a strong alkylating
reagent and can convert easily aromatic amines ArsN to the corresponding quaternized
species [ArsNCHz]'I". Alternatively, it can react with the doping reagent LiTFSI
forming Lil and CH3sN(SO.CFs)2 species. Both reactions are presented in Figure 27.
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Figure 27. Chemical reactions of spiro-OMeTAD with CHsl and LiTFSI with CHgl.
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Regardless of the fact which pathway is realized, it is clear that spiro-OMeTAD
is not chemically inert with respect to the MAPbIs photodegradation products and,

therefore, can hardly provide long-term device stability.

2.7 Summary

In this part of the work, we performed a comparative analysis of five different
organic charge transport layers in two different sample geometries: glass/CTL/MAPDI3
and glasss§MAPDIs/CTL, which provided complementary information on the interfacial
chemistry and encapsulation properties of the corresponding CTLs. Using rylene
diimides NDI and PDI as a model system, we have shown that any specific interactions
of the perovskite degradation products (Pbl: in that case) with CTL strongly accelerate
MAPbI; photodecomposition. Fullerene derivatives PCe1BM and PC71.BM showed
remarkable encapsulation properties and completely prevented MAPbIz decomposition
under light soaking conditions. However, interfacial chemistry related to MAI diffusion
to the fullerene-based CTL, which was reported previously, ruins the performance of
both PCe1BM and PC7:BM in PSCs exposed to continuous illumination. Well-known
organic hole-transport material spiro-OMeTAD stabilized MAPDIz in both sample
geometries while being used as an underlayer or upper encapsulation coating for the
perovskite films. However, spiro-OMeTAD was also absorbing some of the perovskite
degradation products (presumably CHzsl) as revealed by ToF-SIMS analysis, which
affects badly the operation lifetime of the devices using this CTL.

Thus, the presented set of results emphasizes the crucial importance of interfacial
degradation effects limiting severely the lifetime of the present generation PSCs.
Achieving long-term operation stability in perovskite photovoltaics requires both a
deeper understanding of the chemistry occurring at the functional interfaces and
designing new advanced CTLs, which can be chemically robust with respect to the
perovskite absorber while suppressing the main pathways of its photodegradation.

Among the studied panel of the charge transport materials, fullerene derivatives
delivered the most impressive results as top encapsulation coatings improving the

stability of the perovskite films. However, MAI diffusion and accumulation in the
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fullerene-based ETLs affects badly their electrical characteristics and ruins the
perovskite solar cell performance.* This challenge can be addressed by filling the space
between the fullerene spheres with some inert material, e.g. poly(methyl methacrylate)
(PMMA) as was shown recently for PCeBM/PMAA passivation coatings.
Alternatively, some additional diffusion barriers (e.g. 1 nm thick Al.03)!?* might be
introduced at perovskite/PCe1BM interface to block the migration of MAI. We strongly
believe that while using these or other approaches for careful engineering the CTL
structure and properties, the perovskite community will succeed in substantial
increasing the solar cell operation lifetime bringing it to commercially interesting

benchmarks.

Chapter 3. Unraveling the impact of perovskite and HTL composition
on the interfacial photostability of the multilayered stacks and p-i-n

solar cells

3.1 Motivation

Based on the results of the previous chapter, PCstBM works as a good
encapsulation layer completely preventing bulk photodecomposition of MAPDI3 films.
This gave us an opportunity to focus on the HTL/perovskite interface and study it
thoroughly to understand the main degradation mechanisms in devices with p-i-n
configuration. Taking MAPbIs as a reference system, we expanded the list of studied
materials including Cso.15FA¢.85Pbls, Cso0.1MAy.15sFA¢.75Pbls,
Cs0.1MAo.15FA0.75Pb(Bro.isloss)s, and  Cso.15sFAossPb(Bro.isloss)s to assess if the
degradation mechanisms depend only on HTL or rather on both HTL and perovskite.
Most importantly, we took common HTLs used in p-i-n solar cells and studied their

influence on perovskite absorber layer stability.

3.2 Materials and methods
The overall layout of the performed experiments is shown in Figure 28a. First, |

studied ITO/HTL/perovskite photostability, by exposing the samples with simulated
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light for 1000 h. Then, another set of samples of ITO/HTL/perovskite/PCs1BM structure
was exposed to light soaking for 4000 h. The last part of the experiment aimed at
analyzing the photostability of completed solar cells with a refreshed PCs:BM layer
prior to the electrode deposition.

d ) 3. Refreshing (2. Deposition of electrodes )
PCBM and device characterization
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Figure 28. The general layout of the experiment (a) and the molecular structures of the used
HTL materials (b).

Film deposition and sample preparation

ITO substrates were cleaned by sonication in deionized water, acetone, and
isopropyl alcohol (IPA) for 10 min each, dried in the air and subjected to a plasma
cleaning (50 W, 300 sec). PEDOT:PSS (Clevious PH) suspension in deionized water
was deposited by spincoating at 3000 rpm followed by annealing at 160 °C in air for 20
min. Both PTAA and PTA solutions in toluene (2.5 mg/ml) were deposited inside the
argon glove box at 3000 rpm. NiOx nanoparticles were synthesized from

Ni(NO3)2+6H20 as reported previously.” A dispersion of NiOx nanoparticles in water
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with 15 mg/ml concentration was deposited on substrates by spin-coating in the air at
6000 rpm. Samples were annealed at 160 °C for 10 min to remove water.

Perovskite deposition

MAPbDI3 solution was prepared by mixing Pbl, and MAI powders in
stoichiometric amounts and dissolving in DMF:DMSO (80:20) mixed solvent to achieve
0.5M concentration. A solution of Cso.1sFA0.ssPblswas prepared by mixing equal molar
quantities of Pbl> and cation iodides Csl:FAI (15:85). For Cso.i1MAo.15FA0.75Pbl3
Csl:MAIL:FAI ratio was 10:15:75 with the stoichiometric amount of Pblo.
Cs0.1MA0.15FA085Pb(Bro.15l0.85)3 solution was prepared by mixing 16.8 mg MABI, 25.9
mg Csl, 129 mg FAIl, 55 mg PbBr,;, and 391.8 mg Pbl. powders and 2 ml of
DMF:DMSO solvent (80:20) to reach formal perovskite concentration of 0.5M.
Cs0.15FA0.85Pb(Bro.1slo.gs5)3 solution was made using 31.9 mg CsBr, 146.2 FAI, 55 mg
PbBr2, 391.8 mg Pbl, and 2 ml of DMF:DMSO solvent (80:20). All filtered solutions
were deposited in glovebox at 4000 rpm followed by quenching with toluene antisolvent
after 16 sec. MAPDI3 films were annealed at 85 °C for 3 min, all other perovskites - at
120 °C for 3 min.

Aging experiment

The prepared samples were exposed to light soaking for different periods of time
ranging from 1000 h to 4000 h in a specially designed aging chamber integrated into
MBraun glovebox. Metal halide lamps with a spectrum similar to the solar AM1.5G
spectrum were used as a light source with the average power of 37+3 mW/cm? The
sample temperature during the experiments was approx. 45+1 °C. We intentionally kept
the temperature below 50 °C to avoid undesired phase transitions in some perovskite
absorbers (MAPDI3*®) and suppress the contribution of heat-induced degradation of
complex lead halides.®

Multilayered stack and device fabrication

The p-i-n ITO/PTAA/perovskite/PCs1BM samples were prepared following the
recipes presented elsewhere.2%% These stacks were exposed to light soaking under

conditions specified above. After a certain period of light exposure ranging from 1000
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h to 4000 h, the samples were taken out of the aging chamber. The top PCs1BM layer
was refreshed by washing with 50 uL of chlorobenzene and spin-coating a new PCe1BM
film from 20 mg/mL solution in chlorobenzene at 2000 rpm. The top Mg/Ag (20/80 nm)
electrodes were evaporated in high vacuum (5*10° mbar) through a shadow mask
defining the active area of each device as 0.16 cm?. Characterization of the solar cells
by current-voltage and EQE measurements is described in Chapter 2.3

Characterization techniques:

NT MDT microscope (SMENA) was used to measure the topography of the
samples in a tapping mode under a dry ambient atmosphere. Scanning electron
microscopy (SEM) images were obtained using Supra 50VP instrument. The samples
were placed on a microscope stage inside the glove box to reduce the exposure time in
the air down to ~1 min. EDX analysis was performed on an Oxford Instruments INCA
Energy+ unit integrated with the Supra 50VP microscope. PL spectra were measured in
an inert atmosphere using Horiba spectrometer with 532 nm laser as excitation.

The details about UV-vis, XRD, XPS, and ToF-SIMS measurements can be found
in Chapter 2.3.

3.3 The impact of HTL material on MAPbI3 photostability

We selected three HTL materials that are the most commonly used in p-i-n device
configuration (PEDOT:PSS, NiOx, PTAA) and included additionally recently reported
promising hole-transport polymer PTA828! (Figure 28b). Considering the absorber
materials, we explored five perovskite compositions including the most common and
well-studied methylammonium lead iodide MAPbIs, double (Cso.1s5FA0ssPbls) and
triple (Cso.10MAo.1sFA0.75Pbls) cation formulations as well as mixed halide systems
Cs0.15FA08sPb(Broasloss)s and  Cso1MAo.1sFA0.7sPb(Broasloss)s. To simplify the
notations given below, we define multication and mixed halide systems as CsFAPDIs,
CsMAFAPDI3, CsFAPb(Brl)s and CSMAFAPD(Brl)3, respectively.

At the first stage, we studied the photochemical stability of ITO/HTL/MAPbI3
systems. MAPDI3 is the most studied complex lead halide used in PSCs. It is known that
MAPDI3 rapidly degrades above 50 °C due to the high volatility of MAI and its
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decomposition products.®*3 Our experiments were performed at 45+1 °C to minimize
the contribution of heat-induced aging processes. To make sure that thermal degradation
does not contribute significantly to the observed sample behavior, a set of identical
reference samples was kept in the dark at 45 °C for the same periods of time. The results
obtained for the ITO/HTL/MAPbI3 samples are presented in Figure 29. Photobleaching
effect reflected in a gradual decrease of the film absorbance was observed for all studied
systems thus suggesting that perovskite films were not photostable (Figure 29a). The
usage of NiOx as HTL slightly accelerates the degradation, which is particularly evident
if we consider the evolution of the perovskite characteristic band at 750 nm.

XRD patterns presented in Fig.29b allowed us to analyze the phase composition
of the films as a function of the aging time. In all cases, the perovskite phase was
degrading and the phase of Pbl, was appearing, which is better visualized by the
diagrams presented in Figure 29c. The share of each phase was evaluated by considering
a relative contribution of the analyzed component to the maximum characteristic peak
intensity in the XRD pattern presented in Figure 29b.

This estimation might not be fully accurate with respect to the real quantitative
composition of the samples since it does not account for the amorphous phase. However,
it provides quite valuable qualitative information about the degradation behavior of
perovskite films. The justification for using this method was given in Chapter 2.3.

Following Figure 29c, 1000 h of light soaking results in the formation of ca. 65,
50, 15, and 35% of the Pbl, phase in the systems with NiOx, PEDOT:PSS, PTAA, and
PTA HTLs, respectively. The lowest amount of Pbl> as the aging product is formed in
ITO/PTAA/MAPDI3 samples, which suggests their advanced stability.

Microscopy data presented in Figure 29d show that all perovskite films undergo
significant morphological changes during light soaking, which can be considered as a
sign of their light-induced degradation. EDX analysis (Figure 29e) revealed that all
samples except for ITO/NiOxMAPbI3z system degrade and become iodide-deficient,
which is in line with the previous reports showing severe compositional changes for

MAPDI3 films deposited on glass and exposed to light.
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Figure 29. UV-vis spectra (a), XRD pattern(b), XRD diagram(c), SEM images(d), EDX data (e)
and XPS N1 S —spectra (f) of ITO/HTL/MAPDI3 samples under light exposure (37+3 mW/cm?, 45+1
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The observed unusual compositional stability of ITO/NiOx/MAPbI; system
contradicts with the data provided by other methods evidencing strong perovskite
degradation. Therefore, it is very likely that volatile iodine-containing products become
somehow trapped in that system rather than released to the atmosphere. A possible
mechanism of such trapping involving the NiOx HTL layer is discussed below.

XPS analysis was used to follow the changes in the surface composition of the
samples. The observed gradual decrease in the intensity of N 1s bands in Figure 29f
suggested a strong decomposition of the samples with the loss of MA cations. In that
context, the films grown atop PEDOT:PSS were more stable probably due to similar
trapping of volatile nitrogen-containing species by HTL. For example, methylamine can
be trapped by acidic PSS and this effect can be detected by XPS considering the fact
that the films lose their compact structure and form isolated islands at long aging times
(Figure 29d).

The overall set of results presented in Figure 29 clearly indicates that HTL
influences significantly the light-induced degradation of the perovskite MAPDI3 films
and, probably, even changes the main aging pathway in some cases. To gain a deeper
understanding of the interfacial degradation effects we explored fresh and aged (1000
h) samples by the ToF-SIMS analysis. The samples were profiled by O2" ion beams
under 10° mbar. Figure 30 shows the distribution of the most important markers
assigned to the corresponding HTL layers: Nil,* for NiOx and C; ions for both
PEDOT:PSS and PTAA layers. Fresh samples revealed well-defined borders between
the HTL and perovskite layer. Light exposure leads to a strong accumulation of Nil2*
ions in the perovskite layer suggesting the formation of Nil> as a product of the
interfacial reaction between MAPDI3z and NiOx. The fact that this system showed almost
no iodine loss after light exposure strongly suggests that NiOy attracts iodide from the
volatile MAI to form Nilz> and some organic volatiles. The ToF-SIMS analysis of the
aged ITO/PEDOT:PSS/MAPDI3 samples shows strong interdiffusion of the components
at both ITO/PEDOT:PSS and PEDOT:PSS/MAPbIs interfaces.
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fresh

Figure 30. Selected ToF-SIMS analysis data for ITO/HTL/MAPbI3z samples showing the
distribution of markers specific for a certain HTL: Nil>+ for NiOx and C2- for PEDOT:PSS and PTAA.

Among three studied systems, only the ITO/PTAA/MAPDI3 samples did not show
severe component intermixing at the HTL/perovskite interface, which might be an
origin of superior stability of this stack. Nevertheless, some blurring of the interfaces
was still observed, which might be due to a change in the film morphology after light
soaking.

To summarize this part, we showed that PTAA has superior stability at the
interface with MAPbIz. On the contrary, both NiOx and PEDOT:PSS induce some
interfacial (photo)chemical reactions with MAPbIs, which accelerate its light-induced

decomposition.

3.4 The impact of HTL materials on the operational stability of a series of
complex lead halides
At the next stage of this work, we compared the photostability of a series of
complex lead halides combined with a set of different HTL materials. Figure 31
summarizes the evolution of UV-vis spectra of all studied samples under exposure to
light. Some of the systems demonstrated typical photobleaching behavior, i.e. gradual
64



decay of the film absorbance with an increase in the aging time as it was observed for
MAPbIs. On the contrary, some other systems, in particular, mixed halide perovskites,
demonstrated a significant change in the shape of the absorption profile accompanied
by an increase in the absorbance at long wavelengths and redshift of the band.
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Figure 31. Evolution of the UV-vis spectra of various ITO/HTL/perovskite samples under light
exposure (37+3 mW/cm?, 45+1°C).
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Using a set of techniques, we have revealed that such unusual film behavior is due
to light scattering originated from a significant change of the film morphology under
light exposure. Indeed, light causes a significant (at least 10-fold) increase in the size of
the perovskite grains as it is evident from the AFM topography and optical

microphotographs shown in Figure 32.
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Figure 32. Comparison of AFM, SEM images, and UV-vis spectra of ITO/CSMAFAPD(Brl);
samples kept under dark and light conditions for 1000 h (T 45 =1 °C).

Such evolution of the film morphology leads to the appearance of optical
interference and light scattering effects, which change completely the shape of the UV-
vis spectrum. SEM images obtained for all samples (Figure 33) confirm that strong light
scattering effects in optical spectra correlate with dramatic changes in the film
morphology, e.g. appearance of large features in the films. Interestingly, reference
samples kept in the dark at the same temperature reproducibly do not show any changes

in the film morphology and optical characteristics (Figure 32).
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CsFAPbDI, MAPbI;
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Figure 33. SEM images of fresh (inserts) and aged ITO/HTL/perovskite samples after 1000 h of
light soaking (37+3 mW/cm?, 45+1 °C).

Moreover, no real photochemical degradation occurs with the material since its
phase composition remains the same as follows from the XRD data (Figure 34).

Therefore, the effect observed under light exposure seems to have photoinduced
nature and can be called as “light-induced perovskite crystallization”. It should be
emphasized that such massive crystallization of the absorber in a completed solar cell
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might ruin completely its operation due to the appearance of voids, pinholes or
interfacial delamination. Therefore, this effect should be considered as one of the
possible pathways of perovskite solar cell degradation. Since MAPDbIz does not
demonstrate such behavior, formamidinium FA™ cations seem to be promoting light-
induced crystallization. The most aggressive crystallization occurs with mixed halide
systems, which suggests that the incorporation of bromide anions also facilitates this
process. In other words, more disorder we create in the system by compositional
engineering, stronger is its tendency to crystallize. In that context, the light might be
forming some defects catalyzing the massive crystallization of the perovskite absorber
films.

Another interesting phenomenon is associated with the influence of the HTL
underlayer on the light-induced crystallization of the perovskite absorber films. Here,
the perovskite films grown atop PTA or PTAA showed the least pronounced tendency
to crystallize under exposure to light: this happens only with two mixed halide
perovskites at long aging times. On the contrary, all perovskite films (except MAPDI5)
undergo strong light-induced crystallization when they are grown on NiOyx used as HTL.
One might speculate that surface properties of the HTL underlayer govern the kinetics
of the perovskite film crystallization. Though we cannot exclude such a possibility, we
believe that the observed HTL impact is more related to defects. NiOx was shown to be
quite aggressive with respect to the perovskite layer, e.g. forming Nilz as an interfacial
reaction product. Obviously, any chemical interaction between the HTL material and
absorber layer create defects, which accelerate perovskite film crystallization. In that
context, PTA and PTAA being the most chemically inert materials do not form that
many interfacial defects and hence slow down the perovskite film crystallization.

Figure 34 summarizes the evolution of the phase composition of different
ITO/HTL/perovskite systems. CsFAPDI3 behaves in a quite similar way to MAPDI3
showing dramatic degradation when deposited atop NiOx or PEDOT:PSS and being
relatively stable in combination with PTAA and PTA HTLs.
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Figure 34. Evolution of the phase composition of various ITO/HTL/perovskite samples under

Interestingly, ITO/PTA/CsFAPDI3 system features the formation of B-FAPDIs

perovskite phase. It is known that pure FAPDbI3 forms a photoactive cubic phase only at

light exposure (373 mW/cm?, 45+1 °C).
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T above 170 °C. The introduction of Cs* cations significantly decreases the phase
transition temperature. Nevertheless, there is still a possibility of segregation of



thermodynamically more stable FA-enriched B-phase from the cubic a-CsFAPbDIs
perovskite. The results obtained in our work suggest that this process can be influenced
by the properties of HTL/perovskite interface. The segregation of the B-FAPDI3 phase
was very characteristic for two mixed halide perovskites. The amount of this non-
photoactive beta phase was considerably larger in the case of using NiOx and
PEDOT:PSS as HTL underlayers, which suggests that phase segregation can be also
mediated by the interfacial defects.

The XRD data for CSMAFAPDI3 samples presented in Figure 34 contradicts quite
strongly to the UV-vis data given in Figure 31. Indeed, XRD patterns suggest that all
perovskite films strongly degrade with the formation of substantial amounts of Pbl; as
the main decomposition product. However, UV-vis spectra of the films deposited on
PTAA or PTA showed virtually no changes consistent with the formation of noticeable
amounts of Pbl,. The optical spectra of the films grown on NiOx and PEDOT:PSS were
also quite stable and showed only scattering effects at long aging times. We emphasize
that both optical spectra and XRD patterns were measured from the same samples,
which leaves no room for potential sample-to-sample irreproducibility issue as a
possible explanation for the observed discrepancy.

To explain these results, one should keep in mind that XRD visualizes only
crystalline components of the films, while the absorption spectra do not depend strongly
on the material crystallinity (assuming that the grains are not inducing interference
effects). Therefore, we strongly believe that CSMAFAPDI3 perovskite films undergo
amorphization (or a strong decrease in crystallinity) under light exposure. On the
contrary, even a minor amount of Pbl, product is formed as a highly crystalline phase
giving strong signals in XRD. As a consequence, the CSMAFAPDI3 perovskite films
seem to be quite stable and undergo just a minor degradation, which is consistent with
the UV-vis data. However, high crystallinity of Pbl> coupled with decreased crystallinity
of the perovskite phase accounts for their comparable peak intensities in XRD as

observed experimentally.
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Another complication is related to the proper ranking of intrinsic stability of the
systems, which undergo strong light-induced crystallization, in particular, mixed halide
perovskites. When the material is assembled in big 500-1000 nm-sized crystals, light
can hardly penetrate through such big particles due to high extinction coefficients of
complex lead halides. Hence, such big crystallites undergo light soaking only from the
surface and non-shadowed sides, while the bulk phase of the material practically is not
exposed to light. Even more problematic is the evaluation of the HTL impact on the
perovskite stability in that case, since the contact between HTL and big perovskite
crystals becomes very limited. The situation is completely different for uniform thin
films of materials, which do not undergo crystallization and, therefore, are efficiently
soaked with light in the whole area and preserve efficient contact with the HTL
underlayer. As a conclusion, we can hardly compare the stability of the systems showing
very different crystallization behavior during the experiment using UV-vis spectra, since
they become non-informative because of light scattering, and XRD due to the reasons
explained above.

However, some valuable information can be provided by surface analysis
techniques such as XPS. Figure 35 shows the comparison of Pb 4f and N 1s spectra of
CsMAFAPDIz and CSMAFAPD(Brl)3 samples deposited on different HTLs. N 1s spectra
clearly evidence some decomposition of organic cations (MA or FA) considering the
noticeable decrease in the intensity of the bands for the samples prepared using NiOx
and PEDOT:PSS as HTLs. This nitrogen depletion from the films was ca. twice stronger
in the case of mixed halide system CsMAFAPb(Brl)s probably due to increased
volatility of organic bromides as compared to iodides. Interestingly, the samples of both
perovskite formulations did not show any nitrogen loss in the case when they were
deposited on PTAA or PTA thus further confirming superior stability provided by these

HTL materials.
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Figure 35. Evolution of Pb 4f (a) and N 1s (b) XPS spectra for ITO/HTL/perovskite samples
under light exposure (37+3 mW/cm?, 45+1 °C).

Considering the XPS Pb 4f bands, one can easily deduce the light-induced
formation of Pbl, on the surface of all samples grown at NiOx and PEDOT:PSS as HTLs,
though this effect was considerably stronger for Br-containing perovskite. Interestingly,
CsMAFAPDI3z showed no Pbl, formation for the films deposited on PTAA or PTAA,
thus featuring surface passivation effects. On the contrary, samples of
CsMAFAPD(Brl)z undergo photodecomposition even in combination with such HTLs

asPTAA or PTA. Tosummarize, it is evident from the obtained results that mixed halide
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perovskites are less stable than Br-free complex lead iodides regardless of the used HTL
underlayer. However, among the HTL layers, NiOx and PEDOT:PSS appear to be less
promising since they promote degradation of the deposited on top perovskite film. On
the contrary, PTA and PTAA provide significantly improved stability due to the
formation of an optimal HTL/perovskite interface.

The EDX analysis data presented in Figure 36 show the iodine loss from the

samples after their exposure to light for 1000 h.
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Figure 36. Evolution of the chemical composition (halogen to Pb ratio) of the films based on

normalized EDX data of various [ITO/HTL/perovskite samples under light exposure (373 mW/cm?,
45+1 °C).
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Among all the systems, most of the perovskite samples deposited on NiOx showed
virtually unchangeable I/Pb ratio, which might be related to efficient iodide trapping in
the form of Nilz, which is discussed above. This hypothesis is also indirectly supported
by the fact that two mixed halide CSMAFAPD(Brl)s and CsFAPb(Brl)3 perovskites still
revealed a considerable iodine loss even when they were grown atop NiOx. Indeed, these
perovskites undergo fast light-induced crystallization leading to dramatic shrinkage of
the perovskite/NiOyx contact interface and, hence, reducing the ability of the latter to trap
iodide probably released during the decomposition of organic MAI and FAI. The
perovskite films deposited atop PTAA and PTA showed reproducibly lower iodine loss
compared to the perovskite films grown on PEDOT:PSS. Therefore, these results
additionally confirm the advanced stability of interfaces provided by PTAA and PTA.
Among different perovskites, the smallest compositional changes were revealed for
CsMAFAPDIs, which is consistent with the UV-vis data for this system showing
minimal evolution during light soaking within 1000 h (Figure 31).

Another interesting effect was observed while studying the PL properties of the
films before and after different periods of light exposure. Table 2 summarizes the
positions of PL maxima for fresh and aged within 1000 h samples for each of the studied
systems. As can be seen from the table, light soaking results in a strong PL redshift in
the case of mixed halide systems. It is especially visible on the PL graphs presented in
Figure 37. On the contrary, Br-free complex lead iodides showed no changes in the
position of PL band within the error of the measurement.

A similar redshift of the PL band under light exposure and reversed process
observed in the dark is known as the “Hoke effect” and was reported previously many
times for mixed halide lead-based perovskites.1?>126127 Qur experiments suggest that
long-term light soaking results in a massive halide phase segregation, which becomes
essentially irreversible. At least, we were not able to observe any recovery of the PL

peak position for aged samples within a few months of storage in the dark.
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Table 2. PL maxima for fresh and degraded ITO/HTL/perovskite samples after 1000 h of

continuous light exposure (373 mW/cm?, 45+1 °C).

Perovskite HTL PL maxima, nm
fresh aged A
MAPbDI3 NiOx 766 766 0
PEDOT:PSS 765 765 0
PTAA 767 768 1
PTA 767 765 -2
CsFAPbDI3 NiOx 791 790 -1
PEDOT:PSS 791 791 0
PTAA 791 792 1
PTA 790 793 3
CsMAFAPDI3 NiOx 794 792 -2
PEDQOT:PSS 791 793 2
PTAA 793 794 1
PTA 792 792 0
CsMAFAPD(Brl)3 NiOx 755 774 19
PEDOT:PSS 749 77 28
PTAA 747 776 29
PTA 752 776 24
CsFAPD(Brl)3 NiOx 751 773 22
PEDQOT:PSS 756 776 20
PTAA 757 771 14
PTA 759 770 12
NiO, PTAA
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Figure 37. PL spectra of fresh and degraded ITO/HTL/perovskite samples after 1000 h of

continuous light exposure (373 mW/cm?, 45+1 °C).
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3.5 Impact of PCs1BM upper coating on the photostability of lead halide
perovskites in ITO/HTL/perovskite/PCs1BM sample configuration

Considering our experimental data presented above and preceding reports on the
photostability of pristine perovskite films deposited on glass,*® we can conclude that
behavior of ITO/HTL/perovskite samples is governed by two major effects:

o interfacial (photo)chemical interactions between HTL and perovskite absorber;
o intrinsic light-induced decomposition of complex lead halides occurring in top
layers of absorber film, which are not impacted by HTL.

Since in this chapter we are most interested in the first effect, the second one has
to be somehow suppressed. We have shown in Chapter 2 that the photostability of
MAPDI3 films can be improved dramatically by depositing top coating composed of the
fullerene derivative PCe1BM.3" The stabilization effect is mostly related to the
encapsulation of the absorber film and blocking the evaporation of volatile products
formed during light-induced degradation of complex lead halides. Accumulation of the
aging products in the perovskite films shifts the equilibrium to the desired direction and
prevents their further decomposition. In the present study, we also deposited the top
encapsulation coating of PCs1BM in the series of ITO/HTL/perovskite/PCe1BM samples
and expected that it will suppress the intrinsic perovskite degradation while having
probably less impact on the aging pathways occurring at the perovskite/HTL interfaces.
Therefore, degradation processes occurring in the multilayer
ITO/HTL/perovskite/PCs1BM stacks closely resemble the behavior of p-i-n PSCs under
realistic operation conditions except for certain aging pathways involving the top
electrode, which are beyond the scope of this work. The concept is schematically

presented in Figure 38.
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Figure 38. Schematic illustration of different aging pathways for samples with and without top

ETL encapsulation coating.

It should be emphasized that the ITO/HTL/perovskite/PCs1BM sample structure
is very similar to the used p-i-n solar cell geometry besides the absence of top metal
electrodes. Figure 39 illustrates the behavior of different ITO/HTL/MAPbIs/PCs1BM
systems assessed using a set of complementary analytical techniques. First, no
detectable changes were revealed in the absorption spectra of all samples within 4000 h
of light soaking with except for the system comprising NiOxas HTL.

These results suggest that PCe1BM encapsulation coating indeed was able to
suppress bulk degradation of the perovskite films while having much less impact on the
chemical processes occurring at the HTL/perovskite interface. Therefore, NiOx being
the most aggressive among the tested HTLs, still induced partial decomposition of the
perovskite films due to the formation of Nil. and volatile byproducts as revealed by ToF
SIMS analysis discussed above. XRD showed the formation of minor amounts of Pblo,
which is consistent with the reaction of NiOx with organic iodide MAI. Interestingly,
PL spectra showed no significant evolution for all samples regardless of the used HTL
underlayer, which suggests that the perovskite films do not undergo any significant
aging in the top layers adjacent to PCs1BM.
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Figure 39. Evolution of the UV-vis spectra (a) PL spectra (b), XRD patterns (c) and phase
composition (d) of ITO/HTL/MAPbI3/PCs1BM samples under constant illumination (37+3 mW/cm?,
45+1 °C). Symbols on XRD pattern: * - perovskite phase + - Pbl, phase A — ITO.

Summarizing the results obtained for all four ITO/HTL/MAPDbI3/PCe1BM
systems, we can conclude that PTAA provides superior stability of the perovskite films,
which is especially evident from the XRD data (Figure 39).

The remarkable stabilization effect of PCs1:BM ETL coating was also revealed for
all other investigated complex lead halides. Particular exciting were the results obtained
for mixed halide perovskites: PCe1:BM coating not only prevented the light-induced

crystallization of the absorber film but also suppressed halide phase segregation, as can
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be concluded from the PL spectra showing no redshift of the band after light exposure
(Figure 40, Table 3, Figure 41). Interestingly, light soaking of the samples with PCs1BM
top layer shows the formation of just minor (if any) amounts of B-FAPbIs phase in
contrast to the samples exposed without such coating. Most likely, PCe1BM hinders the

segregation of B-FAPbI3 from multication and mixed halide perovskites.

Table 3. PL maxima for fresh and degraded ITO/HTL/perovskite/PCs1BM samples after 2000 h
of continuous light soaking (37+3 mW/cm?, 45+1 °C).

Perovskite HTL PL maximum wavelength, nm
fresh aged A
MAPbI3 NiOx 766 764 -2
PEDOT:PSS 767 766 1
PTAA
767 766 -1
PTA 766 766 0
CsFAPDI3 NiOx 784 785
PEDOT:PSS 784 785
PTAA 788 787 -1
PTA 785 787
CsMAFAPDIs NiOx 790 790 0
PEDOT:PSS 788 788 0
PTAA 789 789
PTA 789 788 -1
CSMAFAPb(BI’|)3 NiOx 753 752 -1
PEDOT:PSS 751 751 0
PTAA 750 751 1
PTA 748 750 2
CsFAPD(Brl)s NiOx 753 750 -3
PEDOT:PSS 759 752 -7
PTAA 756 752 -4
PTA 761 751 -10
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Figure 40. PL intensity for fresh and degraded ITO/HTL/perovskite/PCe:BM samples after 1000
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Figure 41. Effect of PCs1:BM coating on the aging behavior of ITO/PTAA/CsSMAFAPDH(Brl)s3

samples.
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In general, PCs1BM coating prevented photobleaching of virtually all perovskite

films deposited on various HTL underlayers (Figure 42).
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Figure 42. Evolution of the UV-vis spectra of ITO/HTL/perovskite/PCe;:BM samples under light

exposure (373 mW/cm?, 45£1 °C).

Among the exceptions showing some dynamics in the UV-vis spectra suggesting

minor light-induced degradation of the material we can refer to CsFAPbIz and
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CsMAFAPDI3 films deposited on NiOx, PEDOT:PSS and PTAA. On the contrary, the
same perovskites were fairly stable when grown atop PTA HTL. The XRD analysis

(Figure 43) revealed the formation of Pbl, and beta perovskite phase as major

degradation products in the case of multiple perovskite/HTL systems.

Figure 43. Evolution of the phase composition of various ITO/HT L/perovskite/PCes:BM samples
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Even though the peaks of these aging products in XRD patters were quite intense
due to high crystallinity, the realistic concentrations of these species should be quite low
considering that no significant changes were observed in the optical characteristics of
the films. The most stable, apparently, were the films of MAPbI3 along with the mixed
halide bication perovskite formulations CsSFAPb(Brl)s grown on PTA and PTAA HTLs,
since these systems revealed no light-induced changes in their optical spectra and XRD
patterns after 4000 h of constant light exposure.

These results are in sharp contrast with the data obtained for the series of
ITO/HTL/perovskite samples and, therefore, feature the strong impact of the upper ETL

encapsulation coating on the aging behavior of the multilayered system.

3.6 Impact of absorber material on the operational stability of PSCs

The obtained set of results featured PTAA and PTA as the most promising HTLs
providing stable interfaces with the perovskite absorber films. Therefore, we selected
PTAA as an exemplary hole-transport layer for comparing the operational stability of
solar cells based on different perovskite formulations. To perform this experiment, we
prepared a series of ITO/PTAA/perovskite/PCs1BM stacks and exposed them to light
soaking for different periods of time. Afterward, the aged PCs1:BM coatings were
washed away and replaced with fresh films of the same ETL material, which was
followed by top electrode evaporation (20 nm of Mg and 80 nm of Ag) in a high vacuum
(experiment layout shown in Figure 28). The need for “PCe1BM refreshing” is related
to the aging processes at the perovskite/PC¢1BM interface reported in Chapter 2. Even
though this interfacial effect has a negligibly small influence on the composition of the
bulk perovskite film, aging of the interface blocks change extraction and ruins the solar
cell performance. Figure 44 shows the evolution of the power conversion efficiency of
solar cells based on MAPDI3, CsFAPbI3, CsSMAFAPDb(Brl)s, and CsMAFAPDI3
perovskites.

Surprisingly, the solar cells based on MAPbIz demonstrated much superior
operation stability in comparison with other systems. Lower stability of multication and

mixed halide perovskites might be attributed to unfavorable phase dynamics (cation or
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anion-induced phase segregation) leading to spatial inhomogeneity within the absorber

film and forming traps for charge carriers.?®
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Figure 44. Comparison of normalized PCE values of solar cells with ITO/PTAA/perovskite/
PCes1BM/Mg/Ag configuration, where perovskite is MAPbI; (a), CsFAPbIs(b), CSMAFAPbDI;(c),
CsMAFAPDB(Brl)s (d).

These results suggest a need for changing the paradigm, i.e. paying more attention
to simple perovskite formulations such as MAPbI3 or FAPDI3 rather than focusing on
compositional engineering, which was leading the development of the field of

perovskite photovoltaics for a decade.

3.7 Summary

In this work, we performed a thorough study of 20 different perovskite-HTL
systems based on combinations of 4 HTLs (NiOx, PEDOT:PSS, PTAA, and PTA) with
5 complex lead halides: MAPDbI3, CsFAPbIls, CSMAFAPDbI3, CSMAFAPb(Brl)z and
CsFAPD(Brl)s. We expected that systematic variation of HTL and perovskite materials
will provide essential information on the factors governing the stability of
HTL/perovskite interfaces under light exposure. Indeed, it was revealed that NiOx and
PEDOT:PSS are the most aggressive HTLs undergoing some (photo)chemical reactions

with complex lead halides. In particular, NiOx was shown to form Nil2 via depletion of
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iodide from organic Al species (A = MA or FA). On the contrary, polyarylamine-type
HTLs such as PTA and PTAA were shown to be very inert to complex lead halides and,
probably, even enhance the stability of their thin films due to defect passivation.'?°
These results are quite important in the context of developing efficient p-i-n PSCs with
fairly stable interfaces.

While studying different perovskite/HTL systems, we observed a number of
interesting effects. Thus, it was shown that multication and, in particular, mixed halide
perovskites tend to undergo light-induced crystallization. Moreover, we observed phase
segregation of B-FAPbI3 for many systems, which evidences the phase instability of
multication perovskites. In that context, the situation is even worse with the mixed
halide CSMAFAPb(Brl); and CsFAPb(Brl)s perovskites, which undergo massive and
practically irreversible halide phase segregation under light exposure. Such unfavorable
phase dynamics are strongly impacted by the HTLs suggesting that the formation of
defects at the interfaces facilitates these transitions.

It should be emphasized that light-induced absorber crystallization and halide
phase segregation effects were essentially eliminated by depositing the top ETL coating
of the fullerene derivative PCeiBM. This coating also strongly suppressed the
segregation of B-FAPDI3 phase in the case of multication perovskites. These results
suggest that both charge transport interlayers (HTL and ETL) can tune effectively the
phase dynamics in absorber perovskite films.

Among all the studied perovskite absorbers, only MAPbI; showed stable
operation in PSCs, while all multication and mixed halide perovskites showed a
significant deterioration of the device performance presumably due to unfavorable
phase dynamics leading to the trapping of charge carriers.

As a major conclusion from the performed studies, one has to focus on
multiparametric optimization of all the device components and functional interfaces in
order to reach long-term operational stability of PSCs. It is very likely that polymeric
PTA and PTAA represent very promising HTLs components, while the perovskite

absorber should have the simplest composition, e.g. MAPbIz or FAPbI3, in order to
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avoid unfavorable cation- or anion-induced phase segregation effects ruining the device

performance.

Chapter 4. Gamma rays induced halide phase segregation in

the triple-cation perovskite solar cells

4.1 Motivation

In the previous chapters, we discussed mainly the photostability of PSCs. There
is still big work to be done on the way to successful technology commercialization.
However, based on current research and many other works going on around the world,
there is a big chance that the issue of operation stability will be solved. If we assume
that, a big variety of applications for PSCs arise on the horizon starting from mobile
applications and traditional solar panels for households to space technologies. In this
chapter, we tried to estimate the potential of PSCs as an absorber material for solar cells
placed on satellites. For the space environment, solar cells should withstand very high
radiation doses including gamma rays. High solar irradiation (up to 100 Sun), proton
and electron irradiation was already found to be harmless for perovskite solar cells at
ambient temperatures. 1% 130131 The impact of gamma rays is still poorly investigated,
whereas this type of radiation has maximal penetration depth and the associated damage
cannot be mitigated using encapsulation/shielding. Herein we explore the impact of
gamma rays on the film morphology, crystal structure, and photovoltaic performance of
the “triple-cation” Cso.15sMAo.10FA0.75Pb(Bro.17lo.83)s perovskite solar cells. Hole-
collecting bottom electrode, perovskite, and electron transport materials were evaluated
with respect to their contribution to the overall solar cell degradation under exposure to

gamma rays.

4.2 Materials and methods
The radiation stability test was performed in 3 stages. Figure 45 shows the

architectures of three sets of samples used in this work and the general methodology of
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the performed experiments. At the first stage glass/ITO/PEDOT:PSS samples were
exposed to 150, 300, and 500 Gy doses of gamma rays. Then the sets of reference non-
exposed samples and the experimental samples exposed to the radiation were processed
further in one batch under the same conditions to fabricate the complete solar cell
architectures. Perovskite and then PCs1BM layers were deposited by spin-coating inside
the nitrogen glove box followed by deposition of Ag contacts by thermal evaporation in
a high vacuum. At the 2" stage glass/ITO/PEDOT:PSS/perovskite samples were
exposed to 150, 300 and 500 Gy doses. (Figure 45b). The remaining layers were
deposited after radiation exposure and before sample characterization. At the 3¢ stage
glass/ITO/PEDOT:PSS/perovskite/PCe1BM samples were exposed to 150, 300 and 500
Gy doses. (Figure 45c) and then similarly to previous stages were finished for solar cell

characterization.
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Figure 45. Architecture and workflow of investigated samples and general methodology of the
experiment investigation: (a) Glass/ITO/PEDOT:PSS, (b) Glass/ITO/PEDOT:PSS/perovskite, (c)
Glass/ITO/PEDOT:PSS/perovskite/PCes1BM.

Film preparation
Glass/ITO substrates (Kintek, 15 Ohm/sg.) were cleaned manually with toluene
and acetone, sonicated in deionized water, acetone and isopropyl alcohol (IPA) for 10
min each, dried with air and subjected to additional plasma cleaning for 300 sec. A 1:1
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solution of poly(3,4-ethylene dioxythiophene) polystyrene sulfonate (PEDOT:PSS,
Clevios PH) in deionized water was deposited statically on the cleaned substrates and
spin-coated at 3000 rpm for 20 sec. Subsequently, samples were annealed for 20 min at
165 °C in the air. The following procedures were performed entirely inside the nitrogen
glove box to avoid exposure of the samples to the ambient atmosphere. 172.0 mg of
formamidinium iodide (FAI), 507.1 mg of Pbly, 22.2 mg of methylammonium bromide
(MABr), and 73.4 mg of PbBr, were dissolved in 1 mL of 4:1 DMF/DMSO solvent
mixture. Separately 390.0 mg of Csl in 1 mL of DMSO was prepared and 70 pl of that
precursor was added to the mixture described above. The precursor solution was stirred
for 2 hours at 75 °C for the complete dissolving of all the components. 25 pL of the
solution was deposited (dynamically) at 6000 rpm following by quenching with 60 uL
of toluene (dropped 55 sec after perovskite precursor) applied at the same spin-coating
frequency. The deposited Cso.15sMA0.10FA075Pb(Bro.i7lo.s3)s films were annealed for 3
min at 100 °C, which led to the development of a dark brown color. [6,6]-phenyl-Ce:-
butyric acid methyl ester (PCs1BM) was used as a traditional electron transport material
in PSCs. PCs1BM (40 mg) was dissolved in 1 mL of chlorobenzene under stirring at 45
°C overnight and spin-coated at 2000 rpm. The samples were left for drying within 10
min inside the glove box before loading into the vacuum chamber for deposition of the
top electrodes. Silver electrodes (100 nm) were evaporated in high vacuum (10 mbar)
through a shadow mask defining the active area of each device as ~0.16 cm?.

Radiation stability test

Radiation stability tests were performed in parallel for three different sets of
samples: Glass/ITO/PEDOT:PSS; Glass/ITO/PEDOT:PSS/perovskite and
Glass/ITO/PEDOT:PSS/ perovskite/PCe1BM. The prepared samples were packed in
three layers of Al lamination foil (used to form cases for pouch-type Li-ion batteries)
inside the argon glove box. Note that the packaging material was transparent for gamma
rays. Each set consisted of 10 samples, which were exposed to 100, 200, 300, 400, and
500 Gy (2 samples per dose) with 13’Cs gamma ray source (Ey = 662 keV) with a dose

rate of 2.5 Gy/min. Two reference samples were left fresh, packed, and exposed to the
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ambient atmosphere for the same time as irradiated samples. After exposure of the
samples to gamma rays (or to the ambient atmosphere for the reference ones), they were
introduced back in the glove box and the package was opened under the inert
atmosphere. The samples (irradiated + reference) were further processed in one batch
as described in the previous section to complete the p-i-n type perovskite solar cells of
the following architecture: Glass/ITO/PEDOT:PSS/perovskite/PCs1BM/Ag. The
characterization of the devices was performed as described above.

Film and solar cell characterization

Samples with thin-films were analyzed using UV-vis, XRD, XPS, PL, and AFM
tools. The current-voltage characteristics of the devices were measured using Advantest
6240A source-measurement unit. The detailed information about these methods can be
found in the Materials and Methods section in Chapter 2.3.

4.3 Gamma rays induced halide phase segregation in perovskite solar cells and thin
films

Since PSCs represent multilayer stacks, each of the layers can potentially
contribute to the device degradation. Therefore, we systematically explored the
influence of gamma rays to the glass/ITO/PEDOT:PSS electrodes, perovskite absorber
material, and PCe1BM electron transport layer. Radiation doses in the range of 0-500
Gy were applied to the samples since 100-1000 Gy represents a typical stability
benchmark for satellites working at low and middle equatorial orbits.®® The mixed
“triple-cation” Cso.15sMAo.10FA0.75sPb(Bro.i7lo.s3)3 perovskite formulation (designated as
“perovskite” below) was chosen because it shows high solar cell efficiencies and
superior operation stability according to the available literature data.’®"® Notably, the
devices fabricated using exposed and the reference non-exposed glass/ITO/PEDOT:PSS
samples demonstrated nearly the same PCEs of about 9.5-10.5% (Figure 46). The
photovoltaic characteristics of all the samples were within the standard experimental
data deviation window and showed no correlation with the radiation dose. These results
allowed us to conclude that the glass substrate with the bottom ITO/PEDOT:PSS hole-
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collecting electrode is fully stable with respect to the radiation and, therefore, should

not contribute to the device degradation nor measured solar performance.
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Figure 46. Performance characteristics of the devices based on the glass/ITO/PEDOT:PSS

samples exposed to gamma rays as a function of the radiation dose.

The second set of samples (Figure 45b) exposed to gamma rays comprises the
perovskite layer deposited on top of the glass/ITO/PEDOT:PSS stacks. Since the lead
halide complexes form crystalline films, first we have applied XRD analysis to check
for any phase composition changes caused by gamma radiation. Both exposed and
reference samples (Figure 47) were encapsulated by spin-coating polystyrene films
inside the glove box and then were measured in an ambient atmosphere for 10-15 min.
It should be noticed that the XRD pattern of the analyzed material matches well the
pattern of previously reported (MAPDBr3)o.15(FAPDI3)oss perovskite showing
differences only in the peak intensities probably due to different textural effects.®
Therefore, the (MAPDBI3)0.15(FAPDI3)0.85s XRD pattern was used as a reference one to

analyze the experimental patterns of the perovskite films obtained in this work.
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Figure 47. XRD patterns of the reference and 500 Gy exposed Glass/ITO/ PEDOT:PSS/
perovskite/PCs1BM samples (a) and glass/perovskite samples exposed to 0-5000 Gy (b). The reference

XRD pattern of MAPDI; films is shown for comparison.

XRD data presented in Figure 47a show that gamma rays have no real impact on
the phase purity of the perovskite films. No additional peaks indicating the appearance
of the decomposition products (e.g. Pbl> or metallic Pb) or some phase transitions effects
were observed. Moreover, there were essentially no changes in the XRD patterns of the
glass/perovskite samples exposed to high doses of gamma rays (up to 5000 Gy, Figure
47b), which suggested that the triple-cation perovskite formulation investigated in this
work is resistant to radiation.

These XRD data were fully in line with the results of the XPS measurements. The
XPS survey spectra (Figure 48a) of all exposed samples were virtually identical and
matching the spectrum of the pristine perovskite. Zooming the N 1s and Pb 4f7;
signatures (Figure 48D, c) also showed almost no impact of the radiation except for some

band broadening observed for the sample exposed to the highest dose of 5000 Gy.

91



—
d p Phaf
g Pbad Cs4
E\ 5000 Gy Wis cl: mese 144
b5d
= 1000 Gy
=
£ |so0ey
=
. 100 Gy
=
Z 06y
2 ol
L T T T T T T T T T T T
500 500 400 300 200 100 0
b) Binding Energy [eV]
—
w A a
= pristine
= 100 Gy
= o™
. *+ 500Gy
= + 1000 Gy
.‘E + 5000 Gy
B
£
-
=
2
&
[}
=
RS
— — 7T T T =
410 408 406 404 402 400 398 396
C) Binding Energy [eV]
W
=
5 —pristine
+ 100Gy
- .
=
E -
£ -
=
=
=
o
=
141 140 139 133 137 136 135
Binding Energy [eV]

Figure 48. XPS survey spectra (a) and zoomed areas of the N 1s (b) and Pb 4f7/2 (c) of pristine
perovskite film and the films exposed to 100-5000 Gy doses of gamma rays.

This peak broadening might be related to some partial decomposition of the
material (which is unlikely considering the XRD and optical spectroscopy data, see
below) or to the radiation-induced gradients in the composition of the material (e.g.
phase separation of I-rich and Br-rich domains). Thus, the main message provided by
the XPS data is the good radiation stability of the used triple-cation perovskite
formulation.
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Scanning probe microscopy was used to explore the potential impact of gamma
radiation on the surface morphology and electronic properties of the perovskite films.
In particular, the contact potential (surface potential) was measured by 2-pass
amplitude-modulated Kelvin Probe Force Microscopy (AM-KPFM). The topography
and surface potential images for the glass/ITO/PEDOT:PSS/perovskite samples

(exposed to 500 Gy and reference) are shown in Figure 49.

Figure 49. Surface potential (a, b) and topography (c,d) images of the reference (a,c) and exposed
to 500 Gy (b, d) Glass/ITO/PEDOT:PSS/perovskite samples.

Gamma radiation-induced a minor change in the surface work function of the
films from 4.67 eV to 4.72 eV, which might be related to the formation of the acceptor-
type defects or ion vacancies. Topography images show that the samples exposed to 500
Gy have considerably larger grains (15 nm vs. 10 nm in non-exposed samples) and
rougher surface (22 nm vs. 18 nm). We believe that radiation induces crystallization of
the perovskite material leading to the growth of the grains in the samples and an increase
in the film roughness though this hypothesis requires more systematic study.

The effect of gamma radiation on the optical properties of the perovskite films
was investigated by monitoring their UV-vis and PL spectra as a function of the
radiation dose. The UV-vis spectra did not noticeably change with exposure to gamma

radiation. In particular, no notable radiation-induced change in the relative intensity of
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the existing or appearance of any new absorption features was observed even when the
doses were as high as 2500-5000 Gy.

On the contrary, PL spectra of the perovskite films revealed a considerable
enhancement in the intensity of the emission bands, significant changes in their shape,
and notable shifts (by ~5 nm) of the maxima towards longer wavelengths following the
increase in the radiation dose (Figure 50a).

It should be emphasized that the gamma rays-induced changes in the emission
spectra were essentially reversible: repeating the measurements 2 weeks after radiation
exposure revealed only three times stronger PL intensity for 5000 Gy exposed samples,
while the red-shift of the bands completely disappeared (Figure 51b).

The observed PL dynamics are inconsistent with the expected radiation-induced
defect (trap) formation mechanism, which should result in a severe quenching of the
photoluminescence. However, the increase in the PL intensity and red-shift of the
emission bands were both well-documented for the mixed halide perovskite films
exposed to light and are known in the literature as “Hoke effect”.12>126:132 \We explored
the PL dynamics of the triple-cation perovskite films under illumination with the green
laser (532 nm). Indeed, the films demonstrated very characteristic behavior reflected in
the steady enhancement of the PL intensity while increasing the laser light exposure
time from 30 s to 30 min. Finally, we observed three times more intense emission than
for pristine films, while the maximum of the emission band shifted from 770 to 778 nm
(Figure 50b). The samples deposited on glass substrates demonstrated a 10-fold increase
in the PL intensity over 13 min of laser exposure and red-shifting of the emission band
by 18 nm (Figure 51c).
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2 weeks later showing a significant relaxation of the gamma rays-induced effects (b). Laser-induced PL
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the sample in the dark (d).

In particular, the sample exposed to 500 Gy demonstrated an unsymmetrical
emission band with more than twice higher intensity (especially in the 785-820 nm
range) as compared to the spectrum of the pristine sample. Moreover, exposing the
perovskite films deposited on glass substrates to higher doses of radiation resulted in
even more pronounced enhancement of the luminescence: 5- and 7-fold increases were
observed by applying 2500 Gy and 5000 Gy, respectively (Figure 51a).

The relaxation of the light-induced changes was monitored while keeping the
samples in the dark and measuring their PL spectra with a short (<0.1 s) exposure to the
laser illumination. The maximum of the emission band shifted by 13 nm to shorter
wavelengths within 1 h of storage of the samples in the dark, leaving just 4 nm offset

with the spectrum of the pristine sample (Figure 51d). Such relatively fast reverse
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transition explains why only the 5 nm red-shift was observed in the spectra of the 500
Gy exposed samples vs. pristine perovskite films since the PL measurements could be
done only 1 h after the radiation experiment (due to the safety issues and different
locations of these facilities). One can assume that measuring PL spectra immediately
after the radiation exposure might reveal much stronger red-shifts of the emission bands
like observed under laser light exposure.

The light-induced PL dynamics in the mixed halide perovskites are usually
associated with the reversible phase segregation of I-rich and Br-rich (or CI rich)
domains. Considering the fact that the mechanism of the Hoke effect is still under active
debates,'* it is very challenging to draw any mechanistic correlations between the well-
established visible-light-induced PL dynamics and the revealed in this work behavior of
the samples exposed to gamma-rays. One might assume that both visible light and,
particularly, gamma rays create some defects in the perovskite films, which become
very luminescent due to some reason. For instance, the highest PL quantum yields are
reached for perovskite quantum dots or thin films with very small grain size or 2D
perovskite-like materials, which is explained by quantum confinement effects.!341% Sp,
moderate aging of the perovskite films might reduce the effective domain size and lead
to enhanced and, probably, even red-shifted photoluminescence. To verify this
hypothesis, we deposited thin perovskite films on glass substrates (to avoid any
interfacial effects with PEDOT:PSS and ITO) and exposed them to white light
illumination under inert atmosphere inside the glove box. Figure 50c shows that white
light leads to photodegradation of the material accompanied by quenching of the
photoluminescence and even some minor blue-shift of the emission band. The XRD data
indicated the formation of metallic lead impurity in the perovskite films exposed to the

white light, which evidenced their partial photochemical decomposition (Figure 52).
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Figure 52. The dynamics of the XRD patterns for the Glass/perovskite sample exposed to white
light illumination inside under inert atmosphere the glove box. The vertical blue line highlights the
appearance of the peak characteristic for metallic lead Pb(0).

The obtained results strongly suggest that the reversible PL dynamics discussed
above most probably has nothing similar to the irreversible light-induced
decomposition. Most probably, both visible light and gamma rays promote phase
segregation of I-rich and Br-rich domains. To the best of our knowledge, such a gamma
radiation-induced Hoke effect has never been observed and reported before. It should
be emphasized that halogen-induced phase segregation promoted by gamma rays might
represent an important degradation pathway of the perovskite-based photovoltaic
devices limiting their employment in space applications.

While continuing this study, we explored the effect of the fullerene-based PCs1BM
ETL on the radiation stability of the Glass/ITO/PEDOT:PSS/perovskite/ PCs1BM stack
(third set of samples, Figure 45c). Shortly, the layer of the fullerene derivative has a
very minor (if any) effect on the behavior of the perovskite absorber exposed to gamma

98



rays. XRD analysis and UV-vis spectra revealed no changes just confirming the high
stability of the perovskite films under gamma rays exposure. Regardless of the fact that
PCe1BM layer quenches PL of the perovskite absorber, we can still observe the
exposure-dependent increase in the PL intensity and shift of the PL maximum to the

longer wavelengths (Figure 53).
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Figure 53. Photoluminescence spectra of glass/ITO/PEDOT:PSS/perovskite/PCs1BM films
exposed to 0-500 Gy.

KPFM revealed a minor rise in the surface work function of the films from 5.00
eV to 5.04 eV after 500 Gy exposure (Figure 54a-b). Moreover, the roughness of the
PCe1BM films has slightly increased from 3.8 nm to 5.1 nm. It should be noted that
gamma rays exposure stimulated the formation of pinholes in the PCs1:BM layer as can
be seen from the topography images (Figure 54c-d).

At the final stage of this work, we explored the effect of gamma radiation on the
photovoltaic performance of the perovskite (active layer absorber) and PCe1BM ETL
films.  The investigated sets of the reference and irradiated
glass/ITO/PEDOT:PSS/perovskite and glass/ITO/PEDOT:PSS/perovskite/PCs1BM
samples were processed further by depositing PCe1:BM (in case of the first set) and
evaporating top Ag contacts to complete solar cell architecture presented in Figure 45.
The fabricated solar cells were characterized by standard current JV and EQE
measurements.
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Figure 54. Surface potential (a, b) and topography (c,d) images of the reference (a,c) and
exposed to 500 Gy (b, d) Glass/ITO/PEDOT:PSS/perovskite/PCeBM samples.

Figure 55 shows the evolution of the device characteristics as a function of the
gamma radiation dose for both types of samples. Exposure of the
glass/ITO/PEDOT:PSS/perovskite films to 500 Gy resulted in the decrease of PCE from
~10.2 to ~7.0% mainly due to the drop in the Jsc from ~18 to ~13 mA/cm?.

Somewhat stronger degradation was observed for the
glass/ITO/PEDOT:PSS/perovskite/PCs1BM samples: PCE decayed from >10 to ~6.0%
and Jsc decreased from ~18 to ~11 mA/cm? as also supported by EQE measurements.
All the Jsc values extracted from JV measurements were reconfirmed by the integration
of the EQE spectra against the standard AM1.5G solar spectrum. Interestingly, FF and
particularly Voc remained almost unaffected by gamma radiation for both types of
samples, which indicates that the main degradation mechanism is not related to the trap
formation. The appearance of the traps usually increases the density of states in the gap,
which leads to the Voc losses.****3" We strongly believe that the device degradation is
mainly induced by the radiation-induced halide phase segregation similar to the Hoke
effect.1?> However, the light-induced phase segregation usually leads to the formation

of recombination centers and causes a reduction in Voc.*® In our case, we do not see
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any Voc changes, so the mechanism of gamma ray-induced Hoke effect is still requiring

additional studies to be completely understood. We also cannot exclude some

contribution of the radiation-induced substrate darkening in decrease of the device Jsc,

which we found later and discuss below.

a)
20
1000
e a i ] a - ; I .
800 18 rolor
< < I T,
£ 600 ﬁ 10
g 400 E
= [s]
~" 9
200 = average = average
best * best
O—5 00 200 300 400 500 OWW
ose (Gy
80 Dose (Gy) 12
o100t . I
60 | b ¢ |
1 I ~ 8 ! I
= 3\:{ l .
= 40 W ¢
o o g4
20| = average " average
best 2 + best
0 100 200 300 400 500 %700 200 300 400 500
D G
Dose (Gy) ose (Gy)
b) 20
1000
E g = = & ; L] :
800 ® 15 1 i
P L,
%‘ 800 gm § .
3 400 %
Q -~
> S5
200 = average = = average
best * best
0 0 100 200 300 400 500 O 0 100 200 300 400 500
Dose (Gy) Dose (Gy)
80, 12
10/ %
60 l = * % 8 ) -
£ |- ¢ ¢ - I ST
L 40 § 6 1 s
g 4
20
u average 2 - average
best + Dbest
0—5—700 200 300 400 500 05 700 200 300 400 500
Dose (Gy) Dose (Gy)

Figure 55. Performance characteristics as functions of the radiation dose delivered to the
glass/ITO/PEDOT:PSS/perovskite (a) and glass/ITO/PEDOT:PSS/perovskite/PCs1BM (b) samples.
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Particularly interesting is the fact, that PCs1:BM does not stabilize the perovskite
layer with respect to the action of gamma rays and, on the contrary, contributes to the
overall degradation of the system. This observation suggests that PCeiBM is
intrinsically unstable with respect to radiation exposure. To verify this hypothesis we
exposed a bulk sample of PCs1BM to a high dose of gamma rays (5000 Gy) and then
applied it as electron transport material in the ITO/PEDOT:PSS/perovskite/PCs1BM/Ag
solar cells (note that PCe1BM was the only device component exposed to radiation in
that case). Figure 56 shows that the solar cells comprising exposed PCe1BM deliver
notably lower current densities and power conversion efficiencies as compared to the
reference devices fabricated using pristine PCe1BM sample. The origin of the radiation-
induced degradation of PCeiBM remains unclear, though gamma rays induced
polymerization, cage rapture and formation of radicals can be suspected according to
the previously performed comprehensive studies of the radiation chemistry of

fullerenes.®®
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Figure 56. Characteristics of p-i-n glass/ITO/PEDOT:PSS/perovskite/PCs1BM/Ag solar cells
fabricated using two different batches of PCs1BM: pristine (left column) and exposed to 5000 Gy of

gamma rays (right column).
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4.4 Summary

To summarize, we investigated the impact of gamma radiation on the behavior of
the complex lead halide Cso.1sMA0.10FA0.75Pb(Bro.17l0.83)3 perovskite solar cells in order
to estimate the potential of such devices for space applications. It was shown that the
doses up to 500 Gy do not damage the hole collecting bottom electrode
glass/ITO/PEDOT:PSS. However, radiation affects significantly the perovskite
absorber and the electron transport PCe1BM layers. The main contribution to solar cell
degradation comes from the severe photocurrent losses (25-35% of the initial value)
suggesting the accumulation of the radiation-induced defects reducing photocurrent.
These defects most likely originate from the halide phase segregation induced by high
radiation doses, which we observed here for the first time. Therefore, the current
generation of the perovskite materials probably has insufficient radiation stability for
considering application into space technologies. However, rapid progress in the field of
perovskite photovoltaics sooner or later will bring a new generation of absorber
materials showing significantly improved radiation stability. These studies might
provide the impetus for developing scalable and high-performance applications of

perovskite solar cells in space missions.
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Chapter 5. Unraveling the material composition effects on gamma ray

stability of lead halide perovskite solar cells

5.1 Motivation

The previous Chapter showed that mixed halide systems are not suitable for space
applications, as they undergo halide phase segregation under gamma ray exposure. |
decided to check how would behave pure iodide and bromide systems in similar
conditions. We selected six different perovskite compositions: MAPbIls, MAPDbBr3,
Cso.15FAo0ssl3, Cs0.1MA0.15FA0.75Pbls, CsPbls, and CsPbBrs and tested their radiation
hardness in thin films and completed solar cells. To the best of our knowledge, none of

them were studied with respect to their tolerance to gamma-rays exposure.

5.2 Materials and methods

Preparation of thin films and photovoltaic cells:

Glass/ITO substrates (Kintek, 15 Ohm/sq.) were cleaned manually as reported
elsewhere.® SnO; 15 wt. % suspension from Alfa-Aesar (stock) was diluted to 10 wt.
% with water and sonicated for 5 minutes. After solution filtration via a 0.45 mm PES
filter, SnO2 was spincoated twice at 4000 rpm in air. Substrates with SnO, were annealed
at 160 °C for 15 minutes and transferred to the glovebox. A solution of PCBA in
chlorobenzene (0.7 mg/ml) was deposited at 3000 rpm on samples and annealed at 100
°C for 5 min.

Perovskite solution preparation:

MaPbls solution was prepared by mixing Pbl> and MAI powders in stoichiometric
amounts and dissolving in DMF:DMSO (80:20) mixed solvent to achieve 1.4 M
concentration. A similar procedure was used for MAPDbBr3 solution by mixing PbBr»
and MABr powders. A solution of Cso.1sFA0.ssPblz was prepared by mixing equal molar
quantities of Pbl, and univalent cation iodides Csl and FAI (15:85 mole ratio). For
Cso.1MAg.15FA0.75Pbls, the components Csl, MA, and FAI were taken in 10:15:75 molar
ratio and combined with the stoichiometric amount of Pbl,. All filtered solutions were
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deposited in glovebox at 4000 rpm followed by quenching with toluene antisolvent after
16 sec. MAPbI; and MAPDBTr3 films were annealed at 85 °C for 3 min, while multication
perovskites - at 120 °C for 3 min. CsPblz and CsPbBrz films were deposited by co-
evaporation of stoichiometric amounts of Csl and Pbl>or CsBr and PbBr, respectively,
to achieve 400 nm thickness. PTA solution (4 mg/ml) in toluene was heated at 100 °C
and deposited at 1000 rpm. MoOs was evaporated on top of PTA in the vacuum chamber
(10° mbar) to achieve 7-10 nm film thickness. Aluminum electrodes (100 nm) were
evaporated in high vacuum (10® mbar) through a shadow mask defining the active area
of each device as ~0.16 cm?.

Radiation stability test

Radiation stability tests were performed in parallel for glass/perovskite thin films
and the following types of PSCs:

Glass/ITO/SnO2/PCBA/MAPDIs/PTA/MoO3/Al;

Glass/ITO/SnO2/PCBA/MAPDBrs/PTA/MoO3/Al;

Glass/ITO/SnO2/PCBA/Cso.15FA0.s5Pbls/PTA/M0Os/Al;

Glass/ITO/SnO2/PCBA/Cso.1MA.15FA0.7sPbls/PTA/MoOs/Al,

Glass/ITO/SnO2/CsPblz/PTA/MoOs/Al;

Glass/ITO/SnO2/CsPbBrs/PTA/MoOs/Al,

Thin films were exposed to the gamma rays doses of up to 5000 Gy, solar cells —
up to 10000 Gy. More information about radiation experiments can be found in Material
and Methods in Chapter 4.3.

Film and solar cell characterization

Samples with thin-films were analyzed using UV-vis, XRD, XPS, PL, and AFM
tools. 1V characteristics of solar cells were measured with Advantest 6240A source-
measurement unit. The detailed information about these methods can be found in the
Materials and Methods section in Chapter 2.3.

5.3 Gamma ray stability of perovskite materials in thin films
In the first part of this work, we explored the behavior of single-layer perovskite

films deposited on glass substrates. Such samples were exposed to gamma-rays with
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doses ranging from 100 to 5000 Gy and analyzed by XRD, XPS, UV-vis, and PL
measurements. The obtained results are presented in Figure 57 and Figure 58.

The Pb 4f-spectra of MAPDbIs samples (Figure 57a) show a high-energy shift in
the direction of the reference Pbl> thus suggesting a partial decomposition of the
material with the loss of organic component MAI under gamma-ray doses above 1000
Gy. This conclusion is also supported by XPS N 1s spectra (Figure 58), showing the
gradual depletion of nitrogen from the films. Importantly, XRD patterns of the exposed
films showed no detectable amounts of Pbl> (Figure 58). Therefore, the Pbl, formation
occurs at the surface, which makes it visible for XPS, probing only the upper layers of
the film, and not detectable for XRD, which is a bulk analysis technique.

Similarly, the XPS spectra of CsPbls showed clearly the formation of Pb° on the
film surface correlating with a dose of the gamma rays (Figure 57a), while no signatures
of metallic lead were found in XRD (Figure 58c). XPS Cs 3d and VB spectra showed
just minor changes suggesting that radiation exposure is not affecting Csl incorporated
in CsPbls (Figure 58). Interestingly, the decomposition of CsPbls goes to metallic lead
rather than to Pbl,, which is formed under the same conditions from MAPDIs. Most
likely, the observed difference is related to the fact that MAPDI3 can release volatile
products from the organic MAI component, which makes it a predominant
decomposition pathway. On the contrary, CsPbls cannot release organic volatiles, so
degradation goes further to Pb® and presumably molecular iodine I2.
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Figure 57. Evolution of XPS Pb 4f (a), UV-vis (b), and PL spectra (c) of thin perovskite films
under gamma rays exposure (100 -500 Gy).
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Figure 58. Evolution of XPS N 1s spectra (a), VB spectra (b) and XRD (c) of thin perovskite
films under gamma ray exposure (100 -5000 Gy).
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These findings correlate with the solar light-induced decomposition pathways
reported for these perovskites recently.*® Finally, it should be mentioned that XPS
spectroscopy and XRD revealed no radiation-induced damage for MAPDBTrs3,
Cso.15FA0.85Pbl3, Cso.1MA.15FA0.75Pbl3, and CsPbBr3 films.

While considering the UV-vis spectra (Figure 57b), one can notice that only wide-
bandgap bromoplumbate systems show a significant evolution of the optical properties,
while CsPbls films exhibited just minor changes. On the contrary, the spectra of all
narrow bandgap iodoplumbates with the absorption offset above 800 nm remain
virtually unchanged. The observed correlation between the spectral changes and the
material bandgap suggested that an increase in the absorption at short wavelengths
might be caused by glass darkening.

To check this hypothesis, we explored the behavior of pristine glass substrates
under exposure to gamma-rays. Figure 59 shows the evolution of the glass transmittance
after receiving the 10000 Gy dose and the visual appearance of the samples after the

radiation exposure.
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Figure 59. Evolution of glass substrate transmittance following exposure to 10000 Gy dose of
gamma-rays and after 40 days of relaxation (a) and change in the visual appearance of the glass
substrates after exposure to gamma rays (b).

Indeed, glass transmittance rapidly goes down under exposure to gamma-rays,
particularly in the region of 300-600 nm. lonization generates free electrons and holes
that become trapped in vacancies or impurities,'° thus creating color centers, which
significantly reduce the optical transmission of glass. Therefore, all changes in optical
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spectra of MAPbBTr3, CsPbBr3, and (to less extent) CsPbls films are associated with the
radiation-induced glass substrate darkening.

The third column in Figure 57 shows the PL spectra of the studied systems. PL of
MAPbIs films is gradually quenched with an increase in the gamma-rays dose, which
points to radiative defect formation. These results correlate with the XPS spectra of
MAPbI3, suggesting a partial material decomposition from the film surface. PL intensity
of MAPDBr3 films drops down after their exposure to 500 Gy and then remains stable
after receiving higher doses. Mixed cation Cso.1sFA0.s5Pbls and Cso.1MAo.15FA0.75Pbl3
show even increase in the PL intensity after radiation exposure, which is resembling the
behavior of the previously studied mixed halide system undergoing radiation-induced
phase segregation. Therefore, we can hypothesize that similar phase segregation effects
occur in Csg.15FA0.g5Pbls and Cso.1MAo.15FA0.75Pbl3 systems leading to the formation of
domains with higher phase purity and hence showing enhanced PL quantum yields. This
explanation is tentatively supported by increased spatial inhomogeneity of the film
emission for these systems after radiation exposure (Figure 60). As for all-inorganic
CsPbBrz and CsPblz perovskites, both of them showed no noticeable changes in PL
spectra after gamma ray exposure, which might suggest superior radiation stability of
these materials.

To sum up, the data presented in Figure 57, gamma-ray exposure of pristine
perovskite films showed that MAPbI3 and CsPbBr3 represent, respectively, the least and
the most stable perovskite materials. These findings correlate well with the
photostability characteristics reported elsewhere.®>3” CsPbls showing the best thermal
stability was found to decompose from the surface with the formation of metallic lead
under high radiation doses. We believe that it is a general feature of all-inorganic
perovskites comprising iodide anions. Indeed, we observed virtually the same behavior
(Figure 61) for CsPbl2Br used as a reference material, which has no problems with the
perovskite phase stability under ambient temperatures in contrast to CsPbls, which tends
to form orthorhombic yellow phase. Therefore, the revealed degradation pathway

should not be associated with the phase transition effects.
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Figure 60. PL maps of mixed cation perovskite films showing spatial inhomogeneity of the film
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Figure 61. Evolution of XPS Pb 4f spectra of CsPbBrl,+10%CsBr films under gamma rays.
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5.4 Gamma ray stability of perovskite materials in solar cells

At the next stage of the performed study, all perovskite materials were evaluated
with respect to radiation hardness in completed solar cells. We have chosen
ITO/SnO2/PCBA/Perovskite/PTA/MoOs/Al solar cell configuration as it showed
previously impressive stability.**8" The fabricated solar cells were placed inside a
metal tube with a fixed 3’Cs ionization source (E = 662 keV) with a dose rate of 2.5
Gy/min. After accumulating a certain dose (100-10000 Gy), we measured JV
characteristics and EQE spectra under light bias. More detailed information about solar
cell fabrication and characterization procedures can be found in Materials and Methods,
Chapter 4.3.

As was mentioned before, gamma rays significantly reduce glass transmittance
thus leading to a decrease in the number of photons penetrating to the perovskite active
layer and the associated current losses in a solar cell. To model this effect quantitatively,
we introduce a correction coefficient kx (which is a function of wavelength) showing a

change of glass transmittance after exposure to the gamma ray dose X:

Te(A
ke (1) = 253, (eq. 2)

where To and Tx correspond to transmittance values for non-exposed and exposed
substrate, respectively.
This coefficient is used further to calculate the EQE of solar cells assuming that
glass darkening is the only radiation-induced degradation effect:
EQEcqi(M) = EQE(o kraa)(A) * kx (1) - (eq. 3)
Figure 62 shows the evolution of EQE values for PSCs based on six different
perovskite absorbers after exposure to 10000 Gy dose of gamma-rays. Here, solid lines
show the experimental spectra measured under light bias, while the dashed red lines
represent calculated EQEca according to the equation (3). The gap between the
calculated and measured EQE values clearly shows the impact of gamma-rays on the
intrinsic device performance, i.e. not affected by the substrate behavior. We introduce
here an additional parameter T (which might be considered as a radiation tolerance
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factor) calculated following the equation 4, that physically means the ratio between
experimentally obtained photocurrent (integration of EQEexy) and the photocurrent
expected to assume that device behavior is affected only by glass darkening (integration
of EQEcal):

T = Jsc(integrated exp) (eq_ 4)

]sc(integrated cal)

Figure 62 shows that the lowest T-factor is obtained for the solar cells based on
the multication formulation Cso.1MAo.15FA0.75Pbls: these devices deliver only 81% of
the maximal achievable current density.

This suggests that this system undergoes degradation under gamma-ray exposure,
which leads to the decay of the photocurrent by 19% likely due to the recombination of
charge carriers in the radiation-induced trap defects. All-inorganic perovskites CsPbls
and CsPbBr3; showed rather a high photocurrent stability, delivering 96 and 98% from
the maximal calculated photocurrent values. These results were expected, as inorganic
perovskites were known to be very robust materials with respect to thermal stress and
solar light exposure. MAPbBr3 has a T-factor of 0.95, which implies a 5% reduction in
the Jsc due to the radiation damage of the device stack (besides substrate darkening).

Surprisingly, MAPbI3 demonstrated the highest stability under gamma-ray
exposure making a particular impressive T=1, which means that gamma-ray exposure
does not lead to any degradation effects limiting the photocurrent besides the glass
substrate darkening.

To analyze the changes in the device power conversion efficiency, we used the

following formula:

JR% ‘FF
PCEcal — ]SC(Ca) ch)li(:;d) (0 kRad) * 100% ) (eq. 5)
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Figure 62. Evolution of EQE spectra of the devices after 10000 Gy gamma ray exposure.
Calculated EQE spectra were modeled according to equation (3) and show the expected device behavior
assuming that photocurrent is affected only by the glass darkening effect. T-factor shows which fraction

of the expected Jsc(cal) is actually delivered by the device.

Assuming that gamma-rays induced only glass darkening effects, the device Voc
and FF are supposed to be unaffected, therefore we can take initial values measured
before the radiation exposure. The Jsc(ca is estimated by the integration of the modeled
EQEcan over the true AM1.5G spectrum. Therefore, PCEca represents the ultimate value

of the device power conversion efficiency, which can be expected assuming that
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gamma-rays do not affect anyhow device stack with except for the generation of color
centers in the glass substrate.

Figure 63 shows the comparison of the experimentally measured PCE values with
the theoretically expected PCEca. Solar cells based on Cso.1MAo.15FA0.7sPbls degrade
dramatically under the gamma-ray exposure mainly due to the intrinsic radiation-

induced processes rather than because of the decreased substrate transparency.
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Figure 63. Evolution of PCE under gamma ray exposure.

In particular, significantly decreased Voc and FF support the conclusion about the
formation of traps and the massive recombination of charge carriers in the active layer

and/or at some functional interface (Figure 64).
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[PTA/MoOs/Al solar cells under gamma ray exposure.

The solar cells based on Cso.15FA0ssPbls, MAPbBr3 CsPbls and CsPbBrs show
somewhat enhanced radiation stability, though their efficiency is dropping significantly
after exposure to 10000 Gy dose also due to decay of FF, Jsc, and Voc in some cases
(Figure 65, Figure 66, Figure 67, Figure 68).
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The solar cells based on MAPbIz showed a remarkable radiation hardness: both
Voc and FF do not change after exposure of the devices to 10000 Gy dose of gamma-
rays (Figure 69). The only process affecting the solar cell performance, in this case, is
color defect formation in glass substrates, which can be easily mitigated e.g. by using
quartz substrates. This result is unexpectable since MAPbIs is known to have very low

thermal and photochemical stability.
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Figure 69. Evolution of the characteristics of ITO/SnO/PCBA/MAPbIs/PTA/MoOs/Al solar

cells under gamma ray exposure.

We theoretically explain this phenomenon by first noting that despite MAPDI3
having a very high concentration of charge-neutral Schottky vacancy defects the carrier
diffusion length remains long and the photovoltaic efficiency high. Theoretically, this
has been thoroughly investigated'®14! and it has been concluded that the main reason
for this is that the most stable defect types do not introduce deep traps into the bandgap.
The material is classified as self-compensating and the energy of formation for the
Schottky defect is surprisingly low especially when compared with other
semiconductors. The concentration of the nil - Vy, + Vi + MAI in particular is
estimated to be about 2*10%° cm3 142
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Due to the heavy elements present, hybrid halide perovskites have a high
efficiency of gamma ray to free charge carrier conversion.**® Thus, band edge carriers
will become more dominant and the formation of native defects will be more strongly
coupled to them. In the case of MAPDI3, this leads to either the possibility that charge
band edge carriers will dominate (AH (V,;,) = AH,), the band edge holes will dominate
(AH(V;*) = AH,) or that both band edges holes and carriers will dominate (AH, =
AH,).X* Since our experiment shows that the material becomes I-poor on the surface
but remains I-rich in the bulk phase we can conclude that on the surface the band edge
carriers will dominate under gamma irradiation. Once MAI diffuses out of the
perovskite it is predominantly converted (Figure 70, Table 4) into CHzl and NHz gasses
through a substantial barrier (AG (298K) = 2.49 eV); however, this barrier is lower than
the energy required for the endothermic degradation of MAI to CH3NH, + HI
(AG(298K) = 4.10 eV), these latter products are in fact not observed in large quantities
in previous studies.®® Since the carbon-iodine bond is the weakest, it will be the first to
be cleaved by ionizing radiation. Our calculations indicated that the free energy of
forming a CH3z*+1* is comparable to the barrier of gas formation: AG(298) = 2.26 eV,
this process is highly entropic and becomes significantly more favorable as temperature
increases. The iodine can then favorably react with the ammonia and rejoin with the
methyl radical to recover MALI, this material then returns to the equilibrium and pushes
the reaction leftwards which in turn accomplishes self-healing:

MAPDI3 < Pbl, + MAL.
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Figure 70. A diagram showing mechanisms of MAPbI; decomposition based on theoretical
calculations. A green background indicates a solid-state while a blue background indicates the gas phase.

The reactions are all numbered and their Gibbs free energy of reaction can be referenced in Table 6.

Table 4. The reactions pertaining to Figure 70.

# Reactions H(eV) Gags (V)  S(eVIK)

1 MAPbI; - MAI + Pbl, (Solid State) -0.02 - -

2 MAI - CHsl +NHjs (Solid State) 1.02 - -

2 MAI - CHsl + NH3 (Gas Phase) 0.15 -0.29 1.49E-03
2" MAI > MAI(TS) [Barrier] 2.51 2.49 8.67E-05
3 CHsl - CHsz* + I* 2.63 2.26 1.26E-03
4 NHs+ I* - NHsl* -0.43 -0.16 -9.06E-04
5 NHsl*+CHs* - MAI -2.35 -1.80 -1.85E-03
6 L-oI*+1* 1.90 1.63 9.32E-04
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An explanation for why damage becomes limited to the surface is that the radical
iodine collides with the perovskite’s surface, which due to being charge-carrier
dominated will donate a charge and become passivated by the radical iodines. This is
essentially the gas-phase equivalent of the acidic passivation of a perovskite. It’s notable
that this latter explanation really does depend on the formation of radicals since acid-
base chemistry is normally not favorable in the gas phase due to a lack of solvation.
Even if we were to assume the alternative degradation of MAI to HI +CH3NH. were to
become dominant it would not introduce a Lewis acid to the surface the way that radical
ionization of MAI does. We plan to study this charge-transfer passivation in the future.

The transition state (activation energy) includes imaginary mode displacement
vectors, these confirm the character corresponds to the formation of NH3z + CHzsl. The
surface displayed is iodine poor corresponding to the removal of MAI and is predicted
to be band-edge carrier dominant. The vacancies are displayed as yellow balls (Figure
70). Thus, we strongly believe that the low thermodynamic stability of MAPbIs is, in a
way, responsible for the fast healing of material while under irradiation by gamma rays.
Indeed, it is experimentally known that MAPbI3 can easily dissociate to the volatile
species CHsl, NH3, and the Pbl, phase and then reform back from these species.*333

Therefore, in the case of MAPDI3, the reversible formation of the volatiles,
combined with the radical chemistry induced by ionizing radiation, their easy diffusion
in the active layer and the passivating effects of iodine as a Lewis acid can be considered
the fundamental mechanisms of fast defect healing. None of the other perovskite
materials actually form significant concentrations of volatile species at low
temperatures, thus the gas-phase healing cannot happen in these materials (Scheme 2).
For instance, MAPbBr; decomposition produced PbBr, and MABr. Though they can
react back and reform the perovskite phase, the diffusion ability of these components is
very limited since they are both stable solid phases.

Relaxation effects in the perovskite solar cells were studied after 40 days of
storage (room temperature, inert atmosphere) following their exposure to 10000 Gy of

gamma-rays. First, we observed that color defects in the exposed pristine glass
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substrates were partially healed and their transmittance was noticeably recovered
(Figure 59). Following the approach discussed above and using the equations (2) and
(3), we modeled the EQE spectra of each system with respect to the actual glass
transmittance after the relaxation.

Figure 71 shows the evolution of the EQE spectra of exposed samples after 40
days of storage and their comparison with the calculated values. One can see a notable
recovery effect, which can be both from the healing of color defects in the substrates
and radiation-induced defects in the absorber material. In most cases, the T-factors show
an increase over the 40 days of storage, which suggests that radiation-induced
degradation effects inside the device stack are reversible. We emphasize that actually
the recovery of the substrate transmittance might be responsible for the self-healing
effects frequently reported in the literature for perovskite solar cells exposed to
radiation. Therefore, careful control of the substrate behavior and appropriate reference
tests are required for an accurate assessment of the relaxation effects following the
radiation exposure of the perovskite solar cells.

5.4 Summary

To summarize, we performed a comparative study of six different perovskite
materials under gamma-radiation doses ranging from 100 to 10000 Gy. Using several
complementary techniques we revealed a surface decomposition of MAPbIs and CsPbls
in thin films under gamma ray exposure, while the bulk phase was not really affected.
The films of MAPDbBr3, Cso.15FA0.85Pbl3, Cso1MA.15FA075Pbls, and CsPbBrs did not
show any detectable changes in optical properties (UV-vis), surface (XPS), and phase
composition (XRD). The formation of defects leading to PL quenching was revealed for
MAPbI; and MAPbBr3. Multication perovskites showed enhanced PL intensities after
radiation exposure, which is consistent with their partial phase segregation induced by
gamma-rays. All-inorganic perovskites showed no change in PL even after receiving a

high dose of 10000 Gy, which suggests that these materials are very robust.
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Figure 71. Evolution of EQE spectra after 40 days of device storage at room temperature in an
inert atmosphere. Calculated EQE values consider glass darkening as the only effect leading to the

photocurrent decrease as compared to the non-exposed devices.

The radiation hardness of the completed n-i-p solar cells assembled in
ITO/SnO,/PCBA/perovskite/MoOs/Al configuration was substantially different from
the behavior of the perovskite thin films. In particular, the devices based on multication
(Cso.15FA08sPbls and Csoi1MAg.1sFA075Pbls) perovskites showed poor radiation
stability. The observed degradation can be attributed to the radiation-induced phase
segregation effects. All inorganic PSCs showed minor decay in Jsc and FF, which

suggests the formation of deep trap states leading to massive recombination of charge
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carriers. MAPbBr3z solar cells degraded mainly due to Voc and FF decay, while
photocurrent remained stable under gamma ray exposure.  Some recovery of the
photovoltaic performance after 40 days of storage was shown to be both due to the defect
healing in the glass substrates and perovskite materials.

Surprisingly, the methylammonium-based perovskites MAPbIs, known for the
low thermal and photochemical stability, demonstrated a remarkable radiation hardness
in solar cells. The MAPbIs-based devices did not show any degradation effects even
after exposure to the impressive dose of 10000 Gy of gamma-rays besides some minor
photocurrent decrease exclusively because of the substrate darkening. The observed
exciting radiation tolerance of perovskite solar cells with the MAPbI3z absorber layer
was attributed to the unique dynamic behavior of this material capable of reversible
decomposition with the formation of volatile species, which can diffuse easily within
the perovskite lattice and heal the radiation-induced defects. The presented findings
change the paradigm of research in the field focused on the development of perovskite

solar cells with enhanced radiation stability for space applications.

Conclusions

In this thesis, we performed a systematic study of multiple systems involving
different perovskite absorbers and charge transport interlayers and explored their
behavior under exposure to simulated solar light or ionizing radiation. Starting from
individual thin films and going all the way to completed devices we revealed a number
of important degradation mechanisms and featured the most promising material
combinations potentially suitable for reaching long-term perovskite solar cell
operational stability.

A comparative analysis of five organic charge transport layers in two different
sample geometries, glass/ICTL/MAPbI; and glasssMAPDIz/CTL, provided
complementary information on the interfacial chemistry and encapsulation properties of
the corresponding CTL materials. We discovered that rylene diimides NDI and PDI

form adducts with Pbl> which shifts the thermodynamic equilibrium in the system and
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accelerates the decomposition of the perovskite films. Spiro-OMeTAD was found to
react with CHsl, which is another perovskite degradation product, most probably via the
formation of quaternary ammonium salts as revealed by ToF-SIMS analysis. Such
interfacial chemistry affects badly the operation lifetime of the devices. Among the
studied CTLs, fullerene derivatives (PCs1:BM, PC7:BM) delivered the most impressive
results as top encapsulating coatings improving the bulk stability of the perovskite films.
However, interfacial degradation related to MAI diffusion and accumulation in the
fullerene-based ETLs strongly deteriorates their electrical characteristics and ruins the
perovskite solar cell performance.

A systematic study of 20 different systems based on combinations of four hole-
transport materials (NiOx, PEDOT:PSS, PTAA, and PTA) and five lead halide
perovskite formulations (MAPbI3, CsFAPDbI3, CSMAFAPDI3, CSMAFAPb(Brl)3 and
CsFAPD(Brl)3) provided essential information on the factors governing the stability of
HTL/perovskite interfaces under light exposure. It was found that polyarylamines PTA
and PTAA represent the most promising HTLs among the studied materials since they
do not undergo aggressive heat- and light-induced chemistry with complex lead halides.
Interfacial reactions between NiOy and MAPbI3 produce Nil2 and PbO, thus leading to
device failure. ToF SIMS analysis revealed that PEDOT:PSS also does not form a stable
interface with the perovskite absorber most likely due to the formation of Pb-PSS salts.

We showed that lead halide perovskite formulation can strongly affect both bulk
and interfacial degradation pathways realized under sample exposure to light and heat.
In particular, multication and mixed halide perovskites tend to undergo light-induced
recrystallization leading to the loss of the continuous film structure and appearance of
voids and pinholes. Additionally, the formation of non-active 3-phase of FAPbIs under
light exposure was observed. Such unfavorable phase dynamics are strongly accelerated
when the perovskite films are grown atop “aggressive” HTLs, which suggests that film
degradation is catalyzed by defects formed at the interfaces. It should be emphasized
that light-induced absorber crystallization and halide phase segregation effects were

essentially suppressed by depositing the PCs1BM ETL layer atop the perovskite films,
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which illustrates the importance and synergy of both HTL/perovskite and
perovskite/ETL interface engineering. The obtained results and, in particular, device
stability studies featured MAPDI3s as one of the most stable lead halide perovskites
showing impressive photostability in thin films (no detectable aging within 4000 h) and
completed solar cells (stable for >1000 h).

Exploring the impact of gamma rays on perovskite thin films and solar cells
resulted in several important findings. In particular, we observed for the first time halide
phase segregation in Cso.1sMAo.10FA0.7sPb(Bro.17lo.e3)z perovskite films induced by
gamma-ray exposure as evidenced by a set of complementary techniques. Multication
perovskite systems such as Cso.1sMAo.10FA0.7sPblz and Cso.15FA0.8sPbls also showed
some clear signatures of phase segregation promoted by gamma rays. While analyzing
the radiation stability of PSCs, we found that devices based on all-inorganic absorbers
such as CsPbls and CsPbBrs are quite promising since they show just a minor efficiency
roll-off after exposure to 10000 Gy of gamma-rays. The lowest radiation stability was
observed for devices with multication perovskite formulations: a significant decrease in
Jsc and FF suggests the formation of deep trap states leading to massive recombination
of charge carriers. Among all studied PSCs, the devices incorporating the MAPbI3
absorber layer demonstrated a remarkable radiation hardness. No degradation effects
were observed even after exposure of the MAPbIs-based solar cells to the impressive
radiation dose of 10000 Gy, which is 10 times higher compared to the total average
ionization dose received by satellite within 25 years of exploitation on Low equatorial
orbit. Notably, the observed excellent radiation hardness of MAPDbI3 devices also
correlates with the superior photostability of PSCs based on this absorber material. Such
unexpected results were attributed to the unique dynamic behavior of this material
capable of reversible decomposition with the formation of volatile species, which can
diffuse easily within the perovskite lattice and heal the radiation-induced defects.

The research findings of this thesis point also to new challenges to be addressed
in future projects. One of them is to develop stable ETL materials for p-i-n perovskite

solar cells. A possible solution emerging in the literature is based on combining
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fullerene-based materials in composites with some inert polymeric fillers, e.g.

poly(methyl methacrylate, 4

capable of blocking MAI diffusion, which is an Achilles
heel of the current generation of PCe1:BM-type ETLs. Alternatively, the introduction of
additional diffusion barriers such as Al,03'?* at perovskite/PCe1BM interface is actively
explored to block MAI migration. Another important concern is related to color defect
formation in substrates exposed to high gamma ray doses. To address this issue one
should replace conventional glass with alternative substrate materials, e.g. quartz'%* or
flexible PET,*® which are more resistant to ionizing radiation.

Finally, it is worthy to mention that perovskite photovoltaics is still a hot topic in
science and continues to pose challenges to researchers from all over the world. We
believe that this work makes a valuable contribution to this field and represents one of

the important steps on the way to perovskite PV technology commercialization.
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