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Abstract

Organic inorganic hybrid perovskite crystals, which ca be easily formed
by chemical reaction of metal halide and organic halide, show excellent
photo-electronic properties such as band gap, absorption coefficient, and
carrier diffusion length by themselves. The properties are dependent on
comprehensive quality of perovskite crystal-clustered thin films which
finally influences on photovoltaic performance of complete devices. To
realize perovskite solar cells with high performance, it is required to
understand fundamental principles of crystal formation and develop
fabrication process of perovskite crystal-clustered thin films based on basic

principles. Additionally, since these perovskites have weak bonding



between organic and inorganic parts, the decomposition of perovskites
occurs actively in air condition under light irradiation. To achieve stable
operation of perovskite solar cells for several years, investigation of
fundamental origin and principle of perovskite decomposition should be
preferentially performed.

First, the general way to fabricate perovskite films is reacting solidified
lead halide thin films with organic halide dissolved in solutions. In this
crystallization process, which is simply called two-step method, various
reaction conditions affect the crystallization growth rate and crystal sizes
which consequently determine the quality of perovskite films. To obtain
high-quality perovskite films, the effect of reaction conditions such as
temperature and concentration of organic halide was theoretically and
experimentally investigated. Based on thermodynamic analysis on the
crystallization of perovskite, the grain size equation was derived by
considering the change in Gibbs free energy. From the equation, the grain
sizes of the perovskite can be controlled not only by organic halide
concentration but also by the reaction temperature of the crystallization

process. By varying the reaction temperature from -10 C to 50 C, the

grain sizes were dramatically changed from few hundred nanometers to few
micrometers under the same concentration. It is found that the
concentration and the temperature play a critical role in determining the
grain sizes and the performance of perovskite device.

In the two-step method, there is the limitation in terms of perovskite

film coverage due to crystal growth along vertical direction. Since the
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perovskite coverage is crucial in photovoltaic performance, it is required to
develop a new fabrication method which enables formation of fully-
covered, dense and homogeneous perovskite films by controlling the
perovskite crystallization. Before the formation of perovskite films,
transparent Lewis-base adduct films was previously formed as the
intermediate step and heated to be slowly crystallized by removing Lewis-
base. Perovskites fabricated from Lewis-base adduct exhibited high charge
extraction characteristics and slow recombination rate. Finally, Perovskite
solar cells fabricated via Lewis-base adduct approach showed the best PCE
of 19.7% and average PCE of 18.3% from 41 cells, which is indicative of
high reproducibility.

These perovskite materials are vulnerable to the deterioration caused by
humidity and light. The most widely used perovskite, CH;NH;Pbl; is
structurally distorted tetragonal crystals due to unbalance of ionic radii
between ions. The crystal structure of perovskites can become more stable
by increasing the Goldschmidt tolerance factor close to unity by
incorporating other organic cation and halide anion with different ion sizes.
An addition of formamidinium (HC(NH,),) cation and bromide (Br) anion
not only structurally stabilize the perovskite materials by inducing cubic
crystals, but also enhance their photovoltaic performance. By
comprehensively optimizing mixed cation and/or halide anion system of
MAFA,Pbl,Brs., in terms of both stability and performance, structurally-
stabilized mixed compositional MA,¢FA(4Pbl,¢Bry; perovskite-based

devices formed via lewis-base adduct method exhibited the best PCE of
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20.2% without photocurrent hysteresis and enhanced stability under one
sun illumination.

Perovskite solar cells have shown fast degradation under actual
operation even with encapsulation and its reason has been still elusive. A
novel experimental set-up to deposit charges generated via a corona
discharger on the perovskite surface reveals that perovskite materials
degrade irreversibly through grain boundaries in the presence of moisture
only when charges traps on the perovskite surface. These results indicate
that the moisture-induced irreversible decomposition of perovskite
materials was triggered by trapped charges. The Kelvin Probe Force
Microscopy measurements confirmed that charges are trapped
preferentially on the grain boundaries when gas ions are deposited and light
is illuminated. Moreover, the synergetic effect of oxygen on the trapped-
charge driven degradation was also identified. From these observations,
possible scenario on the degradation mechanism is suggested. The
deprotonation of organic cation induced by locally-intensified electrostatic
force due to trapped charge would be attributed to the irreversible

degradation of perovskite materials.

Keywords: perovskite solar cell, Gibbs free energy, grain size equation,
lewis base adduct, tolerance factor, cubic structure, mixed
compositional perovskite, degradation mechanism, trapped charge
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Chapter 1. Introduction

1.1. Research Background and Objectives

Solar cell technology have a long history from the first generation
Si solar cell to currently-developed numerous types of solar cells
adopting new materials. To date, the direction of the history flows to
replace expensive Si solar cells. Many researchers cannot help
concentrating on cheap materials functioning as a light harvester,
which leads to exploration of organic materials. Organic materials-
based photovoltaics were on the rise as next-generation solar cells,
however, their relatively lower performance and stability drag their
industrialization down. In the meantime, one of organic inorganic
hybrid materials, CH;NH;Pbl; (MAPbIs)-based photovoltaics were
reported for the first time in 2009 from a group of Prof. Miyasaka[1].
The device employed liquid electrolytes, which resulted in low
stability due to chemical reaction between liquid electrolyte and
MAPDI; perovskite. Four years after, Prof. Park reported the solid-
state MAPbI; solar cells, demonstrating the best PCE of 9.7%][2],
which was comparable to the best PCE of organic photovoltaics
(OPV) or dye-sentitized solar cells (DSSC) at that time. These

organic inorganic hybrid pereovskite materials have not only



advantages of organic materials such as low cost and low-
temperature processability but also excellent properties as a light
harvesting material such as high extinction coefficient, direct band
gap and long carrier diffusion length[1-4]. After that, the perovskite
solar cells quickly renewed the world-best PCE record as a
consequence of worldwide interest from a lot of solar cell
researchers[5-7].

Unlike general organic materials, these organic inorganic hybrid
perovskites are crystalline materials which can be formed by
crystallization process[8]. Perovskite thin layers in photovoltaic
devices are usually the set of few hundreds nanometer-sized crystals
because the thickness of the layers is about 500 nm. Since the quality
of the perovskite thin layer is directly associated with photovoltaic
performance of perovskite photovoltaics, it is essential to improve
both the quality of each crystals and overall morphology of films[9].
Charge generation and collection will be improved when the crystal
size is bigger and the defects of the crystals is less[10]. The
morphology is also crucial in charge separation and transport. The
more dense and homogeneous the film is, the better performance can
be realized. Accordingly, at the initial stage of perovskite
photovoltaic research, there were a lot of study on the formation of

MAPDI; films to improve the PCE. Until sequential deposition



method, so-called two-step method, was reported by a group of
Prof.Gratzel[3], MAPbI; films were formed by spin-coating
precursor solution dissolving  Pbl, and CH3;NHi;l (MAI) in
GBL][1,2,8]. Since the solubilities of Pbl, and MAI to polar aprotic
solvent like GBL and DMF are quite different, Pbl, is crystallized
faster than MAI during spin-coating process which is attributed to
poor film morphology. To improve the film quality, Gratzel et al.
introduced the two-step method, in which MAI solution in 2-
propanol reacted with the solid Pbl, film after the Pbl, film was
formed by spin-coating solution dissolving Pbl, in DMF first. They
achieved the best PCE of 15% via this method, leading to dramatic
performance increase of perovskite solar cells. After that, Im et al.
reported the 17% PCE via modified two-step method[10], in which
the concentration of MAI was optimized to obtain MAI perovskite
films with large grain size. In the paper, MAPbI; cuboid size is
determined by the concentration of MAI, however, the reason was
elusive. It was required to understand the crystallization mechanism
and what determines the cuboid size and the film quality. In chapter
2, the crystallization process is analyzed based on thermodynamics
of chemical reaction in two-step method[11]. By tracking change in
Gibbs free energy during the crystallization, critical energy for

spontaneous crystal growth can be obtained. From the critical energy,



the number of nuclei to be spontaneously crystallized is calculated
with assuming boltzmann distribution of reactants. Finally, the grain
size equation for this two-step method is derived as a function of
concentration, temperature and surface tension. The trend of grain
size depending on concentration is well fitted with experimental
results of the previous work[10]. the reaction temperature
considerably affect the cuboid size of perovskite films as known
from the equation, the effect of which was experimentally confirmed.
The cuboid size increases as temperature increases, which finally
leads to high short-circuit current. However, overall photovoltaic
performance decreases due to low open-circuit voltage as a
consequence of low surface coverage because of three dimensional
crystal growth. The study can provide which parameters determine
crystal size and photovoltaic performance as a fundamental analysis.
Meanwhile, researchers tried to wash out solvent rapidly during
spin-coating by dripping nonpolar solvent as new methods [12,13].
When perovskite precursor solution dissolving both Pbl, and MAI in
polar aprotic solvent was spin-coated on the substrate, polar aprotic
solvent could be selectively washed out by dripping nonpolar solvent
and Pbl, and MAI could be simultaneously solidified. The different
solubility of Pbl, and MAI can be overcome via such nonpolar

solvent dripping approach. However, since perovskites are



immediately crystallized at the moment of nonpolar solvent dripping,
it is difficult to control the crystallization process[13]. Additionally,
perovskite crystals are formed with small grain size as a consequence
of fast crystallization. Various nonpolar solvent for dripping and
polar aprotic solvent for dissolving both lead halide and organic
halide are examined through experiments. A group of Prof. Seok
reported solvent engineering method, in which precursor solution
prepared by dissolving lead halide and organic halide in GBL and
DMSO (7:3) mixed solvent was spin-coated with toluene
dripping[12]. The intermediate MAI-Pbl,-DMSO phase was formed
right after spin-coating, which finally changed into dark brown
perovskite films by heating. It is well known that DMSO have
interaction with lead halide as can be seen in the previous reports
[14,15]. DMSO could be used to retard crystallization of lead iodide
by adduct formation. To get high performance and reproducibility
under such one-step methods with dripping treatment, deliberate
fabrication process had been still necessary. Sulfur atom of DMSO
molecule can readily provide unshared electron pair to lead atom of
lead iodide, which results in lewis base adduct formation[16]. The
adduct state can be maintained when equimolar DMSO exists. To
control the molar amount of DMSO after spin-coating, nonpolar

solvent should be carefully chosen. The widely used nonpolar



solvents for dripping, as mentioned above, were toluene and
chlorobenzene, but such solvents are miscible with DMSO. In this
regard, the amount of DMSO would be different depending on spin-
coating and dripping condition. In chapter 3, lewis base adduct
method for highly reproducible and efficient perovskite films was
introduced, in which diethyl ether is employed as a nonpolar dripping
solvent to selectively wash out DMF solvents[16]. The precursor is
prepared by dissolving Pbl,, MAI, and equimolar DMSO in DMF.
The adduct was characterized by FT-IR measurements to define the
adduct film. Perovskite photovoltaics fabricated via adduct method
show improved charge mobility and extraction through photo-CELIV
measurement, and their photovoltaic performance is verified from J-
V curves of 41 cells, presenting the best PCE of 19.7% and averaged
PCE of 18.3 with small standard deviation.

Although MAPDbI; films can be well-defined via adduct method,
the stability against light and air was still not guaranteed[17]. After
the decomposition of perovskite materials into lead iodide, the device
can generate electrical energy from solar light no more. Therefore, to
delay the decomposition must be the highest priority for practical
uses of perovskite photovoltaics. MAPbIs-based perovskite devices
have shown fast deterioration under light illumination[17], which is

indicative of low possibility of commercialization itself. But, it is



possible not only to engineer chemical compositions of these
perovskite materials but also to modify structural phase by addition
of different organic cation such as formamidinium(HC(NH,),, FA)
and halide anion (Cl, Br)[5]. In other words, the resistance against
light and air can be enhanced via such compositional engineering
approach. To stabilize the crystal structure of perovskite materials,
the Goldschmitz tolerance factor (t), which is calculated from the
ratio of the ionic radii, should be adjusted in the range from 0.9 to 1
corresponding to undistorted cubic phase[18]. In the case of MAPDI;
perovskite, the t value is 0.84 due to small organic cation and big
halide anion[19], which cause the distortion of crystal structures. As
the ionic radius of FA cation is bigger than that of MA cation, the t
value can be tuned to be close to 1 by incorporation of FA cation. In
chapter 3, new compositional perovskites that is more efficient and
stable than conventional MAPbI; are developed in the mixed cation
and/or  halide anion system of MAFA, Pbl,Brs.,.[20]
MA cFA4Pbl29Bry; perovskites show not only the enhanced
stability under one sun illumination in ambient air condition, but also
those-base photovoltaic devices demonstrate the best PCE of 20.2 %
without J-V curve hysteresis. It is notable that new mixed perovskite
is not changed into hydrated state under high humidity (90%). On the

contrast, MAPbI; film is hydrated under the same condition rapidly.



Such improvement is mainly attributed to structurally stable
perovskite composition via tuning the t value.

While the perovskite materials itself have been optimized for the
stability and performance, the stability of perovskite-based
photovoltaic devices have been still troubled and the reason why the
performance of perovskite solar cells have shown fast decay under
light illumination is still elusive[21]. The lifetime of the device are
highly dependent on the kind of charge selective layers regardless of
external encapsulation[22]. Namely, different charge selective layers
determine charge carrier extraction and transport, which would be the
reason why the device stability is influenced by charge selective
layers. Such characteristics would be associated with different J-V
curve hysteresis depending on charge selective layers[20,23]. In this
respect, the effect of charge on the stability of perovskite materials
and those-based devices should be investigated to overcome short
device lifespan under light illuminated condition. It is critical to
verify degradation mechanism of perovskite solar cells.

In chapter 5, by analyzing the degradation pattern of perovskite
solar cells depending on different electron transport layers, it is
hypothesized that charges trapped along interfaces would be
responsible for irreversible degradation[20]. To prove this, a novel

experimental setup using corona discharger is used to deposit charges



on the perovskite surface and change in perovskite films was
observed with or without water molecules. The degradation occurred
only when both charges and water molecules simultaneously exist,
which indicates that water-induced degradation of perovskite takes
place in the presence of trapped charges. The degradation begins at
grain boundaries of perovskite surface. Irreversible degradation is
attributed to charges trapped along grain boundaries. Finally, the
degradation scenario is suggested from these observations in addition

to the synergetic effect of oxygen on degradation.



1.2. Thesis Outline

This thesis consists of six chapters. This Chapter 1 is devoted to
overall introduction of this thesis. Next four chapters deal with
experiments, results and discussions about my thesis entitled “Study
on Formation and Decomposition of Perovskite Crystal for Highly
Efficient and Long-term Stable Perovskite Solar Cells”

Chapter 2 focuses on perovskite crystal growth based on
thermodynamics and Chapter 3 proposes lewis base adduct method
to fabricate perovskite films. These two chapters suggests fabrication
principles and methods for perovskite solar cells with high
performance.

Chapter 4 is dedicated to a new mixed perovskite material in the
mixed cation and/or halide system of MA\FA,Pbl,Brs.y, which
shows both improved performance and long-term stability. Lastly,
chapter 5 deals with fundamental mechanism of degradation of

perovskite solar cells.
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Chapter 2.
Thermodynamic Regulation of Perovskite

(CH;NH;PbI;) Crystal Growth

Published in Journal of Materials Chemistry A, 2015, 3, 19901

2.1. Introduction

Research on solid-state perovskite solar cells based on the light
harvester, methylammonium lead iodide, MAPbI; (MA = CH3;NH3),
has received considerable attention due to their low-cost technology,
ease of processing and excellent photovoltaic performances.
Following the first report on a 9.7% efficient perovskite solar cell in
2012,[2] the power conversion efficiency (PCE) of the device has
been developed during a number of studies[1,4]. As a result, a PCE
of 20.1% was reported in 2014[6], which is the highest certified
value among organometal halide perovskite solar cells. Solution-
processed techniques using onestep[12,13]/two-step[3,10] and vapor
deposition methods[4] have been proposed to improve the potential
performance of the perovskite solar cells. In particular, a two-step
solution process, which involves sequential deposition of Pbl, and

MALI reacting readily to form MAPbIs;, has been used due to the
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possibility of controlling the fabricated grain sizes[4,24]. It is
important to note that the grain sizes of the perovskite active layer
affect the photovoltaic performances.[25,26] It was reported that
MAPDI; grain sizes could be controlled by changing the MAI
concentration, which led to enhancement of the properties of the
solar cell device.[10] However, there are many other factors, such as
temperature, surface tension and humidity, that affect the
performances of perovskite solar cells by engineering the MAPbI;
grain sizes.[25,27,28]

Herein, we report a fundamental analysis using a thermodynamic
equation and temperature-controlled two-step solution engineering,
which was used to investigate the correlation of the MAPDI; grain
sizes with reaction temperature. Deriving a thermodynamic reaction
model equation from Gibbs free energy, we demonstrate that the
grain sizes of the MAPDI; active layer can be controlled not only by
the MAI concentration but also by the reaction temperature of a two-
step process that involves spin-coating MAI on the Pbl, film. It is
found that the temperature in the two-step coating process is crucial
in determining the MAPDI; grain sizes and the performance of

fabricated solar cells.
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2.2. Results and discussion

The fabrication process of MAPDI; perovskite solar cell using
two-step spin coating method is schematically illustrated in Figure
2.1. To form the Pbl, crystallized film, 1 M N,N-dimethylformamide
(DMF) solution of Pbl; is spin-coated on the mp-TiO,/bl-TiO,/FTO
substrate, where mp and bl stand for mesoporous and blocking, and
annealed on a hot plate as shown in Figure la. Subsequently, MAI
solution in 2-propanol is spread on Pbl, film in order to crystallize

MAPDI; perovskite (Figure 1b).[29]
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MAPDI, crystal

Thermodynamic process of MAPDI, crystallization

Figure 2.1 Schematic illustrations of fabrication process of
perovskite solar cell using two-step spin-coated method. (a) First,
Pbl; solution (1 M in DMF) was spin-coated on the mesoporous
(mp)-TiO, layer deposited on fluorine-doped tin oxide (FTO)
substrate with the thin blocking (b])-TiO, film, followed by
annealing to form the Pbl, film. (b) Second, MAI solution (0.05 M in
2-propanol) was loaded on the Pbl, film in order to crystallize
MAPDI; perovskite and then spun after 30 sec. (b1) MAPDI; nuclei
were formed while MAI solutes constantly collide with Pbl, film.
(b2) MAPDI; nuclei selectively grew up based on statistical
thermodynamic model. (¢) Spiro-MeOTAD was spin-coated on the
MAPDI3 film and Au electrode was thermally evaporated to

complete solar cell.
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The chemical reaction to form MAPDI; in two-step procedure can

be expressed as equation 1,

Pbla(s) + MAI (sol) <> MAPbI; (s) (1)

where MAI concentration in 2-propanol is determinant for the
direction of the chemical reaction. Higher MAI concentration will
push the reaction to right due to shift of equilibrium, leading to
crystallization of perovskite. In the detailed process of forming
perovskite, MAI constantly collides with solid Pbl,, which leads to
form MAPbI; nuclei by probabilistic model. Then the tiny-sized
nuclei which have enough energy for crystallization can selectively
grow bigger according to thermodynamic model. The change of
Gibbs free energy per unit volume (AGy) with thermodynamic

mechanism of crystallization is calculated by equation 2,[30]

where k is the Boltzmann constant ,7" is the temperature of
reaction, C is the concentration of MAIL, C, is the equilibrium
concentration of MAI, and Vy, is the volume of a solute particle. The
Co depends on temperature. When the crystallization occurs in
solution phase, the change of Gibbs free energy by surface tension
between the surface of crystal and solution (AGs) should be

considered together, and it can be written as equation 3,
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AG, =gy, 3)

where o, is the average surface tension. Since MAPDI;
perovskite is a tetragonal structure at room temperature, the shape of
MAPDI; can be assumed to be cube. Total change of Gibbs free

energy (AG) for the two-step solution process is thus expressed as

equation 4, [31]

—a® kTIn C] —Ba:}a_:.;;

A
¢ v, G(T

4

where a is the length of cubic edge, @’ is the volume of cube, and
64 is the total surface area of cube. By differentiating equation 4

with respect to a, a critical point where AG is maximized can be

calculated by solving equation 5.

MG __ o2k -
da V. G(T)

As a result of equation 5, the critical size (a.) and the critical

Gibbs free energy (AG,) are expressed as equation 6 and equation 7.
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AG,= Bl

(7)

The change of Gibbs free energy is presented as a function of the
size of perovskite crystal in Figure 2.2, where it is noted that Gibbs
free energy is affected dominantly by surface tension. Gibbs free
energy increases when size is smaller than the critical size, whereas
decrease in Gibbs free energy is more dominant when size is bigger
than the critical size. Consequently, perovskite nuclei which have
sufficient energy over the critical energy are expected to be grown by
spontaneous chemical reaction. As a result, the perovskite crystal
would grow up until all Pbl, turn into perovskite. Therefore, the
average grain size of MAPDI; is controlled by two concepts: 1. the
crystal growth of perovskite is determined by the critical energy (G.)
and 2. each nucleus will spontaneously grow up until it contacts with
surrounding crystals at grain boundaries. Since energy distributions
of reactants follow a Boltzmann distribution based on statistical

thermodynamics, the number of nuclei which has potential to

—AGe
become the crystal is proportional to e k7 .>* The average volume of

perovskite crystal is inversely proportional to the number of nuclei (n)
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per unit volume because increase in number of nuclei inhibits crystal
growth due to the decreased space for crystal growth. Therefore, the

grain size (Y) has the following relation.
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Critical free eergy

Gibbs free energy
- o —— 4

(b)

Figure 2.2 (a) Theoretical plot with Gibbs free energy versus
crystal size in crystal growth process. Top and cross-sectional
views of MAPDI; crystal using FE-SEM and focused ion beam
(FIB) SEM for the MAI solution concentration of (b) 0.038 M

and (c) 0.063 M.
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From the equation 7 and the relation (8), we can derive the
interaction formula between grain sizes and MAI concentration in

equation 9

In ¥ 3?52‘, o
ny¥y= : T
3k T ’f(mx— In ¢, (1)))?
m ©)

where X is the MAI concentration and C’ is constant. It is
demonstrated that the equation 9 correctly predicts grain sizes
depending on MAI concentrations which were measured previously

elsewhere,[10] as shown in Figure 2.3.

Derive equation of thermodynamic MAPbI; reaction process.

From the relation (8), we could derive a logarithmic formula by
introducing constant C'.
InY(grain size) = % + C' (10)
Substituting equation (7), we could derive a formula about
relationship between grain size and concentration.

1 32 ’
InY = ﬁ—(k_'flni)z +C (11)
VM Co
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Finally, the equation could be obtained by replacing concentration

with X.

3
_ 3204

B 3kT(‘1,(—;(lnX—lnC0(T)))2

C' (12)

Here, the equation was summarized as a simple formula with

substitution other terms to constant, except for concentration.

InY C

“mx-az "
It would be assumed that the equilibrium concentration is 0.02 M of
MALI solution at room temperature since the Pbl, film could not react
with 0.02 M of MAI solution. In this manner, a value of A would be -
3.19, which means natural log value of equilibrium constant. The
other value of B and C were mathematically evaluated in order that
the model was fitted with an actual data in Table 2.1, as result, B and

C were 1.22 and 3.73 respectively (see Figure 2.3).
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Table 2.1. Grain sizes, short-circuit photocurrent density (Js), open-
circuit voltage (Vo), fill factor (FF) and power conversion efficiency
(PCE) versus MAPDI; concentration. Data were taken from reference
SI.

MAI 0.038 0.044 0.050 0.057 0.063
Concentration M M M M M
Grain Size (nm) 720 360 190 130 90
CLmAend) | 2t6s - 2tel - 1927
Ve | toss - o - roso
o | 0709 - o7 - 066
©PCE®) | 1636 - 16271 - 1345
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Figure 2.3 Plot of theoretically derived MAPDbI; grain size (Y)
as a function of MAI concentration (X). The experimental data

(filled square) were fit with a theoretical equation.
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According to equation 9, MAPDI; crystal size is controlled not
only by the concentration of MAI but also by temperature. To see the
temperature effect, both the substrate and the MAI solution are pre-
heated at different temperature of -10 °C, 20 °C and 50 °C, in which
the MAI concentration is fixed to 0.050 M. As shown in the SEM
images in Figure 2.4a-f, the grain size increases as temperature
increases. As the temperature of MAI solution increases, the
equilibrium concentration of the chemical reaction also increases due
to the high solubility of MAI. Therefore, the critical free energy at
high temperature is bigger than that at low temperature from the
equation 7, which determines the number of nuclei based on the
relation (8). As a result, the number of nuclei growing up MAPbDI;
crystal is decreased, which leads to increase the MAPbI; grain sizes.
Top-view SEM images (Figure 2.4a,c,e) and cross-sectional FIB-
SEM images (Figure 2.4b,d,f) clearly show that the MAPbI; grain
size changes with temperature, which can be explained by our
theoretical analysis using the eq 9. It is noted that MAPbI; grown at
50 °C shows large gaps between crystals, which causes direct contact

between mp-TiO; and spiro-MeOTAD.
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Figure 2.4 Top-view SEM images and cross-sectional FIB-SEM
images for the MAPDI; crystals grown at different temperature
(MALI solution and substrate have the same temperature) of (a)

and (b) -10 °C, (¢) and (d) 20 °C and (e) and (f) 50 °C.
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Effect of reaction temperature on photovoltaic parameters is
investigated. Figure 2.5 shows the measurement results depending
on reaction temperature with short-circuit current density (Js), open-
circuit voltage (Vo), fill factor (FF) and power conversion efficiency
(PCE). As can be seen in Figure 2.5a, the J, is improved as reaction
temperature increases, which may be due to increase in light
absorption by increase in grain size (see Figure 2.6). It is noted that
the corresponding perovskite colors become darker with increasing
grain size. On the other hand, the significantly lowered V,. and FF
are observed for 50 °C (Figure 2.5b), which is probably related to the
defects in perovskite layer as shown in Figure 2.4f. The defects
caused by increasing grain size provide recombination sites between
mp-TiO, and spiro-MeOTAD. V.. and FF will be dependant on the
thickness of mp-TiO, layer and whole perovskite layer. These are
slightly improved for 20 °C compared to -10 °C because of higher
density and compressed mp-TiO, layer (~ 250 nm) and whole
perovskite layer (~450 nm), which is thinner than those of -10 °C
(~400 nm and ~600 nm, respectively), as shown in Figure 2.4d. It is
supposed that the compressed mesoporous TiO, layer results from
volume expansion of MAPDI; capped on mesoporous TiO; layer by
increasing MAI solution temperature. As a results, the PCE is highest
for the reaction temperature of 20 °C. Photovoltaic parameters for the

best perfoming devices are represented in Table 2.2.
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Reaction

2 (1)

Temperature Jie (MA/cm”) Ve (V) FF PCE (%)
-10°C 19.33 1.010 0.70 13.67
20°C 19.84 1.014 0.71 14.28
50 °C 20.29 0.956 0.69 13.38

Table 2.2. Short-circuit photocurrent density (Js.), open-circuit voltage

(Voo), fill factor (FF) and power conversion efficiency (PCE) depending on

reaction temperature. The data represnt the best performing device for each

reaction temperature.
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Figure 2.5 (a) Short-circuit current density (Js), (b) open-circuit
voltage (V,.), (c¢) fill factor (FF) and (d) power Conversion
Efficiency (PCE) of the perovskite solar cells with MAPDbI;

crystals grown at different temperature.
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Figure 2.6a shows that the absorbance is higher for 20 °C and 50
°C than for -10 °C. Decrease in absorbance with decreasing grain size
was observed in the previous work,[ 10] which is in part related to the
higher reflectance. Relatively low absorbance of MAPbI; grown at -
10 °C results from smaller grain size. Large crystals with gaps
between crystals have beneficial to external quantum efficiency
(EQE) especially at long wavelength (Figure 2.6b) due to enhanced
internal light scattering, which is responsible for higher Ji from 50

°C.

T L 'Jq):“ul |
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Figure 2.6 (a) UV-Vis absorption spectra of MAPbI; perovskite
films depending on reaction temperature. (b) External
quantum efficiency (EQE) of perovskite solar cells employing

MAPbDI; grown at different reaction temperature.
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Figure 2.7 Photograph of MAPDI; coated substrates depending

-10C

20 °C
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2.3. Conclusions

We have presented a theoretical approach using thermodynamic
analysis derived from Gibbs free energy to explain the crystal growth
of MAPbI; and found that grain size of MAPbI; crystal were clearly
dependent on reaction temperature. The grain size was increased with
reaction temperature, which could be explained by the
thermodynamic model. Photovoltaic performance was significantly
altered by reaction temperature, which was mainly due to the
MAPDI; grain size and morphology of the resultant MAPbI; film.
MAPbDI; grown at 20 °C showed better performance compared to

lower or higher reaction temperature.
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2.4. Experimental methods

Materials synthesis: Mesoporous 50-nm sized TiO, nanoparticles
were hydrothermally synthesized using 20-nm sized seed particles as
described elesewhere.”> 1.4 g of the TiO, paste, which consists of
nanocrystalline Ti0,, terpineol, ethylcellulose and lauric acid with a
nominal ratio of 1.25 : 6 : 0.9 : 0.3 in wt%, was diluted in 10 ml
ethanol to prepare mesoporous TiO, film. MAI was synthesized by
reacting 27.8 ml of CH3NH; (40 wt% in methanol, TCI) with 30 ml
of HI (57 wt% in water, Aldrich) in a round bottom flask in ice bath
for 2 h.[32] Using a rotary evaporator, the resulting MAI was
collected at 50 °C for 1h, which was washed with diethyl ether and
dried in vacuum chamber for 12 h.

Fabrication of Perovskite Solar Cells: Fluorine-doped tin oxide-
coated (FTO) glass substrate (Pilkington, TEC-8, 8€/sq) was cleaned
using UV/Ozone treatment for 15 min and sonicated in ethanol after
washing with detergent liquid, acetone and DI water. A thin compact
TiO; blocking (bl) layer was depostited on FTO by spin-coating 0.15
M titanium diisopropoxide dis(acetylacetonate) (Sigma-Aldrich, 75
wt% in isopropanol) in I-butanol (Sigma-Aldrich, 99.8%) at
sequentially increasing spin rate of 700 rpm for 8 s, 1000 rpm for 10
s and 2000 rpm for 40 s. The bl-TiO, layer was heated at 125 °C for

5 min. A mesoporous (mp) TiO, layer was formed on the bl-TiO,
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layer by spin-coating the diluted TiO, paste solution at 2000 rpm for
20 s and annealing at 550 °C for 1 h. After UV/Ozone treatment for
30 min, the substrate was treated with 20 mM aqueous TiCls (Sigma-
Aldrich, > 98 %) by immersing the mp-TiO, coated substrate at 90
°C for 10 min, which was followed by annealing again at 500 °C for
30 min. The deposition of MAPbI; perovskite active layer on the mp-
TiO, layer was conducted by two-step process. First, 30 ul of Pbl,
solution (1 M (1.844 g) of Pbl, (Sigma-Aldrich, 99 %) dissolved in 4
ml of N,N-dimethylformamide (DMF, Sigma—Aldrich, 99.8%)) was
spin-coated on the mp-TiO, coated substrate at 6000 rpm for 20 s,
which was dried at 40 °C for 3 min and 100 °C for 5 min
sequencially. Second, 200 pl of 0.05 M (8 mg/ml) MAI in 2-propanol
(Sigma—Aldrich, 99.5%) was spin-coated on the Pbl, film at 3000
rpm for 20 s in 30 s of loading time for MAPbI; crystallization and
dried at 100 °C for 5 min. Prior to the MAI coating process, the three
MALI solutions with different temperature of -10 °C (in a dry ice
chamber), 20 °C (room temperature) and 50 °C (using pre-heated hot
plate) were prepared. The hole transport material (HTM) was
deposited on the substrate by spin-coating a 72.3 mg of spiro-
MeOTAD solution in 1 ml Chlorobenzen, to which 28.8 ul of 4-tert-
butyl pyridine and 175 pl  of  lithium  bis(trifl

uoromethanesulfonyl)imide (Li-TFSI) solution (520 mg Li-TSFI in 1
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ml acetonitrile (Sigma—Aldrich, 99.8 %)) at 4000 rpm for 20 s.
Finally, gold (Au) was thermally evaporated on the top of the HTM
for the counter electrode under ~10° Torr vacuum condition at ~1A/s.

Characterization: The morphologies of the MAPDI; layer and the
fabricated perovskite solar cells were examined by using a high-
resolution scanning electron microscope (HR SEM, JSM-7600F,
JEOL) and a focused ion beam assisted SEM (FIB-SEM, Auriga,
Carl Zeiss). To avoid charging effect, a 10 nm-thick Pt layer was
deposited on the top of substrate. The absorbance of MAPDI;
perovskite active layer was analyzed by using UV/Vis spectrometer
(Lambda 45, PerkinElmer) in the range of wavelength from 500 to
900 nm. Photocurrent density—voltage curves were recorded using a
solar simulator (Oriel Sol 3A class AAA) equipped with a 450 W
Xenon lamp (Newport 6279NS) and a Keithley 2400 source meter
under AM 1.5G one sun illumination (100 mW/cm?). Aperture mask
was used while measuring the devices at reverse scan mode at 200
ms scan rate. External quantum efficiency (EQE) was measured
using a specially designed EQE system (PV measurement Inc.),
where a 75 W Xenon lamp (USHIO, Japan) was used as a source

light to generate monochromatic beam.
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Chapter 3.
Lewis-base Adduct Assisted Perovskite Crystal

Growth for High Performance

Published in Journal of American Chemical Society, 2015, 137 (27), 8696-8699

3.1. Introduction

Since the report on the 9.7% solid-state perovskite solar cell
employing MAPbl; (MA = CH3NHj3) and spiro-MeOTAD in
2012,[2] overcoming the dissolution problem of MAPbI; in liquid
electrolyte observed in the two important pioneer works in 2009 and
2011,[1,8] there is a surge in perovskite solar cell researches due to
facile fabrication procedure and superb photovoltaic performance in
both mesoscopic structure and planar structure.[4-6,26,33] As a
result, a power conversion efficiency (PCE) of 20.1% was certified
by national renewable energy laboratory.[6]

MAPDI; layer for perovskite solar cell can be prepared using
either one-step coating,[1,8] or sequential two-step coating.[3,10] It
was reported that photovoltaic performance of devices prepared by
two-step coating was superior to one-step method.[9] Recently

solvent engineering method was proposed in one-step spin
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coating,[12] where DMSO was used as a co-solvent in the gamma-
butyrolactone (GBL) solution containing MAI and Pbl,. One-step
coated film was washed with toluene while spinning to get rid of
solvent and to form a so-called intermediate phase of MAI-Pbl,-
DMSO, by which an average PCE of about 15% together with a best
PCE of 16.46% was achieved. However, the intermediate phase
could not be identified by X-ray diffraction. Moreover, since toluene
can wash not only GBL but also DMSO, it may be hard to induce
well-defined intermediate phase for reproducible and uniform growth
of MAPDI;.

Here we report highly reproducible perovskite solar cell via Lewis
base adduct of Pbl,. Oxygen bearing Lewis base and/or iodide anion
form adduct with Lewis acid Pbl,, which is evidenced by infrared
spectroscopy. By utilizing volatile characteristics of Lewis base in
adduct, a reproducible and facile process is developed, which
eventually results in an average PCE of 18.3% from 41 cells and a

best PCE of 19.7%.
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3.2. Results and discussion

Figure 3.1 shows schematic representation of the fabrication
processes that we have studied. 50 wt% DMF solutions containing
MALI and Pbl; (1:1 mol%) and MAI, Pbl, and DMSO (1:1:1 mol%)
are prepared. One-step spin coating at 4000 rpm leads to the rod
shaped MAPDI; crystals that are not fully covered on the substrate as
observed in SEM images (Figure 3.1a and b), which is ascribed to
different solubility of Pbl, and MAI. The poor morphology is likely
to be induced by difference in crystal growth rate between low
solubility Pbl, and high solubility MAI while DMF is rapidly
evaporating. On the other hand, highly densified MAPbI; films are
formed when the solvent DMF is selectively washed with non-polar
diethyl ether while spinning because rapid evaporation problem may
be solved by washing. As can be seen in SEM images in Figure 3.1c¢
and d, the both solutions produce smooth and homogeneous MAPbDI;
films, but the solution without DMSO leads to pinholes. This
indicates that evaporation rate of DMF cannot be perfectly controlled
by washing with diethyl ether. Surprisingly, DMSO-contained
solution results in the pin-hole-free film (Figure 3.1d), which
indicates that crystal growth is highly regulated possibly due to
adduct MAI+*Pbl,*DMSO.
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(i) MAI + Pblzm DMF

||)MA|+Pb|2+DM50 & . (b)

|
|
inDMF  MAlePblL,eDMSO -~ @
Diethyl Ether (C)
-4 —

MAPbI,

@\f/[ /‘d’

MAIePbl,»DMSO

Figure 3.1 Schematic representation of fabrication procedure and

plane-view scanning electron microscopy (SEM) images for the
MAPDI; perovskite layers obtained by direct one-step spin-
coating of the DMF solution containing (a) MAI and Pbl; or (b)
MAI, Pbl; and DMSO. (¢) and (d) were prepared by same
solution as (a) and (b), but diethyl ether was dripped while the

film spinning.
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The dark brown MAPbI; film shown in Figure 3.2b is obtained
by heating the transparent film (Figure 3.2a) observed right after
washing the spin-coated MAI-Pbl,-DMSO layer with diethyl ether.
The transparent film is indicative of adduct of Pbl, with Lewis base
DMSO and iodide in MAI. Lewis acid Pbl, was known to form
adduct by reaction with oxygen, nitrogen and sulphur bearing Lewis
bases, where lone pair electrons on oxygen in DMSO donates to
Lewis acid Pb*" in Pbl, to form adducts with ratio of Pbl,:DMSO
=1:1 and 1:2.[15] Other solvents with oxygen donor such as N,N-
dimethylacetamide (DMA) and DMF can form adduct with Pbl,, but
more stable adduct is expected from DMSO due to stronger polarity
(relative polarity of 0.444 for DMSO vs 0.386 for DMF'"). Todide (I)
in MAI is also strong donor and thereby readily forms adduct with
Pbl,. It is actually observed that solubility of Pbl, is more enhanced
in the presence of MAI compared to the solubility of Pbl, dissolved
only in DMF, which indicates that I interacts strongly with Pbl.

IR spectroscopic study is conducted to investigate adduct
formation. Figure 3.2¢ shows IR spectra for liquid DMSO,
powdered Pbl,DMSO and MAI*Pbl,DMSO (see experimental for
details). Stretching vibration of S=O (v(S=0)) appears at 1045 cm’
for the bare DMSO,"® which is shifted to 1020 cm™ for Pbl,>DMSO

and further shifted to lower wavenumber of 1015 cm’ for
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MAI-Pbl,sDMSO (Figure 3.2d and Table 3.1). The v(S=0) at 1020
cm’ is well consistent with the frequency of 1022 cm™ observed for
the 1:1 adduct of Pbl,>DMSO.[15] According to harmonic motion
for diatomic model,'® frequency of vibration is proportional to square
root of force constant. Thus the decreased S=O stretching frequency
indicates that force constant is decreased, which is due to decrease in
bond strength between sulphur and oxygen as a consequence of the
adduct formation. Thus, the S=O stretching frequencies of
Pbl,sDMSO and MAI*Pbl,DMSO are detected in lower
wavenumber than that of DMSO. It is noted that the S=O stretching
wavenumber for MAI*Pbl,»DMSO is lower than that of Pbl,»DMSO.
The S=0 bond strength is expected to be more decreased when more
Lewis acids are interacted with DMSO.[15] NH;" stretching peak
appears in MAI*Pbl,>DMSO (Figure 3.2¢), from which the S=0O
bond strength is further decreased due to more interaction with Lewis
acids of MA™ and Pb*" ions.

Adduct of Pbl, with DMSO and MAI is confirmed, as evidence
by IR spectroscopic study. Thus, the transparent film in Figure 3.2a
represents the adduct MAI*Pbl,DMSO. Regarding the washing
solvent, since toluene and chlorobenzene are miscible with
DMSO,'>!"” we have found that diethyl ether is more proper solvent

to keep the nominal ratio of MAI:Pbl,:DMSO = 1:1:1 because it
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dissolves only DMF and thereby leads to well-defined adduct. Since
DMSO in adduct is known to be volatile,[15] the transparent film can
be changed to brown MAPbI; upon blowing or being exposing to air
for a few hours. It was observed that the colorless transparent needle
crystal obtained from the saturated solution of DMSO with Pbl,
recovered original yellow color in air due to volatility of DMSO.[14]
However, the resulting MAPbI; film is found to be inhomogeneous
because vaporization of DMSO occurs gradually from the surface of
the adduct film. We have found that low temperature heat treatment
at 65 °C for 1 min is effective and sufficient to remove entire DMSO
from the adduct. Highly dense and homogeneous MAPbI; films are
eventually obtained by further annealing at 100 °C for 2 min. It is
noted that equimolar DMSO plays an important role to form high
quality perovskite films since excess DMSO such as
PblL,:MAIL:DMSO (1:1:2 mol%) precursor results in extra Pbl, upon
exposing in air (Figure 3.3). The adduct-induced MAPbI; is found to

be quite stable in air atmosphere (Figure 3.4)
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Figure 3.2 Photos of MAPbI; on FTO glass (a) before and (b)
after annealing at 65 °C for 1 min and 100 °C 2 min. Fourier
transform infrared spectrometer (FTIR) of (¢) DMSO
(solution), Pbl,sDMSO (powder), MAI*Pbl,sDMSO (powder)

and (d) expanded the finger print region for the S=0

vibrations.
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— Pbl,;MA:DMSO=1:1:2
—— Pbl,;MAI:DMSO=1:1:1
—— CH,NH,Pbl,

(220)

o Pbl,
= * FTO
o,
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Figure 3.3 X-ray diffraction patterns of perovskite films on
FTO glass fabricated by using Pbl,:MAI:DMSO (1:1:1 mol%,
red) and Pbl,:MAIL:DMSO (1:1:2 mol%, black) solutions with
diethyl ether treatment. Although both films were not
annealed, these were crystallized spontaneously due to volatile
DMSO. XRD peaks corresponding to Pbl, appeared in the case
of PbI,:MAILI:DMSO (1:1:2) contrary to the case of
PbI,:MAIL:DMSO (1:1:1). The XRD pattern (blue) represents

perovskite film obtained after heat treatment.
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CH,

CH,

. P ) .
o= Pbl, <~ 0=5{ | (MA) = pbl, <0 =5
CH, CH, CH,
DMSO Pbl,eDMSO MAIlePbl,eDMSO
v(5=0) 1045 cm™! 1020 cm™? 1015 cm™?

Table 3.1 Stretching frequency of S=O for liquid DMSO and

powdered Pbl,eDMSO and MAIPbl,)DMSO adducts, along

with their chemical structures.
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Figure 3.4 UV-visible absorption spectra depending on aging
time of the perovskite film prepared by adduct method. The
film was stored at ambient conditions (Relative humidity >

45%) without encapsulation and using desiccator.
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The charge carrier transport property of the MAPbI; prepared via
adduct is studied by photoinduced charge extraction by linearly
increasing voltage (photo-CELIV)[34] with FTO/bl-Al,Os/mp-
TiO,/MAPbIs/spiro-MeOTAD/Ag configuration (bl and mp stand for
blocking and mesoporous). Figure 3.5 shows the current transient of
photo-CELIV for the MAPbI; layers prepared via adduct of
MAI*Pbl,sDMSO, which is compared with the MAPbI; prepared by
spin-coating of the DMF solution without DMSO and washing with
diethyl ether. Charge carrier mobility is calculated from current (j)-
time (f) curve in Figure 3.5a. A charge extraction CELIV peak
appears at 3 ps after applying triangular increasing voltage ramp and
then current is saturated to the displacement current of the

1920 The difference in current density arises from

capacitance (jo).
difference in film thickness of 650 nm for the adduct-induced
MAPDI; and 500 nm for the MAPbI; without DMSO because j, is
defined as jo= ecod/d (e: dielectric constant, p: vacuum permittivity,
A: voltage increase rate, d: film thickness).[34,35] The difference in
film thickness at the given coating condition is attributed to change
in viscosity by DMSO, which affect j, and entire current density. The
charge carrier mobility is calculated by the equation with the current

density at maximum peak (Aj) and #max that is the time when the

current density is maximized.[35] The charge carrier mobility for the
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adduct-induced MAPDI; is estimated to be 3.9 x 10™ ¢cm*/Vs, which
is slightly higher than 2.7 x 107 ¢cm?/Vs for the adduct free case
(Table 3.2). Our sample shows one order of magnitude higher than
the MACl-assisted one-step solution growth of MAPbI; (3.2 x 10™
cm’/Vs).?! In Figure 3.5b, Aj is normalized by jo to compare charge
extraction behaviour. Extracted charge is proportional to the area of
the curve. Extracted charges of the adduct-induced MAPDI; are
greater than those of the sample without DMSO. The extent of the
extracted charges can explain charge recombination. Photoexcited
electrons and holes will be extracted by built-in electric field or
recombined in the absence of external electric field. Since photo-
CELIV is designed to extract charges not by built-in electric
field[36,37], the extracted charges in Figure 3.5b results from the
charges that are not recombined. Therefore the more extracted
charges in the adduct-induced MAPbDI; is indicative of slow

recombination.[10]
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Film J .
Uoffset Umax Tpulse A Tmax ( A 0/ cm ~]max A] 8

thickness "™ v (us) (Vis) (us) 2 (mAJem?) (mAfen’) (en/Vs)

(nm)
w/ 3.89x10°
DMSO 650 -0.720.48 20. 60000 3.40 10.90 12.24 1.34 3
w/o 2.71x107
DMSO 500 -0.720.48 20 60000 3.14 14.14 15.73 1.59 3

Table 3.2. Parameters for photo-CELIV measurements and data

obtained from the parameters. Details are found in references 7 and 8.
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Figure 3.5 (a) The photo-CELIV current transients of perovskite
solar cell consist of FTO/bl-ALLO3/mp-TiO,/MAPbDI;/Spiro-
MeOTAD/Ag in case of DMF or DMSO/DMF used as solvents
for MAPbI;. (b) The current peaks (Aj) of photo-CELIV
current transients normalized by their displacement current of
capacitance(jo), respectively. Curves were fitted by polynomial

fitting to compare charge extraction behaviour of sample with

or without DMSO.
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Figure 3.6 shows photovoltaic performance along with SEM
images of the surface of MAPbI; and the cross-sectional full cell.
The adduct-induced MAPbI; shows high dense nature with grains
sizing from 200 nm to 300 nm (Figure 3.6a). As can be seen in FIB-
assisted SEM images for the full cell with FTO/bl-TiO,/mp-
TiO,/MAPbIs/spiro-MeOTAD/Ag configuration in Figure 3.6b,
highly dense MAPDbI; film with plateau surface is constructed via
adduct approach, where ca. 400 nm-thick capping layer is formed on
the 230 nm-thick mp-TiO, film. The bl-TiO, layer and spiro-
MeOTAD layer are about 40 nm and 190 nm, respectively. We have
tested several solvents except for diethyl ether, but diethyl ether is
eventually found to superior to other solvents in terms of
reproducibility. The basis for relatively low reproducibility by other
solvents such as toluene or chlorobenzene is because MAPbI; quality
is significantly dependent on dripping amount and/or spinning rate of
washing solvent, and difference in solubility between the solvent for
washing and the solvent in the precursor solution. Highly
reproducible MAPbI; films have been obtained using diethyl ether
regardless of spin coating condition if one uses enough amount of
diethyl ether for dissolving DMF completely. Photovoltaic
parameters are gathered from 41 cells and statistically analysed

(Table 3.3). As can be seen in Figure 3.6¢c-f, the adduct-induced
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MAPDI; exhibits photovoltaic parameters with small standard
deviation, leading to average short-circuit photocurrent density (Js)
of 23.44 + 0.37 mA/cm’, open-circuit voltage (Vo) of 1.070 + 0.013
V, fill factor (FF) of 0.729 = 0.019 and PCE of 18.30 + 0.71%. The
best PCE of 19.71% was achieved with J. of 23.83 mA/cm?, V. of
1.086 and FF of 0.762 (Figure 3.6g). The measured Js. is well
consistent with the integrated Ji. of 22 mA/cm” estimated from IPCE
in Figure 3.6h. It is noted that maximum IPCE reaches over 91%,
which is mainly due to high charge extraction property of the adduct-
induced MAPDI; and in part due to light reflection by the back Ag
electrode. The high photocurrent density approaching 24 mA/cm’ is
confirmed not to exceed the theoretical maximum value of 26
mA/cm” as estimated by assuming 100% internal quantum efficiency
and 5% optical loss from the FTO glass. J-V hysteresis is checked
and little hysteresis is found at slow scan rate, where PCE = 18.62%
at reverse scan and 18.18% at forward scan showing 2% difference
(Figure 3.7a). The stabilized PCE is demonstrated by holding the
voltage at the maximum power point at a slow scan according to

method described elsewhere (Figure 3.7b).[38]

53



Spiro-MeOTAD

MAPbI,
mp-TiO,
bl-Tio;
FTO

T T
\\ S Integrated J, A:E_SJ
"
— — 10 o v o
o 2¥ N 8 = = w0 O
NP il 5
=28 18
~ [ j
= I m_.u_ mlm
[ m=" 1~
& [ 1
8. i +_ lm
o 5 -
r 1o
wn - i
~ i 1
sk -m
S ]
y © FE m
Eos a1y 1 Lo s laaay
2 2 89 8 °
= (%) 303 o
e
2 i e
8 ek 8> =
> <
)
g E S
W R_u O~ MV e ©
¥ 1 sges 1°
M Z momm <t
T ,22m I N T a ) 15
o O ) oW
S 9.8
o2 S8R o
2 . a< | 2
3 <1 -3
= Y _.,_,_.__.u___.._.kno.
_ « AR Y g @ of
m w o
§/[89 JO JOqUINN (wopyw) Aysuep yuaung

nm)

(

Wavelength

Voltage (V)

Figure 3.6 (a) Plan-view SEM image of CH;NH3Pbl; and (b) FIB-

assisted cross sectional SEM image of full cell structure of

perovskite solar cell based on the adduct-induced MAPbDI;. The

thickness of bl-TiO,, mp-TiO,, MAPbI;, spiro-MeOTAD and Ag

were 40, 200, 400, 200 and 180 nm, respectively. (c)-(f)

Histograms of short-circuit current density (Js), open-circuit
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(PCE) of 41 cells, respectively. (g) J-V curve and (h) external
quantum efficiency (EQE) spectrum together with EQE date-
based integrated J,. for the best performing perovskite solar cell.
J-V data were collected at reverse scan under AM 1.5G one sun
illumination (100 mW/cm?). The aperture mask area was 0.125
cm’. The data were collected with the 16 h-aged cells because Ag
electrode-based device showed normally poor fill factor right

after fabrication.
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Device # Ji (mA/em®) V. (V) FF PCE (%)
1 23.18 1.093 0.721 18.28
2 23.70 1.097 0.730 18.98
3 23.66 1.086 0.735 18.89
4 23.43 1.092 0.727 18.60
5 23.34 1.097 0.735 18.82
6 24.14 1.090 0.728 19.18
7 23.65 1.074 0.723 18.37
8 23.52 1.077 0.732 18.55
9 24.03 1.047 0.679 17.08
10 23.47 1.051 0.717 17.69
11 23.18 1.051 0.724 17.64
12 22.45 1.064 0.718 17.16
13 22.98 1.061 0.714 17.41
14 22.95 1.060 0.713 17.35
15 23.80 1.065 0.723 18.32
16 23.63 1.072 0.745 18.88
17 23.48 1.071 0.726 18.28
18 23.53 1.054 0.732 18.15
19 23.56 1.061 0.732 18.30

20 22.49 1.059 0.744 17.73
21 23.67 1.070 0.683 17.30
22 23.35 1.068 0.700 17.45
23 23.22 1.078 0.755 18.91
24 23.25 1.059 0.745 18.34
25 23.69 1.057 0.723 18.10
26 23.21 1.065 0.724 17.9
27 23.18 1.067 0.727 17.99
28 22.88 1.058 0.718 17.40
29 23.57 1.064 0.730 18.31
30 23.53 1.067 0.716 17.99
31 23.41 1.069 0.727 18.19
32 23.33 1.073 0.743 18.60
33 23.36 1.078 0.758 19.09
34 24.08 1.077 0.744 19.30
35 23.83 1.079 0.750 19.29
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36 23.83 1.086 0.762 19.71

37 2332 1.068 0.763 19.01
38 23.83 1.086 0.762 19.71
39 23.73 1.064 0.747 18.87
40 23.24 1.056 0.704 17.29
41 23.29 1.050 0.727 17.79
Standard ) 5.5 0.013 0.019 0.708
deviation

Table 3.3. Standard deviation of photovoltaic parameters and power
conversion efficiency (PCE) for 41 perovskite solar cells based on the
adduct-induced MAPDI;. Average Ji, Vi, FF and PCE were 23.44
mA/cmz, 1.070 V, 0.729 and 18.30%, respectively.
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Figure 3.7 (a) J-V curves measured depending on scan direction
and scan rate. Measurement from V. to J; is referred to reverse
scan (blue) and visa verse is forward scan (red). Photovoltaic
parameters are listed in Table S3. (b) Stabilized photocurrent
density (black) and power conversion efficiency (red) measured at

maximum power voltage of 0.86V for 250 seconds.
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3.3. Conclusions

Highly reproducible perovskite solar cells were fabricated via
Lewis base adduct of Pbl,. 1:1:1 adduct of MAI*Pbl,)DMSO was
formed by spin-coating of the DMF solution containing equimolar
MALI, Pbl, and DMSO and using diethyl ether to remove solvent
DMF only. We achieved average PCE of 18.3% and best PCE of
19.7% by the adduct chemistry. Studies on materials, device
structures and chemical engineering of interfaces are expected to
further improve the solar cell efficiency using the adduct-induced

perovskite light absorber.
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3.4. Experimental method

Preparation of materials

CH;3NH;1. Methtylammonium iodide (CH3;NH3I) was synthesized
according to method reported elsewhere [1-3]. Methylamine (27.8 ml,
40 wt% in methanol, TCI) was reacted with hydroiodic (30 ml, 57
wt% in water, Aldrich) at 0 °C for 2 h. CH;NH;I was recovered by
rotary evaporation at 50 °C for 1 h. The product was washed with
diethyl ether and dried in vacuum oven at 60 °C for 24 h.

Pbl,sDMSO adduct. 461 mg of Pbl, (99.9985%, Alpha Aesar)
was dissolved in 2 ml of N,N-dimethylsulfoxide (DMSO, 99.5%,
Sigma-Aldrich) and anhydrous ethanol was added to the solution.
The precipitation was filtered and dried in vacuum oven for 1 h,
which was used for infrared (IR) spectrocopy measurement.

CH;3NH;I°PbI,DMSO adduct. 461mg of Pbl,, 159 mg of
CH;3NHsl and 78 mg of DMSO were mixed in 600 mg of N,N-
dimethylformamide (DMF, 99.8%, Sigma-Aldrich). Diethyl ether
was added to the fully-dissolved solution. The precipitate was
filtered and dried in vacuum oven for 1 h, which was uded for IR
spectroscopy measurement.

Solar cell fabrication

FTO glasses (Pilkington, TEC-8, 8Q/sq) was cleaned with

detergent, dilluted water, and acetone and sonicated with ethanol in
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an ultrasonic bath for 20 min. UVO was treated for 15 min prior to
use. To prepare the TiO, blocking layer (bl-TiO;), 0.15 M titanium
diisopropoxide dis(acetylacetonate) (Sigma-Aldrich, 75 wt% in
isopropanol) in 1-butanol (Sigma-Aldrich, 99.8%) was spin-coated
on a FTO glass substrate at 700 rpm for 8 sec, 1000 rpm for 10 sec
and 2000 rpm for 40 sec, which was followed by drying at 125 °C for
5 min. Mesoporous TiO, (mp-TiO,) layer was deposited on the bl-
TiO; by spin-coating the TiO, colloidal solution containing 1.2 g of
TiO, paste (50nm sized nanocrystalline TiO,, terpineol,
ethylcellulose and lauric acid with a nominal ratio of 1.25: 6 : 0.9 :
0.3 in wt%) dilluted in 10 ml of anhydrous ethanol solution at 2000
rpm for 20 sec, which was annelaed at 550 °C for 1 h and then UVO
was treated for 15 min. The substrate was further treated with 20 mM
aqueous TiCly (Sigma-Aldrich, > 98%) solution at 90 °C for 10 min,
cleaned with deionized water and then sintered at 500°C for 30 min.
461 mg of Pbl,, 159 mg of CH3NH;I, and 78 mg of DMSO (molar
ratio 1:1:1) was mixed in 600 mg of DMF solution at room
temperature with stirring for 1 h in order to prepare a
CH;NH;I+Pbl,»DMSO adduct solution. The completely dissolved
solution was spin-coated on the mp-TiO, layer at 4000 rpm for 25
sec and 0.5 ml of diethyl ether was slowly dripped on the rotating

substrate in 10 sec before the surface changed to be turbid caused by
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rapid vaporization of DMF. The transparent CH3;NH;3I*Pbl,>DMSO
adduct film was heated at 65 °C for 1 min and 100 °C for 2 min in
order to obtain a dense CH3;NH;Pbl; film. The 20 pl of spiro-
MeOTAD solution, which was consisted of 72.3 mg spiro-MeOTAD
(Merck), 28.8 pl of 4-tert-butyl pyridine and 17.5 pl of lithium
bis(trifl uoromethanesulfonyl)imide (Li-TFSI) solution (520 mg Li-
TSFI in 1 ml acetonitrile (Sigma—Aldrich, 99.8 %) in Iml of
chlorobenzen, was spin-coated on the perovskite layer at 3000 rpm
for 30 sec. Finally, Ag electrode was deposited by using thermal
evaporator at a constant evaporation rate of 0.03 nm/s.

Characterizations

The surface images of perovskite film was obtained from a field
emission scanning electron microscope (FE-SEM, Auriga, Carl
Zeiss) and a focused-ion beam assisted SEM (FIB-SEM) was used to
investigate the cross-sectional images of perovskite solar cells. A
Fourier transform infrared spectroscopy (FT-IR, Nicolet 6700,
Thermo Scientific) was used to collect the FT-IR spectral data for
DMSO (liquid phase), Pbl,sDMSO adduct, and
CH;NH;1+Pbl,»DMSO adduct in the 4000 cm™ - 650 cm™ range. The
KBr pellet was used for the powdered samples of Pbl,)DMSO and
CH;NH;3I-Pbl,»DMSO adducts. The absorption spectra were

recorded using UV/Vis spectrometer (Lambda 45, Pelkin Elmer) in
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the 400 nm -900 nm range. Photocurrent density-voltage (J-V)
curves were measured under AM 1.5G one sun illumination (100
mW/cm?) with a solar simulator (Oriel Sol 3A class) equipped with
450 W Xenon lamp (Newport 6279NS) and a Keithley 2400 source
meter. The light intensity was adjusted by NREL-calibrated Si solar
cell having KG-2 filter. While measuring, the cell was covered with a
mask having an aperture (0.125 cm?). The Ag electrode based solar
cells were measured after aging for 16 h. In order to demonstrate that
the efficiency is stable for at least a minute, photocurrent density and
PCE were measured at maximum power voltage for 250 s. External
quantum efficiency (EQE) was measured using an EQE system (PV
measurement Inc.) under DC mode, where a 75W Xenon lamp
(USHIO, Japan) was used a light source for generating
monochromatic beam.

Photo-CELIV measurements

To investigate mobility and charge extraction characteristics,
photo-CELIV (Charge Extraction by Linearly Increasing Voltage)
transients were recorded for the devices with FTO/bl-ALOs/mp-
Ti0,/CH3NH;3Pbls/spiro-MeOTAD/Ag configuration (bl and mp
represent blocking and mesoporous) in ambient air condition. In
order to collect hole only, ALOs blocking layer (bl-Al,O3) was used

for blocking electron collection. Nd:YAG (MINILITE I, Continuum;
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532 nm, 12 mJ/pulse, pulsewidth = 3~5 ns) illuminated to FTO side
of the sample. After 3 us delay linearly increasing voltage pulse
generated by function generator (DS345, Stanford Research
Systems) was applied to the samples in reverse bias (positive probe
was connected to the FTO and negative probe was connected to the
Ag electrode). Offset voltage (Uomer) for suppression charge
extraction by built-in electric field was -0.72 V and maximum
voltage was 0.48 V for 20 ps. Current transient was monitored by
converting voltage measured by digital oscilloscope (TDS3054B,
Tektronix) using a 50 Q load resistor . Charge carrier mobility was

calculated according to Equation (1),

2d?
3Athax|1 +O.36]A.—é]

p= if  Aj<jo(1)

where d is the film thickness, A is the voltage increase rate, tmayx 1S
the time at maximum Aj of the extraction peak and j, is the
capacitive displacement current. To investigate amount of extracted
charges, Aj was normalized by jo Aj / jo data were fitted by

polynomial curve fitting.
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Chapter 4.
Compositional Perovskite Systems with

Cubic Structure for Long-Term Stability

Published in Nature Communications, 2016, 7, 13422

4.1. Introduction

Organic inorganic hybrid perovskites have been attracting
worldwide interest as a low-cost alternative of conventional
photovoltaic materials such as silicon (Si), copper induim galluim
selenide (CIGS), and galluim arsenide (GaAs). The power
conversion efficiency (PCE) of perovskite based solar cells has
already exceeded 20%][6], which is favorably compared with
commercial crystaline Si solar cells. Their long-term stability,
however, is rather poor such that typical perovskite solar cells can
only last from a few hours to a few days even with encapsulation[39].
In order for perovskite photovoltaic technologies to be commercially
viable, it is crucial to achieve long-term stability at least over 10
years, considering that the lifespan of current commercial
photovoltaic modules are over 20 years.

The most widely used perovskite material, CH3;NH;3PbI;

(MAPDI;), which possesses excellent electrical and optical properties
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for photovoltaic applications, is unstable to heat and light[17]. This is
partly due to its structural instability: the Goldschmidt tolerace factor
of MAPDI; is 0.84 and thus it forms structurally distorted tetragonal
crytals. The crystal structure of perovskite can become more stable
by increasing the tolerance factor close to unity by incorporating
other organic cation and halide anion with different ion sizes.
Addition of formamidinuim (FA) cation and bromide (Br) anion not
only structurally stabilize the perovskite materials by inducing cubic
crystals, but also enhance their photovoltaic performance. Although
several studies on mixed cation and/or halide anion system of
MA,FA,.Pbl,Br;_, have been already suggested[5,6], comprehensive
optimization of both stability and performance is still required.

In this work, we simultaneously optimize the perovskite material
and the device structure to be stable, efficient, hysteresis-less, and
low-temperature processable. We developed highly efficient and
stable mixed compositional MA sFA¢ 4Pbl, 9Br | perovskite formed
via lewis-base adduct method. MA¢FA4Pbly9Bry; perovskites
were more stable than MAPDI; perovskites not only under high
humidity in dark condition but also under one sun illumination in
ambient air. Moreover, by substituting FTO/TiO, with ITO/Ce, we
obtained the low-temperature processable cells with the best PCE of

20.2% and the average PCE of 19.12% with no hysteresis.
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4.2. Results and discussion

In a mixed cation and halide anion system of Pb-based perovskite,
APbXj3, the Goldschmidt tolerance factor t is defined in terms of the

average radii of ions as follows.

TA+Tx

t= —————
V2(Fpp+Tx)

(Equations 1)

where T,, Ix, and Tpy, are the average radii of the cation, anion,
and lead ions, respectively. The I', Br” and Pb>" ions have a spherical
shape and the radii of these ions have been measured in the previous
work[40]. In constrast, it is difficult to precisely estimate the radii of
the organic cations perched on the A site due to their non-spherical
shape and rotational motion, nevertheless, several groups already
reported the calculated effective ion radius of both MA+ and FA+
cation[41-44]. By using equation 1 and the suggested ionic radii
(ryas= 0.18 nm, ;= 0.22 nm, 7pp,,= 0.12nm), the tolerance factor
of MAPDI; is calculated to be 0.83°, indicating that MA+ cations are
too small to fit into the interstices between PbXs octahedra. This
mismatch causes crystal distortion, and consequentially MAPDI;
perovskite have unstable tetragonal crystal structure [45,46]. By
partially replacing MA+ and I- to relatively larger FA+ and smaller
Br- ions respectively, crystal distortion can be alleviated to produce

more stable cubic structure with the tolerance factor between 0.9-
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1[18]. Simple calculation reveals that replacing I- to Br-(rg,_= 0.196
nm) only marginally affects the perovskite crystal structure as the
tolerance factor of MAPDbBr3 is only 0.01 higher than that of MAPbIs.
On the other hand, replacing MA to FA cation can significantly alter
the crystal structure because FA cations are expected to be much
larger than MA cations. The exact radius of FA cation is still
controversial[18,47], but considering that FAPbI; can possess not
only non-perovskite yellow d-phase with hexagonal crystal structure
(t >1) but also black perovskite a-phase with cubic structure (0.9 <t
< 1), it can be speculated that the tolerance factor of FAPbI; would
be around 1. The radius of FA cation 754, is estimated to be around
0.26 nm from these speculations and equation 1. The tolerance factor
of mixed cation system, MA,FA,.Pbls, is calculated as a function of
the ratio x as shown in Figure 4.1. This relation suggests that the x
values between 0.2 and 0.6 lead to the most stable cubic crystal

structure, as the resulting tolerence factor lies between 0.9 and 1.
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Figure 4.1 Dependence of the Goldschmidt tolerance factor on the MA

fraction (x) of MA,FA, ,Pbl;. Dashed zone means region for cubic

structure (0.9 <t <1).
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We measured X-ray diffraction(XRD) patterns of five types of
mixed perovskite films (x= 1, 0.8, 0.6, 0.4, 0.2) coated on the ITO
glass in order to compare their stability. Figure.4.2a,b show the
XRD patterns of the fresh and degradaded samples, respectively. The
perovskite films were degraded in the chamber (relative humidity
(RH) ~ 50%) for 10 hours under one sun illumination. The peak
originating from Pbl, at 12.7 degrees intensively appears in the case
of MAPDI; (x=1), and the peak of non-perovskite d-phase FAPbI; at
11.7 degrees appears for x < 0.4, which indicates severe instability to
water vapor[48]. (Figure.4.2¢ and d) These observations suggest
that the most stable composition would be MA ¢FAy4Pbl; (x=0.6),
which still posesses the tolerance factor ensuring the cubic crystal
structure.

We also  fabricated the full devices with the
ITO/Ceo/Perovskite/Spiro-MeOTAD/Au structure in order to find the
optimal composition with respect to the photovoltaic performances in
mixed perovskite MAFA,.PblyBrs.,. Figure.4.3a and b summarize
the PCEs as a function of the MA+ fraction(x) and the Br- fraction(3-
y), respectively. As a result, the MA, ¢FA4Pbl, 9Brg ;—based devices
were shown to the best performance. Considering that

MA:FA=0.6:0.4 is the best composition for stability, we concluded
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that MAy ¢FA 4Pbl, 9Brj ; would be the best composition in terms of

both performance and stability in mixed perovskite systems.
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Figure 4.2 X-ray diffraction patterns of five different mixed
perovskite films coated on ITO glass (x=0.2 (black), 0.4 (red), 0.6
(blue), 0.8 (green), and 1 (pink)) (a) before and (b) after degradation
under one sun illumination at 50 % relative humidity for 10 hours. (c)
Magnified XRD patterns around the peaks originating from Pbl, and

non-perovskite d—phase. (d) Magnified XRD patterns for x=0.2 and
0.4.
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Another intriguing experimental observation is the light soaking
in the presence of moisture, which consistently showed irreversible
degradation of perovskite in previous works[17,21,49], whereas in
the dark condition moisture introduction only formed reversible
hydrates of perovskites, for example, CH3;NH;Pbl;-H,O or
(CH3NH3)4Pbls-2H,0[49,50]. The reason has not been elucidated yet,
although Christians et al.[49] suggested that organic cation could
become less tightly bound to Pbls" octahedra after light soaking.
The charge generation under light soaking and subsequent trapping
on the surface of perovskite is suspected to influence the stability (It
will be discussed in Chapter 5). Figure 4.4 showed the degradation
behaviour of MAPDbI;and our mixed MAg¢FAo4Pbl,oBrg;,
respectively, for 2 days in the dark condition with relative humidity
(RH) 90%. Absorption spectra measurements show that the original
MAPDI; (black curve) became hydrated (red curve) after 2 days and
then dehydrated reversibly via N, drying, which is consistent with
previous studies[49,50]. On the other hand, the absorption spectra of
our mixed MA¢FA4Pbl,oBro; perovskite were hardly changed
with the same condition (see Figure.4.4d). This indicates our mixed
composition perovskite would be more resistible to become hydrated
than distorted tetragonal perovskite MAPDI;. It is likely to be that

water molecules could penetrate more easily into the distorted
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tetragonal MAPbI; than into the more compact cubic crystal structure
of MAsFA¢4Pbl,9Brg . A slight change of the absorption spectra
shown in Figure4.4d indicates a slow hydration could still happen to
our mixed perovskite under 90% RH. However, both perovskites
showed irreversible degradation rapidly under light soaking even at
low RH 20% (see Figure.4.4g-1), which is also consistent with
previous report[49,51]. It is interesting to note that under light
soaking, our mixed perovskite degrades more slowly than the

conventional MAPDbI;.
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Figure 4.4 (a) Absorption spectra and pictures of the MAPbI, perovskite
film (b) before and (c) after ageing for 2 days under dark conditions at
90% RH. MAPDIL perovskites were transformed into transparent
hydrated states after 2 days. (d) Absorption spectra and pictures of the
MA, FA,.PbL,,Br,, perovskite film (¢) before and (f) after ageing under
the same condition. (g) Time evolution of absorption spectra and
pictures of MAPDL (h) before and (i) after degradation under light
soaking at 20% RH. (j) Time evolution of absorption spectra and
pictures of MA, FA,.Pbl,,Br,, (k) before and (1) after degradation under

the same condition.

75

s - i)



Finally, the solar cells employing the
MAsFA(4Pbl,9Brg | perovskite films were fabricated and
characterized. (ITO/Cgo/perovskite/Spiro-MeOTAD/Au).
Figure.4.5a shows J-V curves for the device measured at various
sweep delay, which demonstrates sweep rate-independent and
hysteresis-less performance of the best PCE of 20.2%. The best PCE
value was averaged from the J-V curves of forward and reverse scan,
which is in agreement with 20.2% of steady-state efficiency shown in
Figure.4.5b. The integrated Jsc estimated from external quantum
efficiency (EQE) was also well-matched with the measured Jsc as
shown in Figure.4.5¢. Histograms of the short-circuit current (Jsc),
the open-circuit voltage (Voc), the fill factor (FF) and the efficiency
of 47 cells are shown in Figure4.5d-g. The photovoltaic
characteristics of these cells were highly reproducible with a small
standard deviation, and the average values are Jsc = 24.34 mA cm?,
Voc = 1.058 V, FF = 0.743, and PCE = 19.12%, respectively. This
would be the best performance of low-temperature processed

perovskite solar cells without using mesoporous TiO,.
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Figure 4.5 Photovoltaic performance characteristics. (a) J-V curves of
the best-performing device measured at various sweep delay times. (b)
Stabilized photocurrent density (black) and power conversion
efficiency (blue) measured at a bias voltage of 0.91V for 140 seconds.
(c) External quantum efficiency (EQE) spectrum and the integrated
Js. estimated from the measured EQE. Histograms of (d) short-circuit
current density (J.), (¢) open-circuit voltage (V,.), (f) fill factor (FF),

and (g) power conversion efficiency (PCE) of 47 cells
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4.3. Conclusion

We have demonstrated that new mixed-perovskite solar cells
based on FAg4MA(Pbl,¢Brg 1, whose composition is engineered to
minimize the crystal distortion, exhibit improved photovoltaic
performance and stability compared to widely-used MAPbI; based
devices. These cells incorporate Ceop as ETL, which is advantageous
over TiO, due to low-temperature processability, absence of
hysteresis, and enhanced device stability. As a result, our best device
have shown the PCE of 20.2%, the highest efficiency of all low-

temperature processed perovskite solar cells.
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4.4. Experimental method

Mixed perovskite film fabrication

All perovskite films were fabricated by spin-coating of precursor
solution. The precursor solutions were prepared by dissolving Immol
of (MAI+ FAI + MABr), Immol of Pbl, and Immol of DMSO in
0.55 ml of dimethylformamide (DMF). To compare different
compositional perovskites, the amounts of MAI, FAI and MABr
were adjusted.

Solar cell fabrication

ITO glass substrates (AMG, 9.5Qcm 2, 25 x 25mm’) were
sequentially sonicated in acetone, isopropanol and deionized water.
The cleaned substrate was sufficiently dried in an oven, to eliminate
all residual solvents. A 35 nm-thick Ce layer43 was densely coated
on the ITO glass substrates by using a vacuum thermal evaporator at
the constant rate of 0.1 As'.[52] The 50 wt% mixed perovskite
solutions (MAI+FAI+MABE-r : Pbl; : dimethyl sulfoxide=1:1:1 in
dimethylformamide (DMF) solvent) were coated on the ITO/C60
substrate by Lewis base adduct method25. To prepare our best
compositional solution, 461 mg of Pbl,, 79.5 mg of MAI, 68.8 mg of
FAIL 11.2 mg of MABr and 78 mg of dimethyl sulfoxide were mixed
in 0.55 ml of dimethylformamide (DMF) at room temperature with

stirring for 30 min. After spin coating at 4,000 r.p.m. for 20 s with
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ether dripping treatment, the transparent adduct films were annealed
at 130 °C for 20 min, to form black perovskite films. To prepare the
HTM, 72.3mg of Spiro-MeOTAD (Merk) dissolved in 1 ml
Chlorobenzen (Sigma-Aldrich) with 28.8 pl of 4-tert-butyl pyridine
and 17.5 pl of lithium bis (trifluoromethanesulfonyl) imide solution
(520 mg lithium bis (trifluoromethanesulfonyl) imide in 1 ml
acetonitrile (Sigma-Aldrich, 99.8%)). The HTM solutions were spin
coated onto the perovskite layer at 2,000 r.p.m. for 30s. After all
process, 50 nm gold (Au) as a counter electrode was deposited on the
HTM at the rate of 0.3 As™' by using a vacuum thermal evaporator.
All spin coating processes in our experiments were carried out in a

dry room (RH <15%, room temperature).
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Chapter 5.
Trapped-Charge Driven Degradation of

Perovskite Solar Cells

Published in Nature Communications, 2016, 7, 13422

5.1. Introduction

Organic inorganic hybrid perovskite solar cells have shown
unprecedented performance increase up to 22% efficiency[7] and are
now considered not only as a low-cost alternative to commercialized
solar cells[53] but also as a functional cell with flexible
applications[54,55]. However, their long-term stability has not been
solved yet and this issue is the most pressing problem for
commercialization[17]. It is well known that perovskite materials are
vulnerable to the exposure of humidity and light[21,22,51]. Although
many efforts to encapsulate the devices for preventing direct contact
to humidity have been attempted, it was not successful to obtain
long-term  stability comparable to commercial photovoltaic
devices[22]. Various factors that can affect the stability have been
investigated from the viewpoints of chemical structure[56], electrical
stress[57], hydrated states[21,49,50] and heat[58]. However, the

degradation mechanism is still unclear how a fully fabricated device
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deteriorates rapidly, even though its perovskite layer is tightly
covered by the hole transport material (HTM) and the back electrode.
It is also elusive why light soaking causes irreversible degradation of
perovskite materials in the presence of moisture, whereas the
moisture in the dark condition only induces reversible hydration of
perovskite materials[49,50].

The device structure and the choice of charge extraction materials
also influence the stability[59]. The use of inorganic charge
extraction layers was reported to enhance stability[60]. Other studies
have focused on eliminating the pathway of water vapour infiltration
into the perovskite film by coating carbon-based materials, polymers
and hydrophobic materials on the top surface of the perovskite
film[61]. These approaches provide the device lifespan longer than
the case without these materials, but not long enough to ensure long-
term stability. Such approaches also occasionally sacrifice the
photovoltaic performance. Especially, the devices employing
titanium dioxide (TiO,) as electron transport layer (ETL) are rapidly
degraded under light soaking[48], even though they are highly
efficient in energy conversion and exhibit the world’s best efficiency.

In the present study, we found the fundamental mechanism for irr
eversible degradation of perovskite materials in which trapped c
harges regardless of the polarity play a decisive role. A novel

experimental setup utilizing different polarity ions revealed that
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the moisture induced irreversible dissociation of perovskite mate
rials is triggered by charges trapped along grain boundaries. We
also identified the synergetic effect of oxygen on the process
of moisture induced degradation. The deprotonation of organic ¢
ations by trapped charge induced local electric field would be a

ttributed to the initiation of irreversible decomposition.
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5.2. Results and discussion

First, we examined how solar cell degradation behavior becomes
different depending on different charge extraction layers, for
example, Cqo and compact TiO,. Figure.5.1a and b show J-V curves
for MAsFA4Pbl, 9Brg; perovskite on the C¢o ETL (a) and compact
TiO, layer (b), respectively. As shown in Figure.5.1¢,d, non-
encapsulated Cegp based cell shows much more stable performance
under one sun illumination but still degrades while compact TiO,
based non-encapsulated cell completely died only after 6 hours. To
examine the detailed evolution of degradation, we investigated how
the cross sectional morphology of the C¢p and TiO, based devices
would evolve under illumination via the focused ion beam (FIB)
assisted scanning electron microscope (SEM) images shown in
FigureS.2. Consistent with the PCE measurement results, the SEM
images clearly confirm that the Cso-based devices are much slowly
degraded compared to the TiO,-based cells. Strikingly, they showed
different degradation patterns, namely, different side of degradation
beginning where the degradation is initiated depending on different
ETLs. Such degradation pattern is the same for conventional MAPbI;
perovskite (see Figure.5.3). Since the reactants that can decompose
perovskite materials could infiltrate from the thin metal electrode

rather than from the thick ITO glass, it would be expected that the
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degradation should be initiated at the interface closer to the thin Au
metal electrode. However, the perovskite films of TiO,-based devices
began to be decomposed at the interface adjacent to the compact
TiO, layer near FTO glass (Figure.5.2b). Although these
observations were attributed to UV light induced photocatalytic
effect of TiO, layer according to the previous report[62], we
confirmed that the same degradation pattern happened in the TiO,
and Cg based devices aged even under UV-filtered light illumination
(Figure.5.4). For those of Cesp-based devices, the decomposition
began from the interface adjacent to HTL near Au metal electrode
opposite to the case of TiO, based devices. Since the two types of
devices have identical structure except for the ETL, Cs or
TiO,/Perovskite/Spiro-MeOTAD/Au, these different degradation
characteristics indicate that charge extraction may play an important
role where moisture driven decomposition of perovskite material
begins. Second, the TiO, based devices suffer from severe hysteresis,
whereas the Cgp based devices do not. Considering that the origin of
hysteresis is known as capacitive current[23], trapped charge[63] and
unbalanced charge injection[64], many electrons may be
accumulated near the ETL in the TiO, based devices, while the Cgg
based devices hardly do. From the observation on the degradation of

the TiO, based devices that begins from the interface contacting TiO,
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layer where many charges could be trapped, it is reasonable to
suspect that trapped charges at the interface between perovskite and
charge extraction layer would be responsible for initiating the
moisture related decomposition. Fast extraction of electrons through
Ceo would hardly accumulate negative charges at the interface
between perovskite and Cep, but hole extraction through Spiro-
MeOTAD could be slower than the rate of electron extraction in the
Coeo based cell[65,66]. This could result in positive charge trapping at
the interface between perovskite and hole extraction layer, which
could be the cause why the degradation begins from the interface
between perovskite and Spiro-MeOTAD for Cgo based cells (see
FigureS.2a). These results demonstrating the degradation beginning
from opposite side for different charge extraction layers gave us a
clue about the trapped charge driven degradation regardless of
polarity. It could be hypothesized that these trapped charges
generated under light soaking would be responsible for irreversible
degradation, which is in line with the aforementioned hypothesis of
trapped charge-driven degradation explaining the initiation of
degradation on different side, depending on different charge

extraction layers.
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Figure 5.1 Device performance and stability depending on different
ETLs. J-V curves of (a) ITO/Cg(35nm)/MA,cFA¢ 4Pbl; 9Brj;(500nm)
/Spiro-MeOTAD(250nm)/Au(S0nm) and (b) FTO/TiO,(40nm)
/MA, 6FA(.4Pbl; 4Br( 1(500nm)/Spiro-MeOTAD(250nm)/Au(50nm)

measured in the reverse (black) and forward (red) scans with a 200 ms
sweep delay. (c, d) Time evolution of the normalized PCE measured
under one sun illumination in ambient conditions (relative humidity =

30%) of the (¢) Cgo and (d) TiO, based devices.
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Figure 5.2 Degradation patterns depending on different ETLs. (a, b)
Time evolution of the FIB-SEM cross-sectional images of the (a) Cg
and (b) TiO, based devices aged for 72 h under light illumination in

ambient conditions. Scale bars = 200 nm.
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Cgo-based Device TiO,-based Device

200 nm

Time

Figure 5.3 Degradation patterns of the Cq- (left) TiO,- (right) based
devices employing MAPDI; perovskite, which were aged under one
sun illumination in ambient conditions. Scale bars = 200 nm. As was
shown in Fig. 1 for our mixed perovskite, the cell employing MAPbI;
also showed the same pattern of degradation: for TiO,-based cell, the
degradation begins from the interface between MAPbI; and TiO;
electron extraction layer, but for Cgp-based cell, the degradation
begins from the opposite side of interface between MAPbI; and Spiro-
MeOTAD hole extraction layer.
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UV filtered light induced degradation pattern
Cqo-based Device TiO,-based Device

200 nm

Time

Figure 5.4 Time evolution of the FIB-SEM cross-sectional images of
the Cq (left) and TiO, (right) based devices employing
MA, ¢FA4Pbl,4Br,; perovskites, which were aged for 48 h under UV
filtered (Edmund Optics, 425nm High Performance UV Longpass

Filter) light illumination in ambient conditions. Scale bars = 200 nm.
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To prove this compelling hypothesis of trapped charge driven
degradation, we have configured a novel experimental setup
employing an ion generator by corona discharge and a stainless
chamber that blocks all incident light from outside as shown in
Figure.5.5a. Detailed descriptions of the ion generation via corona
discharge method and ion deposition can be found in the references
[67,68]. The air inside the chamber is isolated from the outside and
controlled by two gas inlets that are connected to the independent gas
sources (Gas 1 and Gas 2). Gas 1 is ionized by applying a high voltage
to the pin of the corona chamber, delivered to the deposition chamber
by gas flow, and deposited on the perovskite film placed at the bottom
of the deposition chamber. Gas 2 passes through a water bubbler to
regulate the humidity level in the deposition chamber. We measured
the time evolution of the absorption spectra as the perovskite films
were gradually degraded in the deposition chamber. Gas 1 was chosen
as nitrogen or hydrogen for generating positive or negative ions for
being used as different polarity charges trapped on the surface of
perovskite, respectively while Gas 2 was nitrogen. First, we needed to
check that N, positive ions and H, negative ions themselves do not
affect the degradation without moisture (Figure.5.6). Next, we
examined the degradation behavior in the presence of moisture when

charged ions deposited on the surface of perovskite. When the
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positively charged N, ions were deposited and the relative humidity in
the chamber was held at 40%, the perovskite film rapidly decays as
shown in FigureS.5b. The deposition of negatively charged H, ions
also showed the similar irreversible degradation behavior under the
same moisture level in Figure.5.5¢. Although Figure.5.5¢ for negative
charges appears to cause slower degradation than the case shown in
Figure 5.5b for positive charges, this could not tell which polarity
charges affect more adversely on the degradation since ion generation
for different polarity in our experiment is different. Note that, on the
other hand, without depositing charges, the absorption spectra and
XRD patterns of the perovskite film were hardly changed for 2 days
even under 90% humidity as was shown in Figure.5.7. Similarly, at
the presence of only charges without moisture, the degradation did not
occur at all as shown in Figure.5.8. This suggests that the irreversible
degradation of perovskite materials only take place when both
moisture and charges exist simultaneously. Moreover, the structurally
distorted (conventional) MAPbI; film was degraded more quickly than
the mixed stable MAosFAo4Pbl,9Bro; under the same moisture and
ion deposition level (Figure5.8). Based on these observations, the
degradation mechanism could be thought of two-step process: the
formation of hydrated perovskite by humidity and the irreversible

decomposition by trapped charges. The first step of the formation of
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hydrated perovskite was already reported by several groups[21,49].
Here, we suggest that local electric field caused by trapped charge
could distort electrostatically the structure of hydrated perovskite in
which octahedral PbXs" interacts with both organic cation and H,O
and trigger the initiation of irreversible decomposition of perovskite.
Leijtens et al.[57] found the irreversible degradation near the gold
electrodes coated on perovskite film by applying a weak external field
of 600 V cm-1 in the presence of moisture and attributed it to the ion
movement through electric field. Since an electric field was applied
between two electrodes touching perovskite film, electric current could
flow and there was a possibility of charge trapping underneath the
electrode, which might have played a role for degradation. To isolate
the effect of pure external electric field, we examined the degradation
of perovskite materials by applying non-contact electric field which
was given by two floating electrodes; one electrode is in air above
perovskite film coated on ITO glass and the other electrode exists
beneath the glass. We found no degradation up to 12 kV cm-1 under
90 % RH (See Figure 5.9). Note that this field will be dropped across
the air gap and therefore, the real field inside perovskite film should be
different from the given field and the perovskite film might be
uniformly polarized by one-directional strong E-field because

perovskite materials have a high dielectric constant[19,69]. Therefore,
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further study should be needed to completely understand the effect of
pure external electric field. It is noted that the differences between the
fields due to the trapped charges and the external field lie in the point-
like character of the trapped charges, which produce locally huge and
irregular fields. The huge and irregular fields formed by charges
trapped along grain boundaries could help the process of

deprotonation[70].
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Figure 5.5 Experiments for trapped charge driven degradation.
(a) Experimental setup of corona discharge for ion generation,
bubbling system for humidification, and SUS chamber for ion
deposition and blocking light. Absorption spectra of the perovskite film
measured at an interval of 18 hours during deposition of (b) positive

nitrogen ions and (c) negative hydrogen ions at 40% relative humidity.

95



a Gas1:Ny(+)/Gas 2 : N,99.999% b  Gas1:Hy-)/Gas2:N,99.999%
1.4 e 1. e ——r
3 - 0d. - 0Od
121 N Zdzz 1 12f \ m?; 1
S0t \\ { S0} -
& T N R T
=08 { Eosf
IS T S T
506} i 1506 \\
5 \ 18
w04+ 4 poal |
o \ o)
<Loa} V{2 N
AN | -
00 1 1 1 1 L 1 L 1 0‘0 1 1 1 1 1 L 1 1
400 450 500 550 B600 650 700 750 800 850 400 450 500 550 600 ©50 700 750 800 850
Wavelength(nm) Wavelength(nm)
Figure 5.6 Absorption spectra of the perovskite film

under (a) continuous positive nitrogen and (b) negative hydrogen ion

deposition in moisture-free dark condition.
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Figure 5.7 XRD patterns of the perovskite film before (red) and after

(black) aged at 90% relative humidity for 2 days.
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Figure 5.8 Comparison of the degradation rates of MAPbI3 and
MA6FA¢4Pbl,9Br,; perovskite films at 40% relative humidity with
positive nitrogen ion deposition. Absorption spectra were measured at

an interval of 3 hr.
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Figure 5.9 The effect of non-contact high electric field on the
degradation of the perovskite film at high relative humidity (90%)

under dark condition.
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Next we investigated how trapped charge could decompose
perovskite material in time by examining morphology evolution via
SEM analysis. As shown in Figure.5.10e-1 (Tilted top-view and cross-
sectional images) and Figure 5.11 (Top-view images), the degradation
is initiated from the grain boundaries. As the reaction continues, the
color of the film turns into yellow (Figure.5.10a-d), indicating that the
perovskite is irreversibly decomposed to Pbl, (see XRD patterns after
degradation in Figure 5.12). It is interesting to dig into why
degradation occurs from grain boundaries in line with our trapped
charge mechanism. To check the distribution of trapped charges on the
surface of perovskite after uniform ion deposition, we measured
Kelvin Probe Force Microscopy (KPFM) of un-treated perovskite and
ion-treated perovskite films. Figure.5.10m,n shows topology and
surface potential distribution of the perovskite surface on which
positive N, ions were uniformly showered. Striking coincidence
between two images is the evidence that charges are preferentially
trapped along grain boundaries. Overlapped image of topology and
potential distribution shown in Figure 5.13 clearly demonstrates
charges are trapped along grain boundaries even though ions are
showered uniformly. For untreated sample, there is no correlation
between topology and potential distribution (see Figure 5.13). With

this charge trapping along grain boundaries, experimentally observed
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degradation pattern following grain boundaries and the fact that the
irreversible degradation occurs only when moisture and charges exist
together are the evidences that trapped charges would be responsible
for the initiation of irreversible degradation of perovskite materials. It
is now apparent that grain boundaries are the most vulnerable sites for
the degradation because they provide charge accumulation sites as
well as infiltration pathway of water vapor[17]. Successful
enhancement of stability utilizing high mobility inorganic charge
extraction layers supports the present idea[22,60].

To further investigate the possibility that the above mentioned
intriguing experimental observation of irreversible degradation under
light soaking might be related to the mechanism of trapped charges of
the present study, we measured KPFM images on the surface of
perovskite after light illumination without ion deposition. As shown in
Figure 5.13, charges are clearly trapped along grain boundaries for the
ITO/Cgo/perovskite sample soaked by light, which is in agreement
with the previous report’”. These results confirmed that light soaking
alone induces charge trapping along the grain boundaries of perovskite
material like was done by introduction of ion charges in the dark
condition. From our concept, these trapped charges can now trigger
the irreversible degradation due to moisture as the same happened

when ion charges are deposited in the dark. Therefore, the
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fundamental cause for irreversible degradation would be the same, that
is, the trapped charges that could trigger the irreversible degradation
under humid air. Such irreversible degradation under light soaking was
reported in previous several reports[49], but, the reason has not been
clearly elucidated so far although Christians et al.[49] suggested the
lessened hydrogen bonding after photoexcitation as a possible cause.
Here, we argue that trapped charges under moisture would be
responsible for the initiation of irreversible degradation under light or
in the dark since light illumination always generates charges and traps
the charges along grain boundaries as shown earlier. This can explain
well why moisture itself without illumination or intentional ion
deposition only hydrated perovskite reversibly. Light illumination
under nitrogen gas without moisture for two days was shown to hardly
degrade the perovskite as shown in Figure 5.14 which is strongly

contrasted with the case of light illumination under moisture.
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Figure 5.10 SEM and KPFM measurements. (a-d) Schematic
illustration of perovskite degradation processes (left), (e-h) top-view
(middle) and (i-1) cross-sectional (right) SEM images of perovskite
layers (a,e,i) before, (b,f,j) after 6 hours, (c,g,k) 12 hours, and (d,h,]) 18
hours by ion deposition in humidified nitrogen. The color change from
dark brown to yellow in (a,b,c,d) represents the gradual degradation
process. Black lines and their widths in (a,b,c,d) represent grain
boundaries and degradation extent, respectively. Scale bars = 200 nm.
(m) Topography and (n) surface potential profile of
MA¢FA( 4Pbl, 9Br,; film obtained from KPFM measurements after

deposition of N, positive ions.
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Figure 5.11 The top-view SEM images of the fresh and degraded
perovskite films. The degraded samples were aged for 9 hours under one
sun light illumination (first row) and ion charge deposition (second row),

respectively.
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before and after degradation by trapped charges in the presence of

moisture.
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Figure 5.13 Topographies (first column) and surface charge density profiles
(second column) of untreated (first row), Ion-treated (second row), and
light-illuminated (third and fourth row) MA¢FA(Pbl,Br,; perovskite
film. The images in the third and fourth row were obtained from light on
and off during the measurement, respectively. The images in the third
column show 3D plots of topographies colored based on the surface
potential values. Both images of light illuminated cases show clear charge
trapping along grain boundaries, but the charge trap is more contrasted

when KPFM operation is under the light on.
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Figure 5.14 Absorption spectra of the perovskite film under one sun

illumination in nitrogen. Light was illuminated in a moisture-free

condition.
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We suggest a possible scenario how trapped charge could trigger
the irreversible decomposition of perovskite materials. First, in the
presence of water molecules, perovskite materials are known to form
hydrates. Within the hydrated perovskite, octahedral PbXs" interacts
with both organic cations (CH;NH;", HC(NH,),") and H,0O'". Then,
the charges trapped at the defect site regardless of polarity could help
to deprotonate organic cations by induced local electric field like the
way that was well known from the soft matter physics on electric-field
induced de-protonation of organic molecules[71,72]. Such de-
protonation process[62,70] in the presence of water could yield
volatile molecules like CH3NH, and HC(=NH)NH, that can evaporate
at room temperature. The following deprotonation from organic

cations could take place due to trapped charge induced local electric

field:

CH3;NHI(MA™Y) TC 7 CH3NH, (1) +
(HC(NHz)Er (FA+)) +H,0- (HC(=NH)NH2(T)) +H;07 (1)

where TC means trapped charge. Evaporation of resulted volatile
neutral molecules could shift the following equilibrium reaction that
prevail during the formation of hydrates towards the right hand side,

which causes the beginning of irreversible degradation of perovskite:

CH3NHT
HC(NH2)3

H,0
— PbX,(s)+

(aq)+X(aq)
CH3NH; )
(HC(NHZ)Z) PbX; H,0+TC

)

CH3NH —
Pbxz(s)+(HC(=1§]H)I§H2)(T)+H30++x (aq)
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where X denotes halide. In addition, trapped charges could help the
hydration process by distorting the structure of perovskite
electrostatically, which leads water molecule to penetrate easily into
the perovskite structure.

Next, we investigated the effect of oxygen on the moisture induced
degradation of perovskite materials. Previous studies on device
encapsulation have mostly focused on blocking moisture, and
overlooked the effect of oxygen. However, we found an interesting
result that is the synergetic effect of oxygen on the process of moisture
induced degradation of perovskites. To test this, we switched the Gas 2
from N to dry air (N,+0,:8:2) for bubbling water (Figure 5.15a) with
the Gas 1 remaining as N, for ion generation. As shown in Figure
5.15b, the addition of oxygen under the same condition of trapped
charge and moisture of RH=40% clearly showed more rapid
degradation compared to the case without oxygen (Figure 5.15a). We
also verified that degradation did not happen if a dry air gas was
employed as Gas 2 without moisture (Figure 5.16). This implies that
oxygen alone would not harm the perovskite even under the existence
of trapped charges, but, the oxygen could worsen the degradation
process in the presence of water and trapped charges. Previously, Niu
et al[73] suggested reaction equations of oxygen-involved

degradation in humid air condition, which represent the formation of
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H,O as a reaction product. Similarly, we explain the fast degradation
in the presence of oxygen more clearly based on the scavenging effect
of oxygen on H3O+ proton generated from irreversible de-protonation
process, Eq(1). The process of scavenging H;O" by oxygen could be

expressed as follows.
H;0% + X~ 450, - 2X, +2H,0 (3)
The overall chemical reaction of the oxygen involved degradation

can be expressed as:

(jcHaNts ) PbX, (s) + 20, O PbX, (s) + (yHattz ) (1) + 32X, +3H,0
4

We also confirmed that solid I, is produced from the perovskite
degraded in ambient air, which is evidenced by XRD results (see
Figure 5.17). Interestingly, the overall reaction produces water, which
is in agreement with the previous work[73], and then this water could
cause a chain reaction of water induced degradation. Therefore,
oxygen, which comprises about 20% of the atmosphere, should be

considered as an additional target that must be avoided together with

moisture.
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Figure 5.15 Synergetic effect of oxygen on degradation. Time evolution of
the absorption spectra of MAcFA(4Pbl;9Bry; films (a) in humidified
nitrogen and (b) in humidified air measured at an interval of 3 hours
during deposition of positive nitrogen ions. In both cases, the relative

humidity is 40%.
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Figure 5.16 Absorption spectra of the perovskite film in dry air after

deposition of positive nitrogen ions.
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5.3. Conclusion

We found that trapped charges would be responsible for triggering the
irreversible degradation in the moisture induced degradation of
perovskite materials regardless of charge polarity. To verify this, we
designed a novel experimental setup enabling the deposition of different
polarity charges on the surface of perovskites for controlled moisture
degradation experiments. From this setup, we demonstrated that the
perovskite materials degraded irreversibly along grain boundaries only
when both moisture and trapped charge exist simultaneously. During the
course of study, we developed and used a new mixed perovskite material
that ensured both high performance and structural stability. Our study
explains both why the degradation begins to occur from the different side
of interface between perovskite and charge extraction layer for different
charge extraction layers and how light soaking always degrades
irreversibly in the presence of moisture. KPFM study reveals that charges
are trapped preferentially along grain boundaries of perovskites even
under uniform deposition of ion charges or uniform illumination of light,
which supports our idea of trapped charge driven degradation. We also
found the synergetic effect of oxygen in the process of moisture induced
degradation. The present study suggests that the prevention of

accumulation of charges at the interface is very important in addition to
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proper encapsulation for developing commercially viable perovskite solar

cells.
5.4. Experimental method

Experimental setup for ion generation and deposition

The whole chamber contains two connected chambers: the ion
generation(IG) chamber and the ion deposition(ID) chamber. The IG
chamber has cylindrical shape with 30 mm diameter and and 35 mm height.
It is made of transparent acrylic which makes it possible to see the state of
corona discharge during experiment. Stainless steel pin and plate creates
highly asymmetric electric field in the chamber, when a bias voltage is
applied between the pin and the plate. Gas 1 can flow into the chamber
through an inlet on the side wall. The polarity of generated ions is
determined by the polarity of applied voltage to the pin. The current of
generated ions was measured by Faradaycup electrometer (Keithley Sub-
femtoamp romote sourcemeter, 6430). A high-voltage supply (FuG
ElektronikGmbH, HCP140-12500) apply voltage to the pin and the substrate
in the ID chamber.

The ions generated in the IG chamber flows through a 115 mm long pipe
with a 1.5mm diameter that connects the IG and ID chambers. A tee tube
connected to this pipe introduces Gas 2 into the system. The flow rates of
Gas 1 and 2 are both controlled by mass flow controllers (MKS instruments,
MFC Controller 247D, MFC 1179A). The negatively (postively) charged gas
ions are -electrostatically attracted and deposited on the positively

(negatively) biased substrate with the bias voltage of 2kV (-2kV).
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Corona ion generation

Nitrogen gas inflow with the flow rate of 2 Ipm was transformed into
positive nitrogen ions by applying 4.2 kV to the pin. The electric current of
generated nitrogen ions was measured to be 20.6-25.8 pA, which is
indicative of positive ion generation. To generate negative ions, we used
hydrogen gas with the flow rate of 2 lpm and applied negative bias (-1.55
kV) to the pin, wheich generates the current of -3.2 ~ -4.8 pA. (see Table
5.1)

Atmosphere control

To maintain the condition of the air inside the chamber at constant, the
flow rate of Gas 2 was controlled by MFC and set as 1.5 lpm throughout the
measurements. Nitrogen, dry air, humidified nitrogen and air were used as
Gas 2. Nitrogen and hydrogen gases are highly purified by 99.999%, and dry
air consists of 80% of nitrogen (99.999%) and 20% of oxygen(99.995%).
Gas 2 passes through a water bubbler that controls the humidity in the
chamber. The relative humidity was measured by portable multifunction
data-logger(Delta OHM, Data logger D09847, Temp&Humidity probe

HP474AC) at the gas exit of deposition chamber.
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Flow rate(L m Current of generated Applied voltage

Y ion (pA)
Gasl Nitrogen 2 20.6 ~25.8 4.2kV(0.009 mA)
as
Hydrogen 2 -3.2~-4.8 -1.55kV(-0.4 mA)
Nitrogen 15
Gas2
Dry air 15 -

Table 5.1 The parameters for ion generation and data obtained from MFC

controller and Faradaycup
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Topography and Kelvin probe force microscopy

All the samples for topography and Kelvin probe force microscopy
measurements were prepared on ITO glass substrates. The perovskite
films were spin-coated on the ITO glass and ITO/Cgy substrate. The
ion-treated sample was prepared by depositing N, positive corona ion
for 1 hr on the ITO/perovskite substrate. In the case of the light-
illuminated sample, the ITO/Cgy substrate was used in order to
measure positive charge accumulation profile. After one sun
illumination for 1 hr, the sample was measured under light on or off
during KPFM operation.

Topography and Kelvin probe force microscopy (KPFM) signals
were measured by using an atomic force microscope (MFP-3D,
Asylum Research, USA) with a Pt-coated tip with the spring constant
of 2 nN nm™ and the resonant frequency of 77 kHz. For each line
scanning, topography was first measured and successively the surface
potential was measured while scanning the same line at a fixed
distance above the sample surface. The tip was positioned sufficiently
away from the substrate (as far as 20 nm) in order to exclude the corss-
talk artefacts from topography footprints'>. The surface potential was
measured using an active electronic feedback circuitry: the bias
voltage to the tip was modulated in order to equate the potential of the

tip with that of the surface, resulting in minimum vibration amplitude

116



of the AFM tip at the fundamental frequency. A 150W halogen bulb

with single fiber light guide was used for illumination.
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