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Abstract

In recent years, perovskite solar cells (PSC), have stunned the photovoltaic field owing to their unique combination of high performance
and low-cost fabrication process. Compared with the existing technology, PSCs have demonstrated their potential by establishing an
unprecedented increment in the power conversion efficiency (PCE) from 3.8% to >23.2% in less than a decade. Typically, hybrid
perovskites are used, where the organic cations inside the perovskite satisfy the Goldschmidt tolerance factor, but present an oriental
disorder in the crystal which increases with the temperature. In this context, in the present proposal we aim to perform a combination of]
neutron reflectometry and SANS experiments to study the structural part of the perovskite layer of the solar cells, paying special attention
to the degradation of the perovsike and the organic cation segregation inside the perovskite structure. We will add up the results of these
experiments with measurements of the PCE of each sample fresh and degraded. This will provide us with a scenario where we will be
able to correlate the efficiency of the PSC with the degradation and organic cation distribution in the perovskite layer.
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1. Background.

In recent years, perovskite solar cells (PSCs), have stunned the photovoltaic field owing to their unique
combination of high performance and low-cost fabrication process.>? Compared with the existing technology,
PSCs have demonstrated their potential by establishing an unprecedented increment in the power conversion
efficiency (PCE) from 3.8%[! to >23.2% (http://www.nrel.gov/ncpv/) in less than a decade.

Typically, hybrid perovskites like CH3sNHsPblzare used. The methylammonium cation satisfies the Goldschmidt
tolerance factor (t=0.89), but presents an oriental disorder in the crystal which increases with the temperature. In
this circumstance, three different crystal phases occur at different temperatures. Larger organic cations such as
formamidinium, which involves a tolerance factor close to one, have also been employed. However,
formamidinium based perovskite exhibit a corner sharing a-phase perovskite structure or a face-sharing 3-phase
perovskite when the film is annealed above or under 150°C, respectively.[

In order to develop stable perovskite solar cells, different approaches were carried out. In previous works, Salado
et al.’! studied the mixture of methylammonioum (MA*) and formamidinium (FA*), and the results show that
the addition of 20% MA avoided the undesirable formation of the 6-phase while maintaining the red-shifted band
gap of FAPDI3, obtaining the best result with an addition of 40% MA. Recently, Yi et al.®l demonstrated that the
best performance of the mixture was only with the addition of 10% MA. A stable “quasi-cubic” phase at room
temperature is formed, achieving impressive efficiencies of 20.2%. Other inorganic cations were also used such
as Cs or Rbl], paving a way towards replacement of organic cations in lead halide perovskites. In addition, triple
cations (MA)/(FA)/(Cs) have been studied by different groups, showing that the addition of a low percentage of
Cs, helping stabilizing the structure and increasing its thermal stability.[®¥] Seok et al.l'®! demonstrated that a
careful control of the growth conditions of perovskite layers, taking into account deficiency in halide anions, is
essential for achieving high-efficiency devices. Although, with the addition of a mixture of different cations and
halides devices a higher crystalline and stable perovskite is obtained, some reports indicate the existence of a
non-perfectly homogeneous crystalline structure, but by a nanoscale segregation of multiple perovskite
compositions.[*4

2. Scientific case.

It is well known that the microstructure and phase purity of the films rely on the perovskite formation processes.
A variety of different deposition techniques have been used with the aim to achieve high quality perovskite layer,
such as two step (sequential) deposition 2, vacuum evaporation®, vapour-assisted depositiont*4, or recently
solvent engineering approach.® However, even if the correlation between material quality and device
performance has been extensively studied, a complete understanding of the degradation rate under external
agents and cation segregation phases of perovskite remains unexplored. This is a major concern regarding the
commercialization of this technology, where several factors, including temperature and humidity, among others,
affect the long term stability of the devices under operating conditions€l. Despite considerable and successful
research efforts to increase the PCE, relatively little progress has been made to understand the degradation
mechanism of the PSCs, and to overcome the stability problems of these materials. Different strategies, such as
crosslinking, doping, passivating, shielding with molecularly designed materials or enveloping the perovskite
molecular structure in a foreign chemical environment, have been reported for improved humidity and UV-
induced degradation (See Fig.1 bottom centre). However, increases in stability generally result in reduced PCEs.

In this context, within the present proposal we plan to perform a combination of neutron reflectometry and SANS
experiments aiming at studying the structural part of the perovskite layer of the solar cells, paying special
attention to the organic cation segregation inside the perovskite structure. The samples issue of study here will
be composed of a 200nm thin film layer of perovskites of different compositions, spun-coated on top of a silicon
block acting as a substrate. In order to avoid the effect of the roughness of the perovskite layer, after a discussion
with the instrument scientist we decided to perform the reflectometry measurements with the incident beam
coming from the substrate side, thus being sensitive to any changes in the perovskite layer at depths close to the
interface with the substrate. In particular, we aim at obtaining information about two differentiated, but related,
processes happening in the PSC samples: (i) the effect of degradation in both the organic cation(s) and the
inorganic structure, and (ii) the segregation of the cations within similar crystal structures in different PSC

samples. The degradation process of the PSCs happens as follows: (MA)PbI; T’—/;’(MA)I + Pbl, + HI(g),
where (MA) is the organic cation in this particular case.l*”! A combination of reflectometry and small angle
measurements is proposed in order to get information about the effect of the degradation and cation segregation
processes in the PSCs.

The reflectometry measurements will provide information about the depth profile of the PSCs once the
degradation process is initiated, where thin layers of the resulting compounds (MA)I and Pbl, will coexist with
the initial (MA)Pbl; PSC layer. Following previous studies, we suggest that the degradation process in these
samples consists in the formation of a Pbl; thin film at the bottom interface between the perovskite layer and the
substrate.[*819 The time evolution of this process under temperature, humidity or UV light irradiation conditions
will be studied with this technique for samples with four different cation compositions: only
methylammonioumn, only formamidinium, a mixture of cations of methylammonioumn and formamidinium,
and the last one with a mixture of an organic cation and an inorganic one (Caesium).



It is well known that in perovskites formed by mixed organic cations, organic cation segregation occurs.[20-23
This results in the formation of a particular cation-rich regions inside the perovskite thin film. With a small angle
neutron scattering experiment in PSCs of fresh samples with the aforementioned compositions, together with
measurements of the samples after being degraded, we will be able to get information about:

e The amount of segregated cation in each PSC sample (for multiple cation compositions).

e The homogeneity degree of the cations within the perovskite layer of the PSC samples. This is expected
to change between a fresh sample (where a homogeneous distribution is expected to occur) and a
degraded one (where segregation of cations MA/FA/Pb?* is expected to happen).

e If a structure factor appears, we would be able to estimate the mean distance among the segregated
cations, which will be different in fresh and degraded samples.

e The effect of different degradation agents (temperature, humidity, UV light exposure) on the segregation
effect of the cations inside the perovskite structure, correlated with the depth profiles obtained with NR.

A previous study shows crystallite sizes of OSCs with MA cations in the range of 30 to 400nm 241, a length scale
resoluble with SANS. We will add up the results of these NR and SANS experiments with measurements of the
PCE of each sample fresh and degraded. This will provide us with a scenario where we will be able to correlate

the efficiency of the PSC with the degradation and organic cation distribution inside the perovskite structure of
each sample.

Due to the low scattering cross section of the organic compounds with X-Rays it is not possible to perform any
experiment involving this type of radiation with our PSC samples, thus making it possible only with small-angle
neutron scattering measurements, where the scattering length density of organic materials is high enough. In
order to distinguish between the different organic cations, present inside the same PSC, we will deuterated one
of them in order to differentiate its SLD with respect to the other cation.

3. Experimental plan

For both the reflectometry and SANS experiments, we plan to measure the degradation processes of four different
sample compositions at three different temperatures, and three relative humidity values, combined with exposure
and non-exposure to UV light, making a total of 48 measurements. By performing scans of 2.5 hours for each
experiment type, the total measurement time in each instrument will be 120 h. Adding up the necessary time to

set up the measurements, we request a total of 6 days in each instrument for both the NR and SANS
measurements.
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Figure. (Left) Perovskite structure and position of the different elements that can compose it. (Top center) Scheme of Perovskite sample

with mesoscopic structure. (Bottom center) Perovskite film degradation process (left to right) after 90 days in humidity conditions. (Right)
J-V curve of MAPbI; and mixed perovskite.
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