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Abstract

Hybrid organic-inorganic perovskite materials (HOIPs) have emerged as an exciting research topic in
chemistry and materials science for their attractive photoelectrical properties. The discovery of the
potential of this material was considered by the journal Science as one of the ten most significant
scientific breakthroughs in 2013. Lead-halide perovskite materials have been extensively studied for
photovoltaic applications with power conversion efficiency nowadays over 25%. However, despite their
processing advantages (low-cost solution process) and outstanding solar to electrical energy conversion
properties, HOIPs materials suffer from several drawbacks such as environmental stability impeding
their commercialization. It has been suggested that ionic migration in HOIPs could impact optoelectronic
performance and affect device operation and long-term stability. However, despite considerable
advancements in this research domain, several questions with respect to the physics of ions in perovskite
materials remain unsolved. In this thesis, analyses of CH3NH3Pblz«Clx (MAPI) and Triple-cation Lead
Halide {3CP: (MAo.17FA0.83)0.95CS0.05Pb(lo.e3Bro.17)3 (MA: Methylammonium, FA: Formamidinium)}
based perovskite thin films and solar cells are presented.

In a first step, the synthesis of the halide perovskite layer (3CP) is optimized by controlling the
deposition conditions such as anti-solvent treatment, annealing condition, and dynamic- dispense
process. 3CP based Perovskite Solar Cells (PSCs) are then manufactured in the inverted (p-i-n) planar
structure and characterized optically and electrically in a second step.

Direct experimental evidence of ion migration in HOIPs (MAPI and 3CP) under an applied constant
electric field was found by the Glow Discharge Optical Emission Spectroscopy (GD-OES). In-situ and
ex-situ GD-OES results showed that 3CP had faster ion migration recovery compared to MAPI. Through
Impedance Spectroscopy (IS), the ion accumulation phenomenon at the interface was observed only with
a voltage sweep for 2 min (range: -0.5 V < +1.0 V). From IS measurement, a relative dielectric constant
of 17 (MAPI) and 19 (3CP) is calculated for the perovskite materials.

Finally, the ageing mechanism of the PSCs was investigated with solar cell performance ageing, IS,
and GD-OES. An increase in ageing-related ion accumulation at the interface was observed for ten days.
After long-term ageing, halogen ions were observed in the top silver electrode with GD-OES. The results
demonstrate that halide ions in the HOIP layer diffuse into the top silver electrode in the form of silver

halide (Agl and AgBr), as already mentioned in the literature.



Researching ion migration and ageing characteristics proposes a perspective to understand why 3CP
is more stable than MAPI. When developing a more improved perovskite material and evaluating the

material properties, this study can suggest one criterion for material evaluation.



Résumé

Les matériaux pérovskites hybrides organiques-inorganiques (HOIPs) sont devenus un sujet de recherche
passionnant en chimie et en science des matériaux pour leurs propriétés photoélectriques attrayantes. La
découverte du potentiel de ce matériau a été considérée par la revue Science comme l'une des dix percées
scientifiques les plus importantes en 2013. Les pérovskites aux halogénures de plomb ont été largement
étudiées pour les applications photovoltaiques avec aujourd'hui un rendement de conversion énergétique
de plus de 25 %.

Cependant, malgré leur faible codt de fabrication et leurs propriétés exceptionnelles de conversion de
I'énergie solaire en énergie électrique, les matériaux HOIP souffrent de plusieurs inconvénients tels que
la stabilité environnementale qui entrave leur commercialisation. Il a été suggéré que la migration ionique
dans les HOIP pourrait avoir un impact sur les performances optoélectroniques et affecter le
fonctionnement et la stabilité a long terme des dispositifs. Cependant, malgré des avancées considérables
dans ce domaine de recherche, plusieurs questions concernant la physique des ions dans les matériaux
pérovskites restent en suspens. Dans cette thése, I’analyse de pérovskites hybrides de type CH3sNH3Pbls.
xCIx (MAPI) et de type {3CP: (MAo.17FA0.83)0.95CS0.05Pb(lo.83Bro.17)s (MA: Methylammonium, FA:
Formamidinium)} sont présentées a la fois en films minces et en cellules solaires (PSCs).

Dans une premiére étape, L’optimisation de la synthése de la pérovskite hybride halogénée de type 3CP
sera présentée. La synthese de la couche de pérovskite aux halogénures (3CP) est optimisée en contrdlant
les conditions de dép6t telles que le traitement anti-solvant, les conditions de recuit et le processus de
distribution dynamique. Les cellules solaires a base de pérovskite 3CP seront ensuite fabriquées selon
une structure inversée (type p-i-n) et caractérisées optiquement et électroniquement.

Des preuves expérimentales directes de la migration des ions dans les HOIP (MAPI et 3CP) sous un
champ électrique constant ont été déemontrées par la spectroscopie d’émission optique par décharge
plasma (GD-OES). Les résultats GD-OES in-situ et ex-situ ont montré que le 3CP avait une récupération
plus rapide de la migration des ions par rapport au MAPI. Grace a la Spectroscopie d'Impédance (IS), le
phénomeéne d'accumulation d'ions a l'interface n'a été observé qu'avec un balayage de tension pendant 2
minutes. A partir de la mesure IS, une constante diélectrique relative de 17 (MAPI) et 19 (3CP) est

calculée pour les matériaux pérovskites.



Enfin, le mécanisme de vieillissement des PSCs a été étudié avec le vieillissement des performances des
cellules solaires, les mesures d’IS et GD-OES. Une augmentation des ions accumulés a I’interface, due
au vieillissement, est observée au bout de 10 jours. Aprés un vieillissement a long terme, des ions
halogénes ont été observés dans I'électrode d'argent supérieure avec GD-OES. Les résultats démontrent
que les ions halogénures de la couche HOIP diffusent dans I'électrode d'argent supérieure sous forme
d'halogénures d'argent (Agl et AgBr) comme cela a deja été proposé dans la littérature.

La recherche des caractéristiques de migration et de vieillissement des ions propose une perspective pour
comprendre pourquoi le 3CP est plus stable que le MAPIL. Lors du développement d’une pérovskite

encore améliorée, cette étude peut suggérer un critere d’évaluation du matériau.

Vi
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1.1. Global Energy Transition

Global energy consumption has increased manifold over the last thirty years. In addition, the problem
of global warming caused by CO> from fossil fuel consumption is steadily on the rise. To improve the
current worldwide problem, research on alternative non-fossil energy sources is actively taking place [1-
4].Currently, most of the global energy demand is still fed either by fossil fuels or nuclear energy.
However, these are unsuitable as sustainable energy sources and pose serious environmental and security
problems/issues [5]. Therefore, the most crucial challenge for the present generation is to enable a
complete transition in energy production and consumption towards cleaner, safer options. In this respect,
renewable energy sources are excellent alternatives. Besides being environmentally friendly, they offer
several other advantages [6].



Figure 1. 1. Application of solar cell technology to harvest solar energy [7].

Several renewable energy resources are being developed or have already been introduced
commercially. Among those, solar energy is one of the most important ones today.

In nature, solar energy facilitates photosynthesis in plants that convert electromagnetic energy from
solar radiation into chemical energy. Thus, solar energy is a clean and free energy source promising
weapons in our fight against climate change and energy poverty. Researchers are constantly developing
solutions to efficiently convert solar radiation into heat energy (solar thermal systems) or electrical
energy (photovoltaics) to enable this energy transition. Solar cells are now widely recognized as a

promising energy source.
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Figure 1. 2. Share of global electricity generation (percentage vs. year) and solar energy generation (terawatt hours vs. year)

[3].

1.1.1 Air Mass (AM)

The Air Mass is the path length that light takes through the atmosphere normalized to the shortest
possible path length (when the sun is directly overhead). Thus, the Air Mass quantifies the reduction in
the power of light as it passes through the atmosphere and is absorbed into air and dust. It is defined as

follows:

AM =L~ 2

Lo COSCoS z

21-(1)

; where L is the path length through the atmosphere, Lo is the zenith path length at sea level, and z is the solar radiation

zenith angle.

The AM is commonly used to characterize the operating environment of solar cells under standardized
conditions. “AM1.5” indicates the spectrum of 100mW/cm? irradiance and is useful to represent the
overall yearly average for mid-latitudes. It is thus used for standardized testing or rating of terrestrial
solar cells or modules. “AMO0” is the spectrum outside the atmosphere, and it is used for space power

applications. “AM1” is the spectrum after traveling through the atmosphere to sea level with the sun



directly overhead and it is useful to estimate the performance of solar cells in equatorial and tropical

regions.

AM1.5:
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Figure 1. 3. Schematic representation of the concept of Air Mass



1.2. Operating Principles of Solar Cells

When a solar cell is placed under illumination, a difference of potential is generated across the cell,
giving rise to the flow of electrical current that is then directed into an external circuit. The current
flowing from the anode (positive terminal) to the cathode (negative terminal) produces a current-voltage
relationship (I-V curve) that is similar to the behavior of an ordinary semiconductor diode. Under
illumination, charge separation and collection in the cell are enhanced rapidly. Thus, the solar cell
function switches from a diode to a generator of electrical power. Solar cell operation can be described

by the following steps [8-10]:

1.2.1. Light absorption

Photons of energy higher than the bandgap of the solar cell material are absorbed as light energy. This
absorbed energy generates electron-hole pairs (EHP) in the photoactive layer of the solar cell. After the
absorption of energy, these excited electrons and holes can exist in the material for a length of time called
minority carrier lifetime before they recombine each other. A hole is an absence of an electron. Moreover,
it is a positive charge moving in the opposite direction from an electron with an electrical field. This
process is called the charge carrier generation.

1.2.2. Carrier actions: drift, diffusion, and generation-recombination

Two mechanisms govern the flow of charge carriers in semiconductor devices. The first one,
“Diffusion,” is caused by a gradient of carrier concentration in the material that leads to the random
motion of carriers from regions of high concentration to regions of low concentration. “Drift” is the
second movement mechanism that involves the movement of charge carriers under the influence of an
(external, internal, or both) electric field in the material. For example, in the solar cell structure, a built-
in electric field causes electrons to move toward the cathode and holes to move toward the anode.
Depending on the type of material used in the solar cell, the charge carrier transport mechanism is called
“hopping transport” (organic solar cells) and “band transport” (inorganic solar cells).

The electron (charge carrier) has two energy states. One is the excited state, and the other is the
ground state. When the photoactive layer absorbs photons with enough energy in the solar cell, electrons
get excited. We call this phenomenon “photogeneration”. When the excited electrons relax back to the

ground state by losing excited energy, we call this phenomenon “recombination”. Since collecting the
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excited electrons and holes outside of the solar cell constitutes electricity generation, recombination
negatively affects the solar cell. For a good solar cell, longer diffusion lengths are desirable so that the
carriers can be collected as current before they are lost to recombination. Diffusion length is the distance
that a carrier (electron or a hole) can travel before the recombination. Furthermore, the carrier lifetime is

the time it takes to diffuse before the recombination.

1.3. Solar cell parameters
Electrical characteristics: 1-V, FF, PCE, Rs, Rsh, EQE
1.3.1. Photo Current (I.) & Dark Current (lo)

The current-voltage (IV) curve of a solar cell is the superposition of the IV curve of the solar cell
diode in the dark (lo) with the light-generated current (I.). The light has the effect of shifting the IV curve
down into the fourth quadrant, where power can be extracted from the diode, and the solar cell becomes
a generator. Although the actual solar cells do not strictly accompany this shift, solar cells have a
dominant tendency of the shift. Illuminating a cell adds the photo-generated current to the normal "dark"
current in the diode so that the diode current equation becomes [10-12]:

174
I=l|expexp () —1] -1, 13- (1)
where 1 < n < 2 is the ideality factor, k = 1.38 x 102 m?kg/s’K is the Boltzmann constant, q is an

electronic charge, and T is the absolute temperature
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Figure 1. 4. 1-V characteristics and equivalent circuits for a solar cell: a) in dark condition, and b) under illumination.

It is a common convention to take I as positive and move the curve to the first quadrant, the equation
for the IV curve in the first quadrant becomes:

I1=1,—- I [exp exp (%) — 1] 1.3-(2)



The -1 term in the eq 1.3 - (2) is negligible since the exponential term is dominant ( >> 1) except for the
voltage (V) term below 100mV. Besides, photo current term (I.) dominates the lo (...) term at low

voltage. Thus, the -1 term is not necessary under illumination conditions.

14
I=1,— I [exp exp (:ﬁ)] 1.3-(3)
We presented the electrical characteristics of the solar cell with equation 1.3 — (3). In the following, we
will introduce some factors, which are commonly in use to characterize a solar cell, like the short circuit

current (lsc), the open-circuit voltage (Voc), and the fill factor (FF).



1.3.2. Short circuit current (Isc)

The short-circuit current is the current through the solar cell when the bias voltage across the solar
cell is zero (i.e., when the solar cell is short-circuited). So, as an operating point, the power from the solar

cell is zero. Usually written as Isc, the short-circuit current is shown on the 1V curve in Figure 1.5 below.

IV curve of the solar cell

lsc
‘\ The short circuit current, lge,
iz the maximum current from a
c solar ceil and occurs when the
o voltage across the device is
S ZErD,

Power from
the solar cell

Voltage

Voc
Figure 1. 5. I-V curves of a solar cell showing the short-circuit current. [13]

The short-circuit current is due to the generation and collection of light-generated carriers. For an ideal
solar cell at most moderate resistive loss mechanisms, the short-circuit current and the light-generated
current are identical, i.e., Isc = | (V=0) = I. Therefore, the short-circuit current is the largest current that
may be drawn from the solar cell. To remove the current dependence on the solar cell area, it is more
common to write the current density (Jsc or J in mA/cm2) rather than the current by dividing the current
Isc by the active area of the current measured solar cell.



1.3.3. Open circuit voltage (Voc)

The open-circuit voltage, Voc, is the maximum voltage available from a solar cell, and this occurs at
zero current. So, as an operating point, the output power from the solar cell is zero. The open-circuit
voltage corresponds to the amount of forward bias on the solar cell due to the bias of the solar cell junction
with the light-generated current. The maximum value is limited by the bandgap (Eg) of the material. The
open-circuit voltage is shown on the IV curve in Fig. 1.6 below.

A

lan IV curve of the solar cell

Current

The open circuit voltage,V . ,

is the maximum voltage from a
solar cell and accurs when the

Power from net current through the device
the solar cell I5 ZEr0.
4 »-
Voltage Vioe

Figure 1. 6. I-V curves of a solar cell showing the open-circuit voltage [13].

An equation for Vo is found by setting the net current equal to zero in the solar cell equation to give:
Voe = ”qﬂ In (% +1) 1.3 (4)
Voc: Open-circuit voltage, I.: illuminated current, lo: dark current.

Since open circuit voltage is known as the maximum potential difference when there is no current and
the circuit is not closed, its values are often quoted under particular conditions (state-of-charge,
illumination, temperature) for solar cells [14]. The open-circuit voltage increases by increasing the
bandgap. Under the illumination, electrons and holes accumulate in the light-absorbing layer. The
accumulation of electrons and holes on the two sides of the junction produces the open-circuit voltage.

1.3.4. Maximum Power Point (MPP), Fill Factor (FF) and Power Conversion

Efficiency (PCE)



Power Conversion Efficiency (PCE) is a commonly used parameter to compare the performances of
different solar cells. To calculate the PCE, the Maximum Power Point (MPP) and Fill Factor (FF) are
required [15-17]. A desirable operating point (Im, Vwm) called the Maximum Power Point should be

obtained by maximizing the product of current and voltage.

The product Im¥m corresponds to the maximum power that can be extracted from a solar cell under

certain fixed conditions, and in an ideal cell, it should be equal to IscMoc. Fill Factor is the ratio defined

by:
FF =2 - (ideal = 1, worst = 0) 1.3 (5)

IscVoc
Moreover, it gives a quantitative measure of the “squareness” of the I-V curve. For good quality, real,
non-ideal cells, its value usually lies within the range of 0.6 to 0.85. Applying the definition of Fill Factor,
the Power Conversion Efficiency, which is defined as the ratio between the maximum electrical power
that can be delivered to the load, Pmax, to the power of the radiation incident on the cell, Pin, can be

expressed as:

PCE =

Maximum output power from the solar cells Pmax IV _ FF IscVoc 1.3 (6)

Input power == Pin  Pin Pin

(Note: ‘I’ can be replaced by ‘J’ as current density in all the above equations if incident power is given

regarding power per unit area)

The efficiency is affected by several factors, including the intensity of the incident solar radiation and
the temperature of the solar cells. In order to achieve maximum efficiency, we need to optimize external

conditions carefully. Most terrestrial commercial solar cells are measured at AM1.5 and 25°C.
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1.3.5. Series Resistance (Rs) and Shunt Resistance (Rsh)

I
Jsc —_
_____ 1
] , VWA *
MAX I Series resistance
I RS
Shunt resistance |
|
RSh 1 Shunt
1 resistance v
1
. . Rsh
Series resistance'
RS
@
VMAX VOC

Figure 1. 7. Shunt resistance and series resistance in the J-V characteristics and the equivalent circuits.

From an analysis of the J-V characteristics of actual solar cells, the effect of two types of resistances,
series resistance (Rs) and shunt resistance (Rsn), can be observed [18,19]. First, Rs represents the contact
resistance of two-terminal electrodes. Between two terminal electrodes, the layers constituting the solar
cell are connected in series. The thicker photo absorbing layer, therefore, can increase the series
resistance. High-series resistance's impact is to reduce the fill factor, although excessively high values
may reduce the short-circuit current. Second, the Rsn indicates the leakage current through the solar cell.
Defects in the solar cell cause the leakage current—higher leakage current results in a lower fill factor
and lower Vo through the p-n junction. Finally, the effect of shunt resistance is dominant when the light
density is low.

Among these four basic solar cell parameters, FF decreases by high Rs and low Rsh. The equation that
summarizes these relations is:

) = e o[ (1222 v 13-

KT Rgn

The zero Rs and infinite Rsh is the ideal case. Fig. 1.7 shows equivalent circuits and an example of J-V
curve with poor Rs and Rsh. lIdeal Rs and Rsh make the curve close to the ideal diode form (dashed

perpendicular line in Fig. 1.7). In addition, Rs has a bigger effect on the whole I-V curve shape than Rsh.
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1.3.6. Quantum efficiency

The "quantum efficiency" (Q.E.) is the ratio of the number of carriers collected by the solar cell to the
number of photons of a given energy incident on the solar cell. The quantum efficiency may be given
either as a function of wavelength or as energy. If all photons of a specific wavelength are absorbed, and
the resulting electron and hole pairs are collected, then the quantum efficiency at that particular
wavelength is unity. The quantum efficiency for photons with energy below the bandgap is zero. The

quantum efficiency curve of an ideal solar cell is shown in Fig. 1.8 below.

The red response is
reduced due to rear
surface recombination,
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Figure 1. 8. Quantum Efficiency of an ideal solar cell plotted against the wavelength of incident photons [13].

Quantum efficiency is usually not measured much below 350 nm as the power from the AM1.5
contained in such low wavelengths is low. While quantum efficiency ideally has the square shape shown
above, the quantum efficiency for most solar cells is reduced due to recombination effects. The same
mechanisms which affect the collection probability also affect the quantum efficiency. For example, front
surface passivation affects carriers generated near the surface. Since blue light is absorbed very close to
the surface, high front surface recombination will affect the "blue™ portion of the quantum efficiency.
Similarly, green light is absorbed in the bulk of a solar cell. A low diffusion length will affect the

collection probability from the solar cell bulk and reduce the quantum efficiency in the green portion of
12



the spectrum. The quantum efficiency can be viewed as the collection probability due to the generation
profile of a single wavelength, integrated over the device thickness and normalized to the incident number
of photons.

The "external™ quantum efficiency includes the effect of optical losses such as transmission and
reflection. However, it is often useful to look at the quantum efficiency of the light left after the reflected,
and transmitted light has been lost. "Internal” quantum efficiency refers to the efficiency with which
photons that are not reflected or transmitted out of the cell can generate charge carriers. By measuring
the reflection and transmission of a device, the external quantum efficiency curve can be corrected to
obtain the internal quantum efficiency curve.

Following these definitions, to determine Jsc, we combine the photon flow at a wavelength with
the EQE at this same wavelength, leading to the flow of electrons crossing the cathode and the flow of
holes crossing the anode of the solar cell at this wavelength. Jsc is then obtained by integrating across all
the relevant wavelengths from A, to A, (4, the shortest wavelength absorbed in the solar cell, 1, starting

wavelength absorbed in the solar cell):

2
Jsc = —q fllz EQE(A) - yipi®da 1.3-(8)

With the spectral photon flux y ph, 5. For formal type solar cells, the important range would be from 300

to 1200 nm.
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1.4 Perovskite Solar Cells

1.4.1. Perovskite lattice structure

A perovskite, named after being discovered by the Russian mineralogist L. A. Perovski, is any
material with the same type of crystal structure as the naturally occurring calcium titanium
oxide (CaTiOz). The general chemical formula of the perovskite structure is ‘ABX3’ in the cubic unit
cells where the ‘A’ atom (large atomic or molecular cation) sits at cube-corner positions (0, 0, 0), the ‘B’
atom (smaller atomic or molecular cation) sits at body-centered position (1/2, 1/2, 1/2) and the ‘X’ atoms

(anions) sit at face-centered positions (1/2, 1/2, 0).

ABX.

. A: Cation
(CH3NH;*, CHsN,*, Cs*, Rb*, K*)

. B: Heavy metal (Pb%*,Sn?*)

@ x: Halide (I, CIBr)

Figure 1. 9. Naturally occurring perovskite and the perovskite structure are commonly used for applications in solar cells.
[20]

The crystalline phase and structure of artificial perovskites can be changed by varying the relative
ion size or temperature. The most common perovskites contain oxygen molecules. Therefore, these
compounds are commonly used in solar cell applications. For example, A = organic cation (ex.
methylammonium (CHsNHs*), B = inorganic cation (ex. Lead (l1), (Pblz)) and ‘X’= halide anion (ex.
chloride (CI"), iodide (I") are perovskite structures of the generic form ABXs. Since the first perovskite
solar cell study (Kojima et al.) [21], the basic material’s chemical formula is MAPbIs, The material is
also called methylammonium lead halide (MAPI for short). In this study, it was used as a reference

material to compare with a triple-cation perovskite {3CP: (MAo.17FA0.83)0.95CS0.05Pb(lo.83Bro.17)3}-
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1.4.2. Advantages of perovskite solar cells

In recent years, the study of perovskites has been focused on various fields, and photovoltaics is one
of the most popular ones. The Power Conversion Efficiency of solar cells based on perovskite materials
has been increasing rapidly over a relatively short period compared to other conventional solar cells (Fig.
1.10). Although there are some disadvantages (degradation in moisture, safety concerns of using lead)
related to perovskite solar cells, this impressive rise in performance in the last few years is still very
significant and highly motivating.
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Figure 1. 10. The growth of solar cell efficiencies. [22]

Perovskites have lots of merits which makes them a good candidate for solar cells. The process of
converting light into electricity through a solar cell consists of:

a. Absorption

b. Diffusion of excited carriers to the anode (for holes) and cathode (for electrons)

c. Collection of excited carriers at each electrode.

The material should have an appropriate bandgap to absorb and utilize sunlight spectrum and a
excellent absorption coefficient for efficient absorption. For example, MAPI and 3CP have a bandgap of
1.6 eV [23]. The 1.6eV bandgap is a suitable property to absorb the solar spectrum in the visible range.

For the other property, MAPI has an excellent absorption coefficient of 0.91 x 10° cm ™' [24]. Because of
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these optical characteristics, perovskite film absorbs most of the sunshine with only several hundred
nanometers thick.

A representative feature of diffusion of excited carriers is small exciton binding energy (Eb).
Depending on the Ep, excited electrons have different movement mechanisms. If Ey is less than or similar
to the energy provided by room temperature (RT), Ep < RT ~25.7 meV, the material tends to dissociate
electron/hole pair at RT. Thus, a material having a small E (= 25.7 meV) is a good factor for solar cells.
At RT, the MAPT’s Ep is 30 meV [25], and 3CP’s Ey is 24 meV [26].

MAPI and 3CP based perovskite have advantages including high absorption coefficient, high
dielectric constant (~60.9) [27,28], long carrier diffusion lengths (100~1000 nm) [29,30], long lifetimes
(~100 ps) [31], appropriate bandgaps for absorption in the visible range (~1.6 eV) [32], low temperature
(<100 °C) fabrication processes [33,34] and low cost of fabrication. These advantages are the key reasons
behind the rising efficiencies (over 25 %).

For a PV system fully competitive with the conventional energy source, a cost-effective energy-
efficient module is required. The competitive energy-efficient solar cell is commonly a tandem cell as
I11-V semiconductors used on top of the silicon. However, their large area production is costly and
difficult [35]. The brilliant advancement of perovskite solar cell fabrication research reached 29.5 %
power conversion efficiency with c-Si based tandems [22]. The properties of perovskite lead to the high
efficiency possible:

- suitable bandgap of 1.60 eV [23]

- a high absorption coefficient [24]

- a sharp absorption edge with little sub-bandgap absorption [36]

1.4.3. Drawbacks of perovskite solar cells

Despite the improvement in efficiency, perovskite solar cells suffer from thermal and environmental
stability (light [37], moisture [38], oxygen [39]). However, there is a solution to this problem by replacing
the volatile methylammonium cation with cesium [40]. On the other hand, the "ion migration" causing
hysteresis phenomenon reduces electrical reliability in PSC device operation [41-44]. This study aims to
understand triple-cation perovskite's environmental stability and ion migration properties containing only

17% of volatile methylammonium cation.
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1.5. lon migration in perovskite solar cell

Although perovskite has excellent performance as a solar cell, a fundamental question remains
unanswered. Can it retain its photoactive properties under harsh and long-term operating conditions? A
primary concern that can explain this problem is ion migration. The ions' migration and accumulation
have been discovered to burst the perovskite crystal and adjacent functional layers resulting in severe
degradation of device performance [41-44]. Therefore, an in-depth understanding of this unique physical
process is paramount to ensure the long-term stability of perovskite. lons migrate by hopping through
defects such as grain boundaries or vacancies in the lattice. Thus, possible phenomena occurring the ion
migration are introduced.

Polycrystalline perovskite films, fabricated by solution process, were deduced to have high defect
density. For instance, the Schottky defect formation energy per a defect for MAPDI; is calculated as 0.14
eV, 0.08 eV, and 0.22 eV (per a defect) for MAPbIs, MAI, and Pbly, respectively [45]. As a result, the
calculated number of vacancies per cube, at 300 K, is 1.6 x 10*° cm=(0.4% per cube). Draguta et al. [46]
also identified the defect density as 10'6-10* cm™ in the polycrystalline perovskite film. This value of
the defect density implies the presence of ionic species with high density originated from defects. The
defect density is correlated with measured low free carrier density under dark (10°-10%** cm™) in the
materials, and thus high defect density can be attributed to the self-regulation process accompanied by
charge compensation [45]. The perovskite’s defect density is similar to KCl and NaCl, which are
considered ionic conductors [47].

Eames et al. [48]. calculated the activation energy for vacancy-mediated ion migration in MAPbI3
using the defect density. The activation energy is the lowest free energy barrier required for an ion to

move from its original site to an adjacent vacancy site (Fig. 1.11a and b).

a) Pb—1 plane b) MA-I plane




Figure 1. 11. Schematic illustration of the three ionic transport mechanisms involving conventional vacancy (V/*: iodine
vacancy, V”py: lead vacancy, and V’ma: CHaNH3* vacancy) hopping between neighboring positions: a) I- migration along an
octahedron edge; Ph?* migration along the diagonal direction <110>; b) CH3NHs* migration into a neighboring vacant A-site

cage involving motion normal to the unit cell face composed of four iodide ions. [45].

The estimated activation energy for MA*(CH3sNHs"), Pb?*, and I~ are 0.58 eV, 2.31 eV and 0.84 eV,
respectively [45]. The calculated ion diffusion coefficient for MA* is around 10716 cm?/s and for I- is 10-
2cm?/s. The lowest activation energy and high ion diffusion coefficient for I- ion mean the I- vacancies
dominantly originate ion migration at 300 K with a short time scale. The research presented the coherence
between measured photocurrent relaxation around 0.60 eV and calculated activation energy to support
this opinion. The proposed mechanism is shown in Fig. 1.12:

1. Under the built-in electric field, 1" vacancies, having positive polarity, migrate to an interface with

a contact.

2. Accumulated vacancies block the internal electric field and generate a band banding.

The localized band banding negatively affects the charge collection property of the device with the

redistribution process. Then, the redistribution changes photocurrent density.
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Figure 1. 12. Influence of iodide vacancies on band energies of a perovskite thin film. Schematic diagrams indicate the

Z N

p perovskite n p perovskite n

influence of vacancy drift on the band energies of a p-i-n device at a short circuit. Ec is the conduction band energy, Ev is the
valence band energy, and Vy; is the built-in potential. The squares represent iodide ion vacancies with ‘plus’ signs. The
diagram implies that the vacancies with effective positive charges are balanced by immobile cation vacancies (hot shown)

with effective negative charges [45].
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Snaith et al. [49] proposed that under forward bias, MAPbIz becomes polarized due to the
accumulation of positive and negative space charges near the electron and hole collector interfaces. This
charge accumulation is assumed to cause n-type and p-type doping at the interfaces (formation of p-i-n
structure), which temporarily enhances photocurrent generation. In addition, the accumulation of
migrated ions at the interfaces can change the polarity [50] (Fig. 1.13). The dynamic change in the

accumulation of these charges with the scanning voltage (changing internal field) is assumed to generate
hysteresis in the photocurrent of the perovskite devices [49,50].
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Figure 1. 13. Device structure and mechanism of switchable polarity in perovskite photovoltaic devices leading to hysteresis
[50].

Li et al. [51] confirmed iodide migration to the positive electrode, leading to iodide vacancies at the
negative electrode.
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Figure 1. 14. Schematic diagrams of band bending in the perovskite solar cells under electrical fields. The dashed arrows

indicate the direction of the effective work function movement. For example, E presents the direction of the external electrical
field [51].

According to the authors, the accumulation of iodide ions at one interface and the related vacancies at

the other create barriers for carrier extraction (Fig. 1.14). Modulation of such interfacial barriers at

CH3NH3Pblz«Clx/Spiro-OMeTAD and TiO2/CHsNH3sPblzxClx, caused by the migration of iodide
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ions/interstitials driven by an external electrical bias, leads to J-V hysteresis in planar (FTO/TiO:
CL/CH3NH3PblsxClyx/Spiro-OMeTAD/Au) perovskite solar cells.

Based on the temperature dependence of hysteretic change in current density, Bryant, et al. [52]
estimated the activation energy for the diffusion of different ions in MAPbIs. They found that the iodide
ions have the highest mobility with the lowest activation energy.

Our previous work attempted to identify the mobile ion species under operating conditions [53]. This
study directly demonstrated the halogen (I" and CI) ions” migration in MAPDbI3.«Clx films (Fig.1.15 a and
b) according to the applied DC voltage polarity using glow discharge optical emission spectrometry (GD-
OES). Furthermore, the voltage polarization for a short time, less than 2 minutes, did not cause the lead
and nitrogen ions migration (Fig.1.15c and d). The proportion of fixed ions that do not migrate because
there are no adjacent defects in the crystal was also inferred by GD-OES profile line analysis. The fixed
iodine species ratio saturates at 35 % both in positive and negative applied voltage. Consequently, 65%

of iodide ions migrate toward polarization in the perovskite film.
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Figure 1. 15. GD-OES profile lines versus sputtering time for a) iodide, b) chloride, c) lead, and d) nitrogen ions as a
function of the amplitude of the applied bias. For better clarity, the profile line intensities are shifted [53].

Hence, the halide anions (I7), not the MA* cations, migrate more easily in the perovskite. This ion
migration causes polarization and charge accumulation at interfaces under bias and eventually creates
hysteresis, which will be discussed in the next section. Thus, investigating ion migration is the purpose
of the thesis, and GD-OES served as a powerful tool to evaluate the stability of ion mobility in this thesis.
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1.6. Hysteresis

When perovskite solar cells (PSCs) appeared, research was actively conducted to elucidate the unique
properties of these materials. Hysteresis is the substantial discrepancy between forward scan (from short
circuit to open circuit) and reverse scan (from open circuit to short circuit) of the J-V curves (photocurrent
density vs. voltage). This J-V hysteresis is previously observed in dye-sensitized solar cells (DSSCs), Si
solar cells, and organic thin-film solar cells (OSCs) when the voltage scan is too fast [54].

The J-V hysteresis is also found in PSCs. Changes in photocurrent characteristics with scan speed and
voltage sweep direction have been reported by several groups [55-57]. In general, hysteresis can be
mitigated by measurement delay time latency or light soaking pre-conditioning. The presence of
hysteresis causes the 1-V measurement to underestimate or overestimate the performance of the PSC. To
settle this uncertainty, steady-state I-V performance measurement is proposed [55] and is now considered
a standard protocol for PSC performance evaluation.

Kim et al. [57] found that hysteresis is inversely proportional to the size of perovskite crystals in the film.
(Fig. 1.16). This means that the thin-film manufacturing process that contributes to the morphology and
composition of the perovskite layer has a close relationship with the hysteresis. They introduced a
hysteresis index (HI) to quantify hysteresis. When the perovskite grain size is large and small, the HI
values were 0.059 and 0.362, respectively. They also reported that PSCs composed of small grains

increase capacitance in the 0.1-1Hz frequency range.
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Figure 1. 16. SEM images of CH3sNH3Pbls perovskite grown in two-step spin-coating procedure with different CHsNHjsl

concentrations of (a) 41.94, (b) 52.42, and (c) 62.91 mM, leading to the average dimension of 440, 170, and 130 nm,
respectively. I-V curves measured at Forward Scan (FS: solid line) and Reverse Scan (RS: dashed line) for the perovskite

solar cell employing CH3sNH3Pbls with the size of (d) 440, (e) 170, and (f) 130 nm. The voltage settling time was 200 ms,
and the light intensity was AM 1.5G (100 mW/cm?). [57]
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1.7. Direction of the research

This chapter introduced the basics and prospects of solar cells as the best hope for the global energy
transition. The solar cell operating principle and important parameters (Jsc, Voc, FF, Rs, and Rsn) were
introduced as fundamental notions. Perovskite as a photovoltaic material is introduced for this study. The
promising points and weak points of perovskite are then explained. Finally, it was introduced that
research on ageing characteristics and ion migration of the weakness is worth research to improve the
perovskite solar cell.

The Ph.D. research consists of three steps:

1. The fabrication and optimization of perovskite solar cells,

2. Secure optimum conditions for a technique to observe ion migration (e.g., GD-OES) applied to

perovskite solar cells.
3. The presentation of ion migration observation results and scientific explanation.

After optimizing solar cell fabrication, we need to consider and apply a method to analyze ion
migration. Our laboratory observed the iodide ion migration along the external electric field in the MAPI
layer through GD-OES [53]. Dark J-V also showed ion migration [58]. Based on the works, we plan to
analyze the ion migration with two perovskites (MAPI and 3CP). We also intend to use impedance
spectroscopy to observe ion migration. The next chapter will therefore explain solar cell fabrication and

analysis methods.
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This chapter presents descriptions of manufacturing details and analysis methods. The chapter consists
of three main parts: device manufacturing, thin-film analysis, and device characterization. In the first
part, the device manufacturing explains preparations of substrate and solution, information of the
materials used in this study, and various techniques for depositing all layers. The second part describes
the analysis methods of perovskite thin film in a physical approach. Each analysis method guides the
working principle and result derivation. The last part explains J-V characteristics measurements for
perovskite solar cells and device analysis methods.
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2.1. Substrate Preparation

Substrate preparation is the first step in any cell fabrication. In this step, we introduce I1TO etching
(patterning), cleaning, and contact electrode deposition.

A 30x30 cm? ITO coated glass substrate (purchased from Xin Yan Tech: 20 ohm/sq) is cut into 25x17
mm? by a diamond glass cutter. We pattern the “glass/ITO” substrate in Fig.2.1a through the wet etching
process. 3M scotch tape covers 70% of the ITO surface. We etch the uncovered area with zinc powder
(<150 pm, 99.995% trace metal basis from Aldrich) and hydrochloric acid (HCI) [1]. We detach the
scotch tape after this process.

We then clean the substrates in sequential ultrasonic baths of 1% detergent (Liqui-Nox Phosphate-
Free Liquid Detergent, Alconox, Inc.) diluted in deionized water, pure deionized water, acetone, and 2-
propanol (IPA) for 15 minutes each. N2 gas blows to dry the substrates for each ultrasonication. Fig. 2.1b
shows the ITO substrate after etching.

To make ohmic contacts to perform J-V measurements, we deposit metallic chromium (Cr 10nm) and
gold (Au 80 nm) on the two short edges of the substrate, as seen in Fig. 2.1c. A 10nm thin chromium
layer plays a role in increasing the adhesion between glass and gold [2]. To deposit these metals, we use
the thermal evaporation technique (chapter 2.2.6).

a) b) c) d)

/
— —— == j/ = —

Figure 2. 1. The different steps of device manufacturing: a) ITO coated glass, b) ITO patterning, c) device substrate with
gold for Ohmic contact, d) fabricated layers (PEDOT:PSS/Perovskite/PCsBM on the substrate), and e) top (Ag) electrode

deposition with the thermal evaporator.

Before making a perovskite solar cell, we cleaned the patterned substrates (Fig.2.1c) in an ultrasonic
bath with IPA for 15 minutes. The nitrogen gas gun blows and dries the cleaned substrates. Then the UV-
ozone chamber cures the substrates for 15 minutes. This method has proven to be highly effective for
non-acidic, dry, non-destructive atomic cleaning and removal of organic contaminants since process

researchers used intense ultraviolet light [3].
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2.2. Organic-lnorganic Hybrid Perovskite Solar Cells Device

Fabrication

PCBM

Perovskite

PEDOT:PSS

Figure 2. 2. The laboratory selected perovskite solar cell structure. The applied perovskite materials are MAPI (MAPDIs.
XC|X) and Triple cation {(MAo,17FA0,83)0,95C50,05Pb(|o,ggBl’o,ﬂ)g}.

2.2.1. Solution Preparation

Solution preparation is the first step to build a perovskite solar cell. In this study, we use a solution to
fabricate three layers. They are the hole transport layer (HTL), perovskite layer, and electron transport
layer (ETL).

Our HTL is Al 4083 PEDOT:PSS aqueous solution (Ossila), a polymer mixture of two ionomers
{poly(3,4-ethylene dioxythiophene) polystyrene sulfonate}.

We prepare two different perovskite solution, MAPI (MAPDbIz«Clx) and Triple cation
{(MA0.17FA0.83)0.95CS0.05Pb(lo.s3Bro.17)3}, in this study. Perovskite precursor solutions should be well
agitated overnight to dissolve all the solutes and should be consumed between 6 to 24 hours after
dissolving the solvent.

For the MAPI solution, Dimethylformamide (DMF) solvent dissolves solutes {( Methylammonium
iodide (MAI), lead iodide (Pbly), and lead chloride (PbCl.)} for 38 % weight percent.

For the triple-cation perovskite solution, the solutes [Formamidinium iodide (FAI), methylammonium
bromide (MABF), lead iodide (Pbl2) and lead bromide (PbBr2)] are prepared in a molar ratio of 1.0M
(FAI):0.2M (MABI):1.1M (Pbl2):0.2M (PbBr>). These solutes are dissolved in a solvent for 75 % weight
percent. The solute is an 8:2 mixture of DMF and Dimethylsulfoxide (DMSQO) in a molar ratio. Then,
add 0.05 molar ratio of Csl (dissolved in DMSQO) Solution.
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We use PCegoBM as ETL, chlorobenzene (CB) solvent dissolves the molecule as 3.5 % by weight.

Table 2.1 presents the quantity of solute and solvent.

SOLUTION SOLUTE SOLVENT
o
SOLUTION 1 (MAo.17FA0.83)Pb(l0.83Bro.17)3 MABFZ. 05071g DMFE 0.8mL
Pbl,: 0.0734 DMSO: 0.2mL
PbBry 0%
SOLUTION 2 Csl Csl: 0.3897¢ DMSO: 1.0mL
SOLUTION 3 (MA.17FA0.83)0.95CS0.05Pb(l0.83Bro.17)3 Solution 1 + 42 pL Solution 2
SOLUTION 4 PCesBM PCeBM: 0.0400g CB: 1.0mL
MAI. 0.2910g
SOLUTION S5 MAPDbI3.xClx Pbl,:  0.2110g DMF: 1.0mL
PbCly:  0.1270g

Table 2. 1. Summary of the solution preparation

2.2.2. Study of experimental background

Before making Triple cations solar cells, the study of the material is mandatory. Our material structure
{(MA.87FA0.13)0.95CS0.05Pblo.g7Bro.13: Triple cation perovskite(3CP)} was designed to improve stability
(Saliba et. al.) [4]. Previous experiments in this field have been showing the instability of
Methylammonium (MA) based perovskite material. Recent research trend is leading us to exchange the
MA organic cation into better performing cations such as Formamidinium (FA). Although highly
performing perovskite solar cells still contain MA cation, FA-rich perovskite boasts high efficiency.
Thus, we need to understand which properties of FA contribute to high efficiency.

If we refer to our solution preparation, we can notice it contains DMSO solvent and FAI. A few years
ago, the presence of DMSO in the Pbl, skeleton helped to form a column shape (see Fig. 2.3 and 2.4)
because the molecular volume of DMSO attains enough space for substitution between DMSO and FA'I

during annealing [5].




Figure 2. 3. SEM image show difference of Pbl, skeleton depending on solvent a) Pbl, in DMF b) Pbl, in DMSO[5]
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Figure 2. 4. Schematics of FAPbI; perovskite crystallization involving the direct intramolecular exchange of DMSO
molecules intercalated in Pbl, with formamidinium iodide (FAI) [5].

The subsequent study is the anti-solvent treatment by Chlorobenzene (CB) for the 3CP deposition [6].
The anti-solvent treatment enhances crystallinity, grain size (from 110nm to 270 nm) and reduces grain
boundaries of perovskite films (Fig. 2.5). By understanding these backgrounds, | applied 3CP material
into an inverted (PEDOT:PSS/Perovskite/PCBM) planar structure (Fig. 2.6a).

a) w/o treatment




Figure 2. 5. SEM images showing FTO/compact TiOz/meso-porous TiOz/perovskite/Spiro-OMeTAD/Au structured
perovskite solar cell. The improved crystallinity of the perovskite layer through chlorobenzene anti-solvent treatment is
demonstrated comparing without anti-solvent treatment {a) cross-section and b) grain image} and chlorobenzene anti-solvent
treatment {c) cross-section and d) grain image} [6].

2.2.3. Solar cell structure decision

In order to understand the material properties in the form of a device, it is first necessary to know the
features of the device structure. The conventional structure (Fig. 2.6b) has an n-i-p structure based on an
efficient electron collecting layer. This structure achieved the highest power conversion efficiency
(25.5%) with a single cell structure [7]. However, it has an electrically unstable property. According to

the scanning direction, when the J-V curve is different, we call this phenomenon hysteresis [8].

a)

ETL/EBL HTM

Perovskite

Perovskite

HTL

Figure 2. 6. Schematics of Solar cell device structure a) inverted planar structure, b) conventional structure.

Although we can get high performances with the conventional structure because of the mesoporous
(generally TiO2) charge transport layer, the hysteresis-causing structure is unsuitable for approaching ion
movement (Thesis subject). It is also expected to show a data overlap problem between titanium and the
perovskite material when we analyze it through GD-OES. Since this process uses sputtering, the material
detaching rate can be different at the perovskite penetrated layer (Fig. 2.6b, part of perovskite:mp-TiOz)
by material selectivity.

In the case of inverted planar structure (Fig. 2.6a), the fullerene derivatives (ETL) homogeneously
distributed to the grain boundary of perovskite fill antisites of defects that cause hysteresis [9,10].
Because of this, we chose the PEDOT:PSS/Perovskite/PCBM structure to reduce hysteresis by structure.

Unbalanced carrier extraction (hole extraction rate + electron extraction rate) caused by imperfect
matching of the properties of layers also results in J-V hysteresis (Heo et al. [11]). In the case of
PEDOT:PSS/Perovskite/PCBM structure, the carrier extraction rate of PEDOT:PSS and PCBM are well
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balanced. Moreover, the planar structure is suitable for GD-OES measurement. This structural feature is

more suitable for the perovskite film’s characteristics study.

2.2.4. Spin-coating

Spin-coating is one of the most common techniques to make a thin film onto a substrate. Its advantages
are the ability to deposit films of uniform thickness easily and quickly, making a permissible thickness
error range of a few microns or nanometers depending on the material [12], and a wide range of industry

technology applications use it due to its simplicity.

a) / b) c) d)

Substrate Substrate Substrate Substrate

Figure 2. 7. Spin-coating process schematics a) solution dispense on the substrate, b) the solution spreading step due to
centrifugal force at high-speed revolution, c) the thin film formation step during the spin, d) The fixing step of the thin film
after removal of the excess solvent by annealing.

The coating process occurs evenly across a substrate's surface by controlling a solution of the desired
material in a solvent while the substrate is rotating. First, a solution containing the molecules dissolved
in a solvent covers the substrate. Then, the stage turns the substrate at high speed. This revolution spreads
the solution by centrifugal force [13]. During the spin, the functional molecules form a film on the
substrate while an airflow blows away most of the solvent. This step leaves a plasticized film before the
film fully dries. To remove the last remaining solvent, we anneal the devices on a hot plate leaving only
the desired material on the substrate (Fig. 2.7).

Usually, we set a temperature higher than the boiling point of the solvent, but there are cases when
the annealing temperature criterion is different:

- The layer requires thermal curing to form better morphology [14].

- Perovskite layer varies poly-crystallinity depending on endothermic reaction — annealing at best
crystallization temperature [15].

This study uses spin-coating to deposit PEDOT:PSS (HTL) and PCsoBM (ETL) layers in air and N2

conditions.
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2.2.5. Dynamic dispense (Spin-casting)

There is a technical difference between spin coating and dynamic dispense/spin casting. For the
dynamic dispense, the substrate first starts to rotate and reaches the stable spin speed before a user
dispenses the solution onto the substrate's center. The solution then rapidly spreads from the center across
the entire area by centrifugal force before it dries (Fig. 2.8).

After the solution is dropped on the substrate, the solvent starts to evaporate. Spin-coating has a longer
time loss before reaching the target rpm than dynamic dispense. The film's thickness becomes thicker as
the solvent evaporates at a lower revolution, and the film uniformity decreases due to the low centrifugal
force. Dynamic dispense forms a more uniform thin film because the solution is spread after the target
rotation speed is achieved. For this reason, when the thickness variation sample by sample is considerable
with spin coating or a more consistent thickness control process is required, users apply dynamic dispense
[16]. When a user uses a solution with high concentration spin-coating’s thickness difference is notable
compared sample by sample [17]. For these reasons, dynamic dispense was applied to make perovskite

films with well-controlled film thickness variation.

a) Spin-coating /

< _> R

b) Dynamic dispense /

Figure 2. 8. (a) process of spin coating (b) process of dynamic dispense

2.2.6. Thermal evaporation

Thermal evaporation is in Physical Vapor Deposition (PVD) category [18]. An evaporation source

heats mounted material (metal in our work) in a vacuum chamber until its atoms have sufficient energy
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to evaporate from the surface. At this temperature, the evaporating material traverses the vacuum
chamber with acquired thermal energy and collides with a substrate on top (Fig. 2.9a).

The pressure in the chamber must be below the point (typically under 3.0x10* Torr) where the
material’s mean free path is longer than the distance between the evaporation source and the substrate
[19]. The mean free path is the average distance an atom or molecule can travel in a space before it

collides with another particle, thereby disturbing its direction to some degree.

a) Vacuum Chamber

Thickness
monitor

Substrate

Source \ ) \’/

Figure 2. 9. a) Schematic diagram of the thermal evaporation system. b) RIBER thermal evaporator which is used during this
work.

Fig. 2.9 shows the thermal evaporator for metal film deposition. We use the thermal evaporation
system to deposit contact electrodes (Cr/Au) and silver (Ag) cathode. In this study, we make an Ag
cathode on top of the PCgBM (ETL) layer, and the deposition rate is 4.0 A/s.

Fig. 2.10 a) and b) show the exterior and interior of the thermal evaporator that deposits the metallic
contacts on the device. The gold (Au) deposition rate is 4.0 A/s, and the final thickness is 80 nm. The
vacuum during the contact deposition is around 10" mbar displayed on the gauge (Fig. 2.10c).

This equipment also deposits the top electrode with a silver (Ag). Since we deposit Ag after fabricating
the HTL, the perovskite layer (photoactive layer), and ETL, the top electrode works as cathode collecting
electrons. Fig. 2.1d) is the entire device after top Ag electrode deposition. The electrode area of each cell

is 0.28cm?.
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ATTENTION '
Figure 2. 10. The vacuum thermal evaporator for gold contact and silver electrode: a) Exterior, b) Interior images with
tungsten boat for Au, Ag, and Cr bar, ¢) Evaporator controller.

2.2.7. Two-step spin-coating of PEDOT:PSS layer

Spin-coating for PEDOT:PSS layer is performed in the open air. It takes two steps (step 1: 3000 rpm
- 355, step 2: 5000 rpm - 35 s). The concentration and speed in the first step determine the film thickness.
Since | use Ossila Al4083 commercial PEDOT:PSS product without changing concentration, the
thickness is controlled by spin revolution. The first step determines the film thickness, and the second
step mainly removes the water solvent and impacts the film uniformity. Filtered PEDOT:PSS through
the PVDF (hydrophilic / 45 pm) filter is dispensed on the substrate at room temperature and is spun for
two steps. After spin-coating, methanol-drenched cotton swab swipes steadily along the red line to make
a clear and straight edge, cf. Figure 2.11., then wipe off the shadowed part. As the last step, the
PEDOT:PSS deposit samples are annealed at 120°C for 20 minutes in the glove box.
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Figure 2. 11. Patterning method for the PEDOT:PSS film. The processor removes the red-shadowed part.

2.2.8. Dynamic dispense applied MAPDbI:.Clx layer deposition

Dynamic dispense for MAPbI;.xClx (MAPI) layer is manufactured in N2 filled glove box. The spin
parameters are 6000 rpm - 30 s with 1200 rpm/s acceleration. The samples, after the spin, are annealed
at 80°C for 60 minutes in the glove box. (The detailed process is introduced in chapter 3.3.2.) When |
make ITO/PEDOT:PSS/MAPI/PCBM/Ag solar cells | remove the red shadowed part as shown in Figure
2.12. Starting from the Au side, for each side, then remove the shadowed part. The perovskite active

layer should wrap the PEDOT:PSS hole transporting layer beneath it.
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Figure 2. 12. Patterning method for the perovskite film. Processor removes the red-shadowed part.

2.2.9. One-step spin coating of PCBM layer

PCBM layer is fabricated in N> filled glove box. PCBM solution is filtered through PTFE
(hydrophobic / 45 um)before the spin-coating. The spin parameters are 2000 rpm - 30 s with 400 rpm/s
accerlation. The PCBM film is patterned with chlorobenzene drenched cotton swabs as shown in Figure

2.13 in the same manner as for the PEDOT:PSS layer. The PCBM electron transporting layer (or hole
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blocking layer) must completely wrap the perovskite active layer, the PEDOT:PSS, and the ITO anode
layer beneath. Not well covered under layers can cause current leakage. In general, PCBM layer is
annealed at 100°C for 10 minutes. But, the perovskite layer is possibly degraded by 100°C heat stress.
In addition, since ITO/PEDOT:PSS/Perovskite/PCBM samples spend almost 2 hours in a vacuum
condition (=10 mbar) for Ag deposition, the remaining solvent (Chlorobenzene) in the PCBM layer is

dried enough. For these two reasons, annealing is not performed in the PCBM layer process.
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Figure 2. 13. Patterning method for the PCBM layer. The processor removes the red-shadowed part.
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2.3. Glow Discharge Optical Emission Spectroscopy (GD-OES)

2.3.1. Introduction of GD-OES history

In 1968, Werner Grimm introduced a light source using a glow discharge tube to analyze the chemical
composition of metallic materials [20,21]. A unique arrangement of electrodes is the feature of the tube,
which is called a Grimm discharge tube. The two electrodes of DC sources consist of the sample as
cathode and a cylindrical hollow anode. In particular, the cathode must tightly seal the cylinder anode
(Fig. 2.14).
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Figure 2. 14. Schematic of GD-OED system working principle from the sputtering to optical analysis.

The glow discharge source is usually filled with low-pressure argon gas (0.5 — 10 hPa). Figure 2.14
describes a simple classical configuration using DC power. When a DC source applies a high voltage
between the anode and the sample (cathode), the sample releases electrons from the surface. It accelerates
these electrons towards the anode gaining kinetic energy. Inelastic collisions between electrons and argon
gas transfer the kinetic energy of the electrons to the argon atoms, which dissociates into argon cations
and electrons. This avalanche effect triggers an increase in charge carrier (argon cations and electrons)
density, making the insulating argon gas conductive. The conductive argon gas state (mixture of neutral

argon atoms and free charge carriers) is plasma.

43



The sample surface strongly attracts argon cations with high negative potential. At this time, argon
cations hit the sample surface and knock out the atoms on the surface. This process is called sputtering.
The sample surface is ablated in a planar parallel manner.

The knocked-out sample atoms diffuse into the plasma and collide with high-energy electrons. During
these collisions, the sample atoms absorb energy and become an excited energy state. Returning to the
ground state, the atoms emit inherent light in a characteristic wavelength spectrum.

The light emitted through the entrance slit reaches the concave grating and is scattered into the spectral
components. The detection system registers these components. The intensity of the detected light is
proportional to the concentration of the corresponding element in the plasma.

Since then, this technology and its applications have been continuously evolved. A significant
advancement related to my work has been introducing a pulsed RF (Radio-Frequency) power source.
The pulsed RF allows us to measure fragile and heat-sensitive materials and analyze non-conductive
specimens and layers [22].

GD-OES consists of a low-pressure RF glow discharge source (plasma source) and a fast-optical
detection. The instrument relies on the steady erosion of the material by the plasma and simultaneous
optical detection of the elemental species excited by the plasma. Since each atom emits an inherent
wavelength, the equipped optical spectrometer can measure all elemental depth profiles in real-time. The
analytical thickness ranges from less than 10 nanometers (nm) to several hundreds of micrometers (um).
Note that the sputtering rate is not constant for different materials (so-called selectivity). If the target is
a lamination structure with different materials, organic layers are etched slower than inorganic layers
because of carbon. For this reason, GD-OES cannot show the exact thickness information for lamination

structures like PSC because of sputtering’s selectivity.

2.3.2. GD-OES for perovskite solar cells

In this study, | used GD-OES to investigate the direct experimental evidence of ionic migration in
perovskite thin film, one of the key factors of current-voltage hysteresis and poor stability. | used the
GD-OES system installed in two different institutions. One is GD Profiler 2 from HORIBA Jobin Yvon
Demo Lab (GD-DL). The other is GD Profiler 2 from ILV-UVSQ (GD-ILV). GD-DL and GD-ILV are

the same models, but GD-ILV is equipped with an optical configuration to detect bromine (Br).
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Because the in-situ method (Chapter 4.3) can damage the equipment, it is recommended that you work
with equipment expert Dr. Patrick Chapon. Due to the pandemic, the in-situ method was performed at
the HORIBA Jobin Yvon Demo Lab with Patrick Chapon, so Br ion migration could not be observed.
Other studies were observed using the GD-ILV system.

This technique has been widely used to analyze inorganic layers. The system works cooperatively
with a sputtering cylinder part and an optical configuration part. The sputtering cylinder’s internal
diameter for this study was 4 mm. The cylinder works as an anode of AC power. In the GD Profiler 2,
an RF-AC generator (at 13.56 MHz) and a standard HORIBA Jobin Yvon glow discharge source are
equipped to generate the plasma. As the cathode, the solar cell is mounted on an o-ring outside the plasma
chamber (Fig. 2.14). When a user loads a sample on the cylinder, the AC cathode covers the sample on
the back side of the sample. Plasma is formed by applying RF power to these two electrodes. Plasma is
formed by i) removing air using a pump, ii) injecting plasma gas, and then iii) applying RF power to
these two electrodes. The plasma gas used in this study is 100 % Ar and Ar : O2 (96 % : 4 %). Due to the
bombardment of ionized plasma gas, the sample is etched from the top layer. Each etched atom is excited
by the high energy provided by the plasma and emits a specific wavelength. The optical configuration
part detects these specific wavelengths and analyzes the distribution of atoms according to depth from
the top layer to the moment the measurement stops.

The user should find the optimal conditions for sample analysis while changing the sputtering
conditions. In the case of organic layers (carbon atoms dominating material), the sputtering rate with Ar
100% plasma is too slow. It spends almost five times a slower sputtering rate than the inorganic layer.
To increase the sputtering rate, there are two options: increasing AC power or using Ar plasma gas mixed
with O2. Mixing Oz serves to fast the etching rate without increasing the power (detail information for
these two options is introduced in Appendix A.2). This method provides less heat stress to the sample.
The balance of low power and O is essential because too much O also obstructs sputtering. As the
sample is continuously sputtered, the collected light reflects the temporal evolution of the sputtered
species. Therefore, it is possible to obtain depth-resolved elemental analysis with nanometric depth
resolution. However, the GD-OES technique is destructive, and a crater is made in the sample after
measurement.

The plasma optimization is performed with Horiba technical support. The plasma conditions for GD-
DL are plasma gas pressure 420 Pa with Ar : Oz (96%:4%), AC power 17 W, duty cycle 3000Hz. The
plasma conditions for GD-ILV are plasma gas pressure 250 Pa with Ar 100 %, AC power 17W, duty
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cycle 3000Hz. Considering the measured test results, GD-ILV showed that the O, concentration was
higher than 4%. For this reason, GD-ILV used 100% Ar.

2.4. Impedance Spectroscopy (IS)

The impedance spectroscopy (IS) measurements were performed with the SP-200 by Biologic.
Equipment setup was carried out in the dark. The AC bias (102-10° Hz, 10 mV) was applied first, and
DC bias was not applied (0V). EC-Lab software from Bilogics© drives IS equipment and supports IS
data fitting from the Nyquist plot.
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2.5. Complementary Analysis

2.5.1. Electrical characterization

2.5.1.1 Solar cell performance measurement

After making the solar cell, Keithley 2635 source-measure unit and a homemade acquisition program
(by LabVIEW) record J-V curves under illumination or dark condition. The light source is an AM1.5
Solar Cell Test 575 from ATLAS MTT, equipped with a metal halogen lamp of 100 mW/cm? in the
glove box. The combination of the light source and voltammetry system extracts the key parameters of
perovskite solar cells using the methods mentioned in chapter 1.4.

The measurement conditions for illuminated PSC’s performance:

- Voltagerange: -0.1V~10V.
- Data point: 1 point/ 10 mV.

- Voltage scanning rate: 10 mV/s

- Current limit: 200 mA. (to protect PSC from degradation)

2.5.1.2 External Quantum Efficiency (EQE)

In this study, we use a TSFC-Instrument’s EQE. The light source is LEDs.
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Figure 2. 15. EQE instrument light source specifications. a) Comparison of AM 1.5G condition and combination of LEDs b)
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detailed LED light source spectra of the instrument.

The system measures input power to LEDs and the output current from a single solar cell. The ratio of
them is S(A): spectral response (SR) as the unit of (A/W). Measured SR has a relation with EQE:
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S = ——EQE()l) 2.5 - (1)
EQE is deduced with equation 2.5- (1). As far as we can see in Fig. 2.15a, LEDs spectra do not correspond

to AM 1.5G condition. So, the instrument registers only the data corresponding to the standard solar

spectrum (Fig. 2.16). This approximation can produce errors and will be discussed in the following

chapter.
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Figure 2. 16. The datasheet of EQE instrument (TSFC instrument®©) provides sparse row data missing every single nanometer.
Green dots are the measured data where the AM 1.5G spectrum and LED spectrum to coincide.
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2.5.2. Optical characterization

2.5.2.1UV-Vis Spectroscopy

UV-Vis Spectroscopy (ultraviolet-visible spectroscopy) quotes absorption or transmittance in using
light in the visible and adjacent (near-UV and near-infrared/IR) spectral region. In the visible range,
absorption or transmittance affects the perceived materials’ colour. This technique is based on the
principle of electronic transition in atoms or molecules upon absorption of suitable energy from incident
light, allowing the electron to transition from a lower energy state to a higher excited energy state. In the
light spectrum above specific energy, atoms or molecules undergo electron transitions.

In the direction of the transition, absorption measures transition from the ground state to the excited
state with photons absorption [23]. The transition from the lower state to the higher state is called
excitation. UV (200 nm to 400 nm) and visible (400 nm to 800 nm) light absorption are based on the
suitable energy absorption allowing the excitation. While IR light makes atoms or molecules undergo

vibrational transitions.
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Figure 2. 17. The schematic working mechanism of UV-Vis spectrophotometer.

Fig. 2. 17. presents a scheme of the components of a typical spectrometer. The working principle of
this instrument is intuitive. A prism or diffraction grating monochrometer separates a ray of light emitted
from light sources (the visible and UV lamp) into its monochromic wavelengths. A beam splitter, a half-
mirrored device, in turn, splits the incident beam into two equal intensities. One shaft transmits through

a reference substrate. The other beam sends through a target containing the sample film on a reference
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substrate. The electronic photodetectors then measure these light intensities that have passed through the
reference and sample.

The data analyzer the data according to the Beer-Lambert law.

A =logq (170) = ecl, 2.5-(2)

where A is the measured absorbance {unit: Absorbance Units (AU)}, lo is the incident light intensity
before transmitting the sample, 1 is the light intensity transmitted the sample, ¢ is a material’s absorption
coefficient, c¢ is the density/concentration of material, and L the path length through the sample
(thickness in the case of a film).

Assuming that the sample film does not absorb light at a given wavelength, then A is zero with lo=I.
Likewise, when the sample absorbs light, then I is less than lo, the instrument displays this difference in
a logarithmic relationship at the given wavelength (A =1, 90 % absorption, and A=2, 99 % absorption).

This spectrometer can show the measured results as transmittance {T:Ii (%)} or absorbance
0

{A=log,y,(1,/D}. T =0, and A = co mean perfect absorption. Depending on the user’s purpose, selecting
the absorbance or transmittance on the vertical axis is possible. In general, the effective absorption range
is a measurement between 0 (T=100 %) and 2 (T=1 %) as a reliable result that does not affect noise.

Absorbance result analysis can derive an optical bandgap. We can derive the optical bandgap (Eopt) in
the unit: electronvolts (eV), with the incident photon's wavelength, in the unit: nanometers (nm) by the
Planck relation:

1240
E(eV)=hv=h>= T oD 2.5-(3)

Where h is the Planck constant, v is the wave frequency, and c is the speed of light in a vacuum.

The pristine result from the measurement is AU vs A. Experimentally, the optical bandgap (Eopt) of
the thin film is estimated by linear extrapolation from the absorption edge where A = 0 and subsequent
conversion of the wavelength into energy. The Eopt can be determined by absorbance spectra.

To derive the exact optical bandgap as the, the Tauc equation is employed:

1

ahv = A(hv - Eop,f)E
ahv® = (2.303 * AU * Ey)) ? 2.5 (4)
When « is the absorption coefficient, h as the Plank’s constant, v corresponding frequency of

radiation, while A as a constant and E,,,; being the optical bandgap. The Tauc plot is made with (ahv)?
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vs hv {unit: (eV/cm)? vs eV} from AU vs A (nm). The minimum energy (eV) absorbing light by the
sample is the optical bandgap (Eopt):
when hv = E,,,, absorption = 0

In conclusion, we can determine the sample’s Eopt by absorbance spectra analysis [24]. In this study,
I use “Jenway 6800 UV/Vis Spectrophotometer” to calculate the Eopt Value of the perovskite film. It
covers the UV scan region from 190 nm to 400 nm, the visible portion between 400 and 800 nm, and IR
range from 800 nm to 1100 nm. When | measure absorption spectra, the glass side is the incident surface
against the light because the reflectance of the first incident surface must be constant to compare with

the reference substrate.
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2.5.2.2 X-Ray Diffraction (XRD)

When monochromatic X-rays hit a crystal, some of them cause diffraction, and their diffraction angle
and intensity are unique in the lattice structure of the material. The constructive interference of diffracted
X-rays provides information about the type and amount of crystalline substances in the crystal [25].
Likewise, X-ray diffraction (XRD) is the method to obtain information on the crystalline structure:

- Identification of crystalline material

- Quantify the percentage crystallinity of a material

- Identification of various polymorphisms

- Identification of amorphous and crystalline material: The diffraction also occurs in amorphous
materials, but since the distance and angle between atoms are not constant, the XRD result is
observed as an irregular broad peak.

Detector

Slit

Sample

Figure 2. 18. XRD working mechanism schematic showing a measurement system.

Fig 2.18 is a simple schematic of the XRD system. From the left, the X-ray tube generates the X-rays.
The monochromator-set (e.g., slit) filters, collimate, and sends X-rays to the sample. Angle controller
changes the glancing angle of the monochrome X-ray and diffraction angle of the detector. The
diffraction of the incident rays by the sample produces constructive interference when the diffracted
beams meet the Bragg’s law:

nl = 2d sinf 2.5-(4)
Where n is a positive integer, A is the incident ray’s wavelength, d is an inter-planar distance separating

the planes of a crystalline solid, and 6 is the glancing angle. When XRD measures the intensity of the
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scattered wave as a function of the scattering angle, it obtains the diffraction pattern. When the scattering
angle meets the Bragg condition, the diffraction pattern gets significant intensity known as the Bragg
peak.

In this study, | applied XRD, in the solar cell development stage, to confirm that the crystallinity of
perovskite grown on a PEDOT:PSS thin film corresponds to the relevant articles. | also used XRD to
observe that perovskite loses crystallinity as it ages.

For diffraction, the surface of the aiming material must be exposed. The reference substrate thus
exposes PEDOT:PSS side to the X-ray beamline while, for the control sample, the perovskite side
irradiates the X-ray. The result of the reference sample helps to identify the noise data when analysing
the perovskite sample (glass/PEDOT:PSS/perovskite). For this experiment, we used the Bruker D8

advance model (accuracy in peak position 20 <0.007°, 20max = 160°).
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2.5.2.3 Scanning Electron Microscopy (SEM)

In this study, the SEM equipment is Hitachi S-4800 FE (Field Emission)-SEM:

- Magnification: x20 ~ x 800 000.

- Resolution: 1 nmat 15kV /1.4 nmat 1 kV
SEM is used to identify the crystallinity, grain size, and thickness of the perovskite film.

Scanning electron microscopy (SEM) is one of the most widely used equipment due to high
magnification, ease of observation, deep depth of focus, and high resolution. SEM uses a beam that high-
energy electrons are focused. The beam generates various signals at the surface of a solid target. The
signals, the result of electron-sample interactions, reveal an external texture (morphology), a crystalline
structure, an orientation of the materials that make up the sample, and chemical composition (elements
and compounds that make up an object and their relative amounts) [26]. Fig 2.19 shows the illustration
of the SEM operating mechanism.

When an electron beam strike excites another electron and loses some of its energy in the sample, this
electronic impact with the most intense emission produces Secondary Electrons (SE) [27]. In detail,
excited electrons travel along the sample's surface, and if there is still enough energy, the surface emits
electrons (SE). If the sample is a non-conductive material, the user can coat a thin layer as a conductive
material. The thin conductive layer increases the number of SEs released with less than 50 eV of energy.

An electron beam striking the sample also makes scattering of the electron when there is an elastic
collision between electrons and atoms. These elastically scattered electrons that rebound from the sample
surface do not lose energy (high energy electrons). Backscattered electrons (BSEs) are the definition for
these electrons.

For most materials, the mean free path of SE is about 10 A (1 nm). Excited electrons are generated at
the entire depth of the sample hit by the electron beam, but only electrons emitted at shallow depths (less
than 10 A) can be detected. The number of SEs is, therefore, significantly less than BSE or X-rays. This
SE's feature is ideal for examining surface morphology. And microscopic images using SE have better
resolution than BSE or X-rays. The yield of secondary electrons proportional to the following factors
[28]:

- high atomic number of atoms constituting the specimen

- high incident angle
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Figure 2. 19. Scheme of the operating mechanism of the Scanning Electron Microscope.

SEM utilises BSE to generate a microscopic image that displays the different elements existing in the
sample [29]. Every element has a different atomic and nucleus size. As the nucleus size increases, the
number of BSEs is proportional. The emission of many BSEs from an atom appears brighter point on the
image (more BSEs are detected). For instance, in a mineral image, the 2Fe component appears brighter
than ?Mg. The BSE micrograph, thus, contains the information of composition and topography of a
sample.

The depth of BSE emission is tens of nanometers, which is a deeper scale compared to SE. This
characteristic of BSEs gives sparse resolution (more insufficient than SEs). Instead, since they have

higher energy than SEs, they are less influenced by specimen contamination and charge-up. (charge-up:
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when analyzing the specimen of organic, non-conductive matter, some are too bright, and some are too
dark in the image, which is a phenomenon that interferes with precise imaging. This phenomenon is
because the specimen is partially charged).

In conjunction with the SEM, energy dispersive x-ray spectroscopy (EDS or EDX) is an analytical
method to quantify and identify elemental compositions in a few cubic micrometers scale. EDX systems
are generally equipped with SEM. When atoms on the surface are excited by the electron beam, they
emit specific wavelengths of X-rays. Analysis of X-ray wavelength reveals characteristics of the atomic
structure of the elements. EDX analysis displays the result as a spectrum that contains the peaks

correlated to the elemental composition of the investigated specimen.

2.6. Conclusion

In this chapter, the perovskite solar cell fabrication process techniques are introduced:
- Substrate preparation
- Solution preparation
- Film deposition techniques (Spin-coating, Dynamic dispense, and Thermal evaporation)
And the working principle and measurement conditions of characterization tools are informed. The GD-
OES gives physical approach to observe ions migrating in the perovskite solar cell. The IS is used to
analyze phenomena at an interface. And the complemrntary analysis supports development of solae cells

performance and studying material characteristics (ion migration and ageing).
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3.1. Introduction

A natural perovskite mineral was discovered in the Ural Mountains of Russia by Gustav Rose in 1839.
The general chemical formula of the perovskite structure is ‘ABX3’ in the cubic unit cells where the ‘A’
atom (large atomic or molecular cation) sits at cube-corner positions (0, 0, 0), the ‘B’ atom (smaller
atomic or molecular cation) sits at body-centered position (1/2, 1/2, 1/2) and the ‘X’ atoms (anions) sit
at face-centered positions (1/2, 1/2, 0). The most studied Hybrid Organic—Inorganic Perovskites (HOIPs)
for PSCs are MAPbIz (MA = methylammonium; CH3NH3") and FAPblz (FA = formamidinium;
HC(NH2)2"), where “mixed cations” in the A site and/or “mixed anions” in the X site are also available.
In this study, triple cation lead double anion perovskite is analyzed comparing to MAPbI3 as reference
material.

The application of HOIP as a light absorber in dye-sensitized solar cell (DSSC) structures was first
attempted in 2009 with 3.8 % of efficiency [1]. Moreover, improved efficiency to 6.5 % was reported in
2011 [2]. However, the dissolution of the perovskite nano-dots on the TiOz surface in a liquid electrolyte
remained as an obstacle. Since 2012, high efficiency has been achieved by an effective coating method
and composition engineering [3]. Starting with PCE of 9.7 %, Park et al. improved device stability using
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the organic hole transport layer (Spiro-OMeTAD). Then, a certified 25.5% efficiency was developed

and was reported NREL efficiency chart in 2021 [3-18].

Most world best efficient PSCs are using mesoporous electron-harvesting structure underlying DSSC.
This structure is therefore named a conventional structure. However, the mesoporous layer requires high-
temperature sintering above 400 °C, increasing processing time and cost of cell production. It has been
shown that HOIP materials can have long carrier diffusion lengths (~ 100 nm for MAPbI3 and ~ 1000
nm for MAPbIsxClx [19-20]. Xing et al. demonstrated that perovskites could transport both holes and
electrons between the cell terminals, which means perovskites have ambipolar characteristics [19]. This
transporting feature indicated that a planar structure (without the mesoporous layer) was feasible. Planar
structures fall into two categories, depending on which selective contact is used for the bottom: regular
(n-i-p) and inverted (p-i-n) structures. The first planar structure was successfully demonstrated as
perovskite/fullerene architecture reported by Jeng et al. showing a 3.9 % efficiency [21]. In 2013, Snaith
et al. [22] obtained a 15.4 % efficiency with the planar structure using a dual-source vapor deposition.
Recently, the 23.3 % efficiency of the planar structure was through interface passivation and
morphology-controlled perovskite film in n-i-p architecture [23]. These results prove that those planar
structures can achieve similar device performance to mesoporous structures.

The inverted (p-i-n) planar structure is derived from the organic solar cell. Several charge transport
layers used in organic solar cells were practically suitable for perovskite solar cells [24]. The p-i-n
perovskite solar cells have the advantages of lower temperature processing, faster fabricating, low cost,
and negligible J-V hysteresis. Furthermore, in order to compare the new material {3CP:
(MAg17F A0 83)0.95CS0.0sPb(lo.s3Bro17)s} with the previously studied material {MAPI: MAPbIs} in our
laboratory, it is preferable to keep the same device structure i.e. p-i-n structure
(ITO/PEDOT:PSS/Perovskite/PCsoBM/AQ).
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3.2. Reference MAPDI3.xClx solar cell
This study is to observe the stability of triple cation lead double halide {3CP:

(MAg17F A0 83)0.95CS0.0sPb(lo.s3Bro.17)s} material against ageing and ion migration. For an accurate study, the
fabrication method is based on the previous work of Dr. Heejae Lee's thesis [25]. The process

development for using the MAPDI3.xClx p-i-n solar cell is described below.

3.2.1. MAPDI3xCly solution preparation

To make ITO/PEDOT:PSS/MAPDI3xClx/PCesoBM/Ag structure, we need to prepare three solutions
(PEDOT:PSS, MAPbI3.xClx, and PCsoBM). For the PEDOT:PSS and PCeBM preparation, the process
is already introduced in chapter 2.2.1. The MAPbI:;xClx solution is made as a mixture of
methylammonium iodide (MAI, Ossila), lead iodide (Pbl», Ossila), and lead chloride (PbCl, Aldrich) at
the 4:1:1 molar ratio (MAL: Pbl.: PbCl,). Then, these solutes are dissolved in a solvent for 40 % weight
percent in anhydrous N,N-Dimethylformamide (DMF, Aldrich). The solution was stirred at 70 °C in the

glove box for more than 16 hours (overnight).

3.2.2. MAPDI;xClx Device fabrication

The inverted planar structure is composed of anode/HTL/light-absorbing layer/ETL/cathode. The
MAPDI3.«Clx solar cell uses ITO, PEDOT:PSS, MAPbIz.xClx, PCsoBM, and silver (Ag) as an anode, HTL,
light-absorbing layer, ETL, and cathode, respectively.

3.2.2.1 PEDOT:PSS layer deposition

Before using the solution, it is passed through a hydrophilic filter (40 um). When the substrate is ready
to deposit a layer on it (chapter 2.1), 400 uL of PEDOT:PSS solution covers the substrate surface. The
substrate is spun with the revolution condition (3000 rpm — 30 s + 5000 rpm — 30 s). After patterning

with a cotton swab moistened with methanol, it is annealed at 120 °C for 20 minutes.

3.2.2.2 MAPDI3xClx layer deposition
The 38 wt% concentration of MAPDbIz«Clx solution is so viscous, and the solvent (DMF) evaporates
fast. The spin-coating technique spends a few seconds from the solution is dropped on the stationary

substrate to the set rotation is started. This short time causes an error of tens or 100 nanometers in the
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thickness of the MAPbI3.xClx film due to the nature of the MAPbIs«Clx solution. The way to remove this
time is the dynamic dispense introduced in chapter 2.2.5. Fig. 3.1 is the summary of Power Conversion

Efficiency (PCE) to demonstrate the effect of dynamic dispense for MAPDI3«Clx.

—o— Average PCE (%) /1
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Avr: 12.81%
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Figure 3.1. Summary of Power Conversion Efficiency (PCE) to demonstrate the effect of dynamic dispense for MAPDI .
«Clx. The blue square is the average PCE, and the blue vertical line is the PCE variety of the batch. 15t and 2™ try: with spin-
coating technique, 3", 4™ try, and Best result: with dynamic dispense.

When the 60 uL solution is ready in the micropipette in advance, the substrate
(Glass/ITO/PEDOT:PSS) is rotated under the condition of 6000 rpm-30 s. The solution is dispensed onto
the substrate when the spin is sufficiently saturated at 6000 rpm. The thin film is brown after this process
because the solution evaporates during rotation. This substrate (Glass/ITO/PEDOT:PSS/MAPDIzxCly) is
placed onto the hot plate at 80°C because patterning the perovskite layer is different from other layers.
DMF adversely affects the perovskite film quality, so do not pattern immediately after dynamic dispense.
To minimize the damage by DMF, the substrate is firstly annealed at 80 °C to evaporate the remaining
DMF in the perovskite film as fast. This annealing process lasts for 120 minutes, and patterning is
performed on the hot plate when 30 minutes remain. With the heat of 80 °C, it is possible to prevent

damage to the thin film by a cotton swab moistened with DMF used for patterning.
3.2.2.3 PCs0BM layer deposition
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Before using the solution, it is passed through a hydrophobic filter (40 um). 60 uL solution covers
onto the substrate (Glass/ITO/PEDOT:PSS/IMAPDI3xClx) and is spun with 2000 rpm-30 s condition.
With cotton swap soaked in chlorobenzene (CB), the PCsoBM layer is patterned. This substrate
(Glass/ITO/PEDOT:PSS/MAPDbI3«Cly) is delivered in the thermal evaporator without annealing.

The 120 nm of silver (Ag) cathode is manufactured, as explained in chapter 2.2.6. While reproducing
Dr. Lee's MAPDbIs.xClx solar cell, the reference device for this study, the manufactured devices showed
different Jsc values from performance and EQE measurements. We found a problem in the calibration
of the performance meter’s light source. The best result in Fig. 3.1. is obtained through an improved

calibration method.

3.3. Triple cation perovskite solar cell
This study is to observe the stability of triple cation lead double halide {3CP:

(MAg 17F A0 83)0.95CS0.0sPb(lo.s3Bro.17)s} material against ageing and ion migration. As mentioned previously,

all processes (PEDOT:PSS, PCegBM, Ag) were kept the same except for the synthesis of 3CP material.

3.3.1. 3CP solution preparation

The composition ratio of the precursor solution is introduced in Chapter 2. After composing the
precursor, the important condition is the temperature of the solution. Although it is not mentioned in the
original paper [26], 3CP solution improves crystallinity by depositing in a warm (60 °C) condition.
Because the solution has a problem of ageing, it is recommended to use between 6 and 24 hours after the
solution is made [27]. Therefore, the solution is stirred at room temperature overnight and heated to 60
°C one hour before use.

3.3.2. 3CP layer deposition
Apply the prepared solution on the substrate (Glass/ITO/PEDOT:PSS) and run the spin-coater under
the conditions of 1000 rpm-10 s + 6000 rpm-20 s as shown in Fig. 3.2. Then, when 5 seconds remain,

100 pL chlorobenzene (CB) is dropped onto the center of the rotating substrate.
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Figure 3.2. Revolution condition for 3CP layer spin-coating

The film is placed onto the hot plate at 100 °C for 10 minutes.

3.3.3. Development of solution deposition engineering suit to lab environment
The first purpose of this project was attaining reproducibility above 8 % of power conversion
efficiency (PCE) for 3CP based perovskite solar cells. Using the fabrication process described by Saliba
et al. [26], | got 4.0 % of PCE in the first experiment (Fig. 3.3).
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Figure 3.3. First J-V performance of 3CP solar cells

In the case of the solution process, we have to consider various conditions because the deposition
mechanism can be affected by the underlayer (PEDOT:PSS), humidity, temperature. This is because the
sparsely formed perovskite layer creates parasitic circuits such as direct contact between the PEDOT:PSS
layer and the PCeoBM layer. Because of the parasitic circuits, leakage current increased significantly
(while also decreasing shunt resistance), and Vo is reduced. In general, a well-made light absorbing layer
of the solar cell should show higher open-circuit voltage in accordance with the material’s inherent
bandgap. Therefore, obtaining a reading where Vo is too low is one of the clues to deducing the layer
has a problem. For this reason, our performance had lower Vo, Rsh than other planar structured perovskite
solar cells and various Jsc (from 11.74 mA/cm? to 18.08 mA/cm?) results in the same batch. Fig. 3.3.

shows the performance of 3CP-based perovskite solar cells after applying Saliba’s process [26].

3.3.3.1 Anti-solvent treatment

The significant key factor was anti-solvent {chlorobenzene (CB)} treatment because CB affects the
crystallinity of perovskite. At the final step of spin coating, the control of the film thickness is achieved,
and most of the remaining solvent is blown off. The anti-solvent treatment timing depends on many

factors (spin rate, type of anti-solvent, dispensing volume per second [28]). If the CB is dropped
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prematurely or too late, the crystallization occurs too early or is not affected by treatment respectively
(Fig. 3.4). By changing the CB drop timing from 24s to 34s, we were finally able to get a densely
crystallized perovskite layer at the 29s in the same conditions as the referenced article [26]. Fig. 3.5. b)

shows improved film crystallinity by SEM (scanning electron microscopy).
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Figure 3.4. Schematic of Chlorobenzene drop timing.
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Figure 3.5. Top view of scanning electron microscopy (SEM) image a) Saliba’s article process b) change of CB drop timing
c), d) final optimized conditions.

3.3.3.2 Thickness control

After learning the importance of CB dispense timing, we focused on thickness control. The first step
of spin coating controls the film thickness. In summary, higher rpm gets a thinner layer. In the case of
planar structures, they should have a thinner layer because of the absence of efficient charge collecting
structures. The study of planar perovskite film addresses the excited carrier diffusion length being 330nm
[29]. After obtaining the dense crystal layer, our sample layers thickness varied from 493 nm to 548 nm.
We, however, needed to test a thinner layer for the solar cell. By changing the first step conditions
(Fig.3.6) of the spin coating, we finally achieved a 475 nm (Fig. 3.5 d) thickness layer with 6000 rpm.
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Figure 3.6. change of detail spin coating process

3.3.3.3 Dynamic dispense for uniformity

Since the spin-coating process has high thickness variations sample by sample and the ability to
reproduce the film thickness is a key parameter to get a good reproducibility, dynamic dispense technique
(spin casting) is instead applied to get lower thickness variations. In addition, when we anneal the samples
in the dark, the solar cell performances are dramatically improved following the advice of Saliba. This
is also due to the light sensitivity of perovskite. As a result, the maximum performance achieved was
PCE: 13.03 %, with an average of 12.72 % and an error margin of 0.31. Fig. 3.7, 3.8, and Table 3.1 show
the details of the development.

Method 1ststep | 2 step | CB treatment | CB volume Annealing
Saliba process Spin-coating 1000rpm | 6000rpm 29s 100pL at once | 100°C for 1h
Lo o 80°C for 1h
Optimization | Dynamic dispense | 6000rpm | 6000rpm 29s 100uL at once in the dark

Table 3.1. Summary of optimized condition comparing to reference (Saliba) process.

Table 3.1 is the summary of the optimization process. The green-colored cases show which
parameters are differently applied. As addressed before, dynamic dispense with high revolution is used
to obtain constant thickness. As the CB treatment relies on a user/person/operator, timing and dispensing
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duration vary. This thus critically determines performance variations sample by sample of the 3CP solar
cells. To consider the sensitive character of perovskite, we chose a lower temperature of annealing in

dark conditions.
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Figure 3.7. Summary of 3CP solar cell performance development history.
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3.4. Analysis of EQE, the crucial question concerning our performance

measurement system.

The way to understand the characteristics of solar cells is EQE analysis, as explained in chapter
2.5.1.2. If we keep all factors and change only the thickness, EQE data curves and the thickness of
perovskite layers show a clear correlation. A film of appropriate thickness loses longer wavelength light
that requires more extended absorption depth; it can collect more excited carriers. Therefore, Fig. 3.9

shows higher EQE at a medium wavelength and a bit less EQE at a longer wavelength.
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Figure 3.9. External Quantum Efficiency Result

Another parameter that can be analyzed with EQE is Jsc. Fundamentally, the machine measures
the spectral response (SR), which calculates the ratio of the power input to the light source and the output
current from the solar cell. Therefore, the relation between Jsc and EQE is:

Joe = —qf EQEQY) - dapiscdd  -3.4-(1) * Spectral response (SR): S(1) = _h—q:lEQE(l)

Jsc = [ S(AD)E,(1)dA -34-(2) *Irradiance E, (1) = %Q)AMI_SG(A)
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According to this equation, Jsc derived by EQE (J22F) must correspond to Jsc obtained experimental J=P

by the solar performance simulator.
The ]EQE is 16.38mA/cm? (TFSC instrument). The value is very different from ]_fé‘p = 20.2mA from the

same sample. This theoretically does not make sense as the experimental ]Exp we got was £20% different

EQE

from J;.~. The findings of Zimmermann et al. [30] show that it is a possible error because the actual

irradiance of 100puW/cm? used by the EQE machine is three orders lower than AM1.5G. These

differences can contribute to the calculation of JZ2F as error (Fig. 3.10).

16.2%
16.2%
exp EQE
<] x EQE
Sc SC é ;0 >] Q
21.3%
46.3%

P~ Je2F £ 20%

Measured J;- smaller than calculated Jo
Within the discrepancy threshold
Exceeding the threshold, less than ten citations

Exceeding the threshold, more than ten citations
Figure 3.10. Survey of current mismatch between experimental Jsc and calculated Jsc by EQE [30].

The following question arose: "what would be the ideal method to calibrate the light source?".
According to the theory, with Eq 3.4 - (2), we can note that c-Si calibration and JZ2* matching calibration

has an error on irradiance (E (1)). The theoretical Solution would hence be as follows [31]:

AM1.5 lamp

_ JERMWSR@OA | [Es@)ST(NOA _ ke~ ., Jperovskite 3.4-(3)
JEs@)SR()oA ~ [ERSTor — jeme = NS '
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. . . . ]AM1.5 — glamp ) .
The first condition is that the reference cell must achieve: ZRef Ref . This relation means the solar

simulator must be calibrated according to the reference cell. This calibrated intensity will be referred to
aS “A”‘
Then, eq 3.4 - (3) is equal to:

lamp

J erovskite

]perovskite

To calculate the current mismatch factor (M), we need these four factors.

a Euns(2)[32]

b Epump(2)

C. Spero(1)

d. ]fff of reference cell under intensity A

1. E4p1.5(A) data is taken from IEC 60904-3 standard.
2. Epamp () is measured by Black-comet-SR (StellarNet Inc form Xlim). (Fig.3.11)
3. Spero(4) is measured by TFSC EQE analyzer.

4. ]fcef: 12.6 mA of the c-Si solar cell (3 single cells in series).
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Figure 3.11. The irradiance of AM1.5G IEC standard and LPICM lamp.
Obtained data lets us know the LPICM lamp is grade D, which means it is unlike solar light even though

it contains a lot of UV light. In any case, we can approach a similar result by applying that data to eq 3.4

- (4) as a spectral response can cover irradiance error. Through those calculations, the result mismatch

becomes M = 1.13 (Fig. 38). If it is applied to %’Mthe corrected Jsc corresponds to the calculated

AM1.5G
sc '

The final step is applying M to the reference cell with an estimated value of:

- _
_ — 12.60 mA/cm?/ 1.13 = 11.15 mA/cm? 3.4-(5)

However, this value is obtained only when a filter that can eliminate UV and 770-1100 nm range is

applied. Following Snaith et al. findings [33], a KG5 filter can be used. With the filter calibrating Jsc of
c-Si as 11.15 mA, ideal conditions will be achieved. Our next step is to measure the spectral response

more accurately (per each nanometer wavelength) for the c-Si and perovskite solar cells.
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3.5. Thin film characteristics

After developing the manufacturing process for MAPbI3xClyx (shortly MAPI) and 3CP solar cells, the
film characterization was essential to evaluate whether my thin films (MAPDbI3.xClx and 3CP) are relevant
to the well-known research. Since the SEM results have already mentioned in section 3.3.3.1, in this

section UV-visible absorbance spectra and XRD is the tool to evaluate the film quality.

3.5.1. Analysis of UV-Visible spectra

To investigate the bandgap, a UV-Vis spectrophotometer was used. Bromine doping in a MAPDI3
perovskite affects the widening bandgap (higher bandgap value than 1.60 eV) [26,34]. Our solution
contains 17 % of bromine. This concentration theoretically results in 1.646 eV [34]. The bromine molar

ratio for the solution, however, does not correlate to the same portion in the solid-state (lattice).
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s >
T f: <
g )
g e
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z Co M I 2
B : o
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Figure 3.12. UV-Vis spectrophotometer absorbance: a) result of article [26] b) result of MAPI and 3CP with the same plot
form (Abs vs. wavelength) to the article. ¢) Tauc plot derived from b).

The measured 3CP’s bandgap energy is 1.62 eV (Fig. 3.12¢). This is because of the molecular portion
in the 3CP’s solid-state changes during the fabrication process. To check optimization progress, it is good
to compare it with the reference Saliba’s article. The 3CP’s bandgap is 1.62 eV which is like our result
(Fig. 3.12).

3.5.2. Analysis of XRD

We used XRD to confirm the lattice structure. The bromine ratio in the lattice that the UV-Vis spectra
cannot show is approximately visible in XRD. In the XRD fingerprint of the referred article (Fig. 3.13
b), the major peaks (26) are 14.2 °, 28.6 ° and 32.2 ° respectively. Our 3CP film shares the same major
peaks. These also correspond to the MAPDI;3 lattice structure.

Through the derivation from 26 to the (hkl), the three major peaks 14.2 °, 28.6 °, and 32.2 ° correspond
to phases: (110) tetragonal phased MAPDI3, (220) tetragonal phased MAPbI3 and (310) tetragonal phased
MAPDI3 respectively [34]. Compared with the article, these results mean our 3CP process is well-
optimized.

In the case of other peaks, the presence of one at 20.2° is interesting. This peak corresponds to a phase
(110) cubic of MAPDbBr3z and is prominent in the result (Fig. 3.13 d), where excessive CB treatment
(dispensed more volume of CB) was applied. This analysis implies that the 3CP lattice structure changes
depending on the process.

The XRD analysis helped evaluate our optimization progress and suggested a necessity to improve
the process. It was, as such, a useful tool in the early stages of optimization. Besides, it made it possible

to analyze the lattice mixed within the 3CP layer.
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Figure 3.13. XRD pattern of a) MAPI (MAPbI3.Cly), b) 3CP from the referenced article, ¢) 3CP after development, and d)
before the development.
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Chapter 4. lon migration in triple cation perovskite solar cells
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4.1. Introduction

Charged ions and charge carriers move under the applied electric field in perovskite solar cells (PSCs).
The phenomenon of ion migration in halide-based perovskite materials was first reported in 1983 [1],
but it did not attract considerable attention. In the 2010s, when the current-voltage (J-V) hysteresis
problem was widely observed in PSC, ion migration drew attention as an intensive theory to explain this
phenomenon. Examples of ion migration were observed from mesoporous structures in 2013 (Unger et
al. [2]) and planar structures in 2014 (Xiao et al. [3]).

For instance, in the MAPDI3 perovskite, MA* ions, Pb?* ions, I ions [4-6], and hydrogen impurities
(H* and H°) [7] are known as mobile ions. Considering the two critical factors for ion migration
(activation energy of ion migration and the distance with its nearest neighbor), it is a reasonable
expectation that MA* ions and |- ions are mobile and Pb?* ions are difficult to move in the MAPDI3 thin
film [4,8-10]. In literature, iodide ions were electrically identified as only mobile ions in MAPbI3 material
[11]. Indeed, related perovskites such as CsPbClz, CsPbBr3, MAGeCl3z, or MASNCI3 are known as halide
ion conductors [1,12,13]. Furthermore, organic cations’ (MA™) migration is not experimentally observed
under the bias [14,15]. The dynamics of MA™ cations were observed as they disappeared from the
perovskite film through ageing [16,17]. The halide ions are, therefore, the major mobile ions in the

perovskite film.
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This chapter deals with the migration of halide ions and the consideration of the main migration
pathways. This chapter discovers the phenomenon of ion accumulation caused by ion migration through
Impedance Spectroscopy (IS). In addition, Glow Discharge Optical Emission Spectrometry (GD-OES)
directly shows the ion migration of halogen components (1" and Br’) of triple cation perovskite depending

on material condition.

4.2. Triple cation PSC device reproducibility

In Chapter 3, the inverted planar device architecture of the triple cation (3CP) PSC (ITO = anode, Ag
= cathode) was introduced (Fig.3.3). A series of eight samples' photovoltaic performance is summarised
in table 4.1. The photovoltaic (J-V) performances are measured from negative bias (-0.1 V) to positive
bias (+1.0 V) with scanning the voltage at 0.1 V/s rate without post-treatment processes such as bias pre-
applying or light soaking.

Reproducibility is a prerequisite to have credibility with comparative assays that require one sample
per one condition. Table 4.1 shows the excellent reproducibility of the device, so it can be considered
that all samples used in this study have the same characteristics. As shown in Table 4.1, the power
conversion efficiency (PCE) under 1 sun calibrated illumination is 11.7 % for the best device (average:
11.45 % in the same batch) with an electrode area of 0.28 cm?. Calado et al. [18] and Heo et al. [19]
demonstrated that the PEDOT:PSS/MAPbIs/PCBM based p-i-n structure has negligible hysteresis while
the mesoporous TiO2 based n-i-p architecture has significant hysteresis. The 3CP implanted in the p-i-n
devices (Table 4.1) is consistent with the literature results, although the perovskite material is different.
For the 3CP-PSC used in all experiments, reproducible batches of devices within 0.4% of efficiency

fluctuation were used.
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Sample Jsc Voc FF PCE
(#) (mA/cm?) (V) (%) (%)
1 22.3 0.85 59.3 11.24
2 23.1 0.84 60.3 11.69
3 22.8 0.85 58.9 11.42
4 21.9 0.86 60.9 11.47
5 22.4 0.84 60.3 11.35
6 22.3 0.85 60.3 11.43
7 21.9 0.86 60.8 11.45
8 22.5 0.85 60.3 11.53
Average 22.4 0.85 60.1 11.45

Table 4. 1. The photovoltaic performance parameters of the 3CP-PSCs fabricated from one batch.

4.3. lon migration study under applied bias

Although we made a dense crystalline layer, there are mobile ions in the film [20]. Generally, this
material allows movement along with a series of vacancies or grain boundaries in the perovskite film
when inherent activation energy is applied. Common mobile ions in MAPbIz are MA*, I, and Pb.".
Activation energy for each ion is respectively 0.84 eV, 0.55 eV and 2.31 eV at room temperature (300

K) [4]. C, H, and N atoms of the MA" cation are difficult to trace because they overlap with other organic

layers (PEDOT:PSS, PCBM).
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Figure 4.1. GD-OES raw profile lines intensity versus sputtering time before intensity modification. a) profile of MAPDbI3
(MAPI) material, b) appearance of a sample after GD-OES analysis.

According to a previous study [14], iodide ion was demonstrated as suitable for tracing ion migration.
GD-OES presented in Chapter 2.3 is used to trace ion migration. Since this tool uses dry-etching with
plasma, GD-OES detects the top electrode at first. Figure 4.1 is the raw GD-OES result. The silver top
electrode is detected earliest in ITO/PEDOT:PSS/MAPI/PCBM/Ag architecture. When positive bias (+
DC voltage) is applied to the device, the polarization of the negative charge occurs at the silver electrode
because the cathode of the device is silver. The negative iodine ions are attracted towards ITO. Then they
are detected at a later sputtering time than in non-biased case (iodine profile move to the right) in the
GD-OES profile. “30 s” on the sputtering time axis is when the silver (120 nm) is etched, and C, H, atoms
of the PCBM are detected. Furthermore, “60 s” is the moment when the indium (In) of ITO is detected.
The details of equipment setup for using GD-OES are introduced in Appendix.
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Figure 4.2. GD-OES profile lines versus sputtering time for iodide ions. a) profile of MAPbI; (MAPI) material [14], b) profile
of 3CP{(MA0.17FA0.83)0.95CS0.0sPb(lo.g3Bro.17)s}.

Figure 4.2a. [14], when +2.0 V is applied, a bump (remarked with dashed line) in which the profile
line moves along the electric field and another bump in a fixed position is observed.

For the ion migration of 3CP, the PSCs introduced in Table 4.1 are used for GD-OES measurements.
3CP-PSC shows no significant ion migration under bias in neither +2.0 V nor -2.0 V. After applying +2
V and -2 V, and the result of the 3CP device differed from the referenced result (Fig. 4.2b). The fact that
ion migration occurs negligibly under the same conditions means that 3CP’s ion migrating characteristics
are not observable compared to MAPI. Also, from the perspective that mobile ions contribute to electrical
conductivity at room temperature [15], the idea that 3CP is electrically stable compared to MAPI can be
obtained. Since we are studying the 3CP polycrystalline film (~280 nm grain size), we cannot conclude
that "3CP has no ion migration”. This interpretation negates studies that found ion migration through
lattice vacancies and grain boundaries in perovskite thin films. 3CP layer, of course, has grain boundaries
and vacancies. The grain size of 3CP observed through SEM (Fig. 4.3) is smaller than that of MAPI. It
is thus 3CP film has more grain boundaries than MAPI in the same area.
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Figure 4.3. SEM images of a) MAPI, b) 3CP. d) and e) are the histograms corresponding to a) and b).

4.3.1. lon Migration Recovery Delay (IMRD)

A previous study observed that the ions return to their original positions after 4 minutes when the bias
migrating ions toward one side is stopped in the ITO/PEDOT:PSS/MAPI/PCBM/Ag structured device
[15]. Although 3CP has many possible ion migration pathways, ion migration is not observed due to
specific characteristics of the 3CP. The particular characteristic seems to be related to the recovery of ion
migration. According to the article [15], if the time required for an ion to return to its original position is
defined as IMRD (lon Migration Recovery Delay), the IMRD of MAPI is 4 minutes.

To obtain the GD-OES profiles in Figure 4.2b, the process arranged in chronological order is presented
in Figure 4.4. Since the delay time from DC polarization stop to iodine detection (during the GD-OES
measurement) exists, the “wasted time” without the polarization is 90 s at this experiment. The IMRD of
3CP is, therefore, estimated to be less than 90 s. To demonstrate the correct IMRD of 3CP, an experiment

with reduced “wasted time” was necessary.
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Figure 4.4. Schematic diagram of experimental conditions describing the time delay from stopping DC polarization to iodine
detection with GD-OES.

4.3.2. “Wasted time” reduction and mobile ions of 3CP

Plasma preparation of GD-OES has three steps: flushing, vacuum pumping, and plasma forming.
Flushing is the step of removing the remnants of previous measurements inside the anode cylinder. This
step can be omitted if sufficient flushing is performed before each measurement. By skipping the flushing
step, the “wasted time” can be shortened to 60 seconds. The results with and without flushing were the
same.

From the 3CP layer {(MAo.17FA0.83)0.95CS0.05Pb(lo.e3Bro.17)3}, the C, H, N (of MA* and FA™ organic
cation), Cs, Pb, I, and Br atomic profiles are obtained with GD-OES. The enlisted atoms for study are
halide ions (I and Br) and atoms (Pb and N) existing only in the 3CP layer. C and H are also existing in
the organic charge transporting layers. Since Cs detection is possible using neon plasma gas, it was
excluded from the observation list. The results with the enlisted atoms (I, Br, Pb, and N) are observed
with and without DC bias polarization. Figure 4.5 shows GD-OES results through the reduced “wasted
time”. The red profile lines are obtained from the sample without applying bias. The blue profile lines

are measured by applying -2 V dc for 4 minutes before the sample mounting to the anode cylinder.
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Figure 4.5. GD-OES profile lines versus sputtering time for 3CP-PSC. a) iodine, b) bromine, c) lead, and d) nitrogen.

The ion profiles for the four atoms (I, Br, Pb, and N) are comparable with and without applied bias
showing any ion migration. This result is different from what was obtained with MAPI-PSC (Fig. 4.2a).
The results suggest that the IMRD is shorter than 60 s and not sufficient to infer ion recovery. In order
to further reduce Wasted Time, we designed an “in-situ” polarization method, as shown in Fig. 4.6. Inside
the sample slot, a circuit connecting a small battery and 3CP-PSC applies dc bias until the start of the
measurement. The voltage application time was prepared so that the bias was applied for 4 minutes until
the moment when the iodine was detected (+2.0 V for 4 minutes). The in-situ method spends Wasted
Time almost zero second.

Applying dc to the PSC located between the cathode and anode cylinders of GD-OES can affect the
acceleration of Ar* ions (sputtering gas) toward the sample. Also, due to the possibility of damaging the

GD-OES system, the demo equipment from Horiba Scientific was used for the in-situ measurement with
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equipment experts. Although this instrument cannot detect Br atoms, the iodine profile only was

measured.
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with in-situ polarization method.

The in-situ result showed iodide ion migration with fixed ions and migrated ions. This experiment can

be the basis for the fact that 3CP has mobile ions and that the recovery rate of ion migration is faster than

that of MAPI. In the GD-OES profile, the percentage of ions migrated along the dc polarization is inferred

by calculating the ratio of the peak area showing ion migration from the peak without applying bias (Fig.
4.7b. “0 V”’). The mobile iodide ion ratio is derived 60% at +2.0 V and 30% at -2.0 V from the 3CP result
(Fig. 4.7b). However, this mobile ion ratio is debatable because the sputtering speed is not constant under

the same plasma conditions while applying the in-situ method. In the in-situ method, sputtering occurs
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faster than the condition in which no voltage (including ex-situ biasing) is applied in the sample slot. It
occurs regardless of the dc polarization direction. If the GD-OES measurement time is defined from
measurement start (O s) to the end where the detection of sulfur (S), a component of PEDOT:PSS, is
finished, the measurement time is 27 s, 38 s, and 24 s, for in-situ +2.0 V, 0 V, and in-situ -2.0 V,
respectively (Fig.4.8).
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Figure 4.8. GD-OES profile lines versus sputtering time for atoms contained in 3CP layer for different polarization conditions.

a) profile lines of in-situ +2.0 V, b) profile lines of OV, and c) profile lines of in-situ -2.0 V.

As shown in the schematic diagram of Figure 4.8, the device that is applied dc in the in-situ method
setting is situated between the RF electrodes of the GD-OES. In this situation, the dc bias can affect the
phase of RF-AC for plasma formation. As a result, plasma conditions different from ex-situ were formed,
and sputtering occurred rapidly. As far as we can see in Fig. 4.8a, and b profile lines (e.g., the carbon (C)
and lead (Pb)) were acquired similarly even though the sputtering rates were different, but in the case of
Fig. 4.8c, the profile lines are obtained as different form comparing to Fig. 4.8a and b.

In the in-situ method, deriving the ratio of mobile ions to fixed ions, therefore, is not a meaningful
result. The in-situ method is an experiment that supports the ion migration possibility and the rapid
recovery of ion migration of 3CP-PSC. In addition, if the in-situ method is attempted with equipment

capable of detecting bromine, the possibility of the bromide ion migration can be confirmed.
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4.3.3. Conclusion

We used SEM to confirm that the 3CP thin film has grain boundaries, which are pathways where ions
migrate. The in-situ experiment was the experiment that supports the ion migration possible. Moreover,
the comparison between in-situ and ex-situ dc polarised GD-OES proved that 3CP has the rapid recovery
of ion migration in 3CP-PSC. Therefore, 3CP observed using GD-OES demonstrated iodide migration
under the dc bias, but migration recovery is faster (recovery time is less than 1 min) than MAPI. In
addition, it was not able to confirm the same effect in bromide because in-situ GD-OES cannot detect
the Br atoms (with the system provided by Horiba Scientific Demo Lab: GD-DL).

4.4. Halide ion migration and its role at the interfaces in perovskite solar

cells

The purpose of the study is to contribute to the understanding of the origin of the current density-
voltage hysteresis observed since the early days of the perovskite solar cell [21-23]. The hysteresis, which
can be described as short-term instability and which has a significant impact on the measurement of
stabilized power conversion efficiencies in PSCs [24-26], consists in the discrepancy of the solar cell
performance (or difference in the shape of the current-voltage curve) between backward scan (from open-
circuit voltage to short circuit) and forward scan (from short circuit to open-circuit voltage). This
discrepancy depends on the bias sweep rate: typically, the hysteresis effect has been observed during the
time range of some seconds [21,22,27-30]. One type of reversible hysteresis has also been shown over
day/night cycling [31]. Two main mechanisms have been suggested to explain this phenomenon: (a) a
slow ferroelectric polarization of the material [32-34]; (b) migration of ions inside the material [29,30].
The ferroelectric hypothesis has been abandoned because a timescale of a ferroelectric domain relaxation
within a typical device has been estimated below 1 ms [35], so much faster than the time scale for the
hysteresis effect.

At this point, it should be mentioned that ionic conduction in the perovskite-type halides CsPbClz and
CsPbBrs was considered since the eighties [36] to be caused by the migration of halide-ion vacancies
with activation energy in the range 0.25 — 0.39 eV. Since the activation energy range has been extended
to 0.1 — 0.58 eV by many groups working on various lead halide perovskites [11,33,37-41] and has been

validated by first-principles molecular dynamics simulations [4,28, 42,43]. This led to the consensus that
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hybrid perovskites are mixed conductors (electronic + ionic) with possible interplays between both types
of carriers.

To understand the origin of the hysteresis effects, we have taken profit from the different time scales
associated with electrons (few ps) and ions (few s) to measure specifically the slow dynamic processes
attached to the ion migration. Thus, we have chosen three independent experiments: conductivity versus
temperature under dark conditions in the range 250 K to 363 K corresponding essentially to the tetragonal
phase of the perovskite; glow-discharge optical emission spectroscopy (GD-OES) under electrical bias
and dark conditions at room temperature and finally impedance spectroscopy. With the first two
experiments presented in previous papers [14,15], we have confirmed that hybrid perovskites are mixed
conductors. In the present work, with the help of complex impedance spectroscopy (IS), which is a time
transient measurement based on measuring the impedance as a function of frequency for solar cells with
different interface layers, we can address not only the nature of charge distribution in the device but also
the kinetics of the charging processes, and how they alter the solar cell photocurrent. The groups of Park
and Bisquert have been the first to understand the origin of hysteresis through IS studies [30, 44-48].
These studies allow the evaluation of relaxation time of charge carriers in the frequency domain, which
is thus helpful in quantifying the mobile ions within the perovskite at a given temperature and so to lead
to an in-depth understanding of the working mechanisms of the PSCs.

Moreover, we chose to work not exclusively with the MAPblz (MAPI) perovskite but also with
cationic mixing composition like Cs/MA/FA (so-called triple cation perovskite, 3CP, where MA stands
for methylammonium and FA for formamidinium), for which a significant reduction of the degradation
rate has been observed [49-51]. So, in the present work, we show that the hysteresis is a consequence of
the ion migration at the interfaces with the extraction layers: once the iodide ions have reached the
interfaces, their accumulation at these interfaces creates very high built-in fields. There is the formation

of Debye double layers.
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4.4.1. Device structure for the experiment
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Figure 4.9. Schematics of solar cell p-i-n structures: a) MAPIw (w means wet) b) MAPId (d means dry) c) 3CPw, d), e),

and c) correspond to cross-section SEM images of the structures a), b), and c), respectively.

Sample name Perovskite absorber Perovskite deposition process HTL ETL
MAPIw MAPDI3Cly Spin-coating PEDOT:PSS PCBM
MAPId MAPbDI; Vacuum evaporation PTAA PCBM/BCP
3CPw (MAoFAass)ossCoos Spin-coating PEDOT:PSS PCBM

Pb(lo.gsBro.17)3
Table 4.2: Different types of PSCs used in this study.

The solar cells used in this study are shown in Figure 4.9 a, b, and c, and each Figure 4.9 d, e, and f
present the cross-section scanning electron microscopy (SEM) images of Figure 4.9 a, b, and c. They
consist of an inverted p-i-n device planar structure where the halide perovskite material is placed between
a hole transport layer (HTL) and an electron transport layer (ETL). The thicknesses of MAPDbI3.xClx,
MAPDI3, and (MAo.17FA0.83)0.95CS0.0sPb(l0.83Bro.17)3 are 280 nm, 400nm, and 450 nm, respectively.
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4.4.2. J-V characteristics

Current density — voltage (J-V) curves are recorded following chapter 2, section 2.5.1.1. Figure 4.10
a, b, and c¢ show J-V curves under the illumination of MAPIw, MAPId, and 3CP, respectively. Each
power conversion efficiency (PCE) of MAPIw, MAPId, and 3CP is 11.9 %, 13.4 %, and 12.8 %. In
MAPIw and 3CP, hysteresis is negligible. However, PCE of MAPId in the forward scan direction is
higher than those in the reverse scan direction, indicating that hysteresis phenomena appear. (Figure
4.10).
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Figure 4.10. J-V curves of perovskite solar cells with p-i-n structures: (a) MAPIw, (b) MAPId and (c) 3CP measured under
AM 1.5 illumination (100 mW/cm?). Each color of black and red indicates J-V curves under forward and reverse scan.

4.4.3. Influence of electric field

From our previous papers [14,15], we have observed using J-V measurements under dark conditions
versus temperature (in the range 213 — 363 K), a hysteresis of current (reverse scan versus forward scan)
in MAPDIs. This hysteresis increases with temperature. The observation at long time scales under dark
conditions of time-dependent current responses under a fixed applied bias is common to both hybrid and
all-inorganic lead halide perovskite compounds, these transient responses increasing with temperature
[11,40, 45-48, 52, 53]. Without any bias, whatever the temperature, the current is constant, which means
compelling evidence that these strong polarization phenomena are connected to ion conduction. More
precisely, from GD-OES profiles under bias and conductivity measurements, we could show that ionic
conductivity is due to iodine anion migration, whereas no MA* neither Pb?* migration could be observed
[14,15]. Concerning this last assertion, mobile MA* and Pb?* vacancies have been ruled out because of
high activation energies (0.84 eV and 2.31 eV, respectively), leading to inefficient diffusion coefficients
[4]. These results confirm the existence of a high concentration of charged point defects (vacancies), as
mentioned in several experimental and theoretical papers [11,36,39-40]. Observing migration of iodide

ions in a range of 120 nm after some seconds, the iodide mobility at 300 K could be estimated at 8 x 10°
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11 em?/Vv-s and iodide diffusion coefficient at 2 x10™*2 cm?/s [15]. We should note that a compelling proof
of iodine vacancies and not iodine interstitials to be at the origin of ionic conductivity has been given by
Senocrate et al. [40]: ionic conductivity decreases when iodine’s partial pressure increases. This proof
contradicts the theoretical results based on first-principal calculations [54,55]. From the temperature-
dependent electrical conductivity, we found 0.25 eV as the activation energy for migration of iodine
vacancies [15], the value comparable with those deduced from DFT molecular dynamics simulations of
0.1-0.58 eV [4,28, 42,43]. A simple argument about the migration paths of the I, Pb?* and MA* ions
are to say that a very small distortion of the Pbls octahedra in the crystal structure accompanies halide
ion (vacancy [40]) migration along with their equatorial and apical sites in octahedron [55], while
migration of MA* and Pb?* requires a significant distortion of the structure. So, the time scale for
migration of the MA* and Pb?" ions is considerably larger than 1" ions [28]. The value of ionic
conductivity 107" ohm™-cm™ reported for MAPDbI3 at room temperature [15] confirms that such a hybrid
perovskite may be classified as a good ionic conductor comparable to alkali halide crystals [36]. At this
point, it should be noted that if in a mixed conductor the migration of halides is a necessary condition for
the observation of hysteresis, it is not a sufficient condition. Under the influence of an external biasing
field or solar illumination, the migration of ionic vacancies in the PSCs may result in a charge
accumulation at the contacts. Because perovskites cannot be easily doped, unlike conventional
semiconductors, the interfaces between the absorber (perovskite) and the contacting transport layers
(HTL and ETL), which are effective heterojunctions, must play the central role in the solar cell operation:
they are at the origin of built-in effective fields breaking symmetry for free electrons and holes. Thus,
many groups have made major contributions to understanding contact interfaces based on various
transient electrical measurements like IS [45-48, 52-61]. In that context, the characteristic time scale for
ion migration, whatever the halide (about ten seconds), is always higher than the voltage settling time
(waiting period to measure without distortion current after applying a given voltage). The voltage settling
time is typically about 0.5 s [48].

The IS results are reported in Figure 4.11 for the different devices before and after applying a bias by
using J-V measurement (MAPIw and MAPId) or by shorting the device (3CPw) under the dark. 2 min
for J-V measurements was used as stimulation for MAPI based solar cells (MAPIw and MAPId) and
1day for device shorting is applied as stimulation for 3CP solar cell.

Connecting the device contacts creates an internal electric field (built-in field) due to the difference in
the Fermi levels of HTL and ETL [62,63]. It appears clearly that the impedance follows the same trends
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independently of the device structure (different HTL/ETL), absorber material (MAPI or 3CPw), or
deposition process. Before the applied electric field, the complex impedance (|Z|) follows a straight line
at high frequency (above ~ 10° Hz) with a slope -1 (in log/log scale) characteristic of a pure capacitive
behavior. However, at lower frequencies, |Z| becomes independent of the frequency and reaches a plateau
corresponding to a pure resistance. Accordingly, the phase Bode plots show logically a phase angle
closed to -90 degrees at high frequency and then drop to zero at a lower frequency. If the devices have
been previously polarized, the impedance versus frequency behavior is dramatically changed with the
reduction of the resistive plateau and the birth of a second capacitive behavior at low frequency. The
dominant capacitive behavior is observed by extension to the lower frequency of the phase at -90 degrees.
The different parameters of the equivalent circuit are reported in Table 4.4 by fitting the experimental
data (see Appendix 4.1 for fitting procedure).

The capacitance C. deduced at high frequency is always present in the devices and corresponds to the
geometrical capacitance (Cg) of the planar solar cells. From this value, it is possible to deduce the relative
dielectric constant () of the material. By considering the thicknesses of the fully depleted perovskite
layers (Figure 4.9 d, e, and f), &ris 17, 17, and 19 for MAPIw, MAPId, and 3CPw, respectively. This
value is comparable with those reported by other groups [32, 40, 57, 59, 64] and fits quite well with the
recommended value proposed by J. N. Wilson et al. [65]. After having biased, we observe a second
capacitance Cs at low frequency (0.1 - 10 Hz), which we interpret after relaxation of ions as charge
accumulation layers at both interfaces. This charge accumulation can be promoted by the presence of
the grain boundaries (Fig.4.13). The capacitance in low frequency can be considered as electrode
polarization caused by interfacial phenomena, i.e., by ionic charge accumulation at the interfaces of
MAPbIs [23,29,57, 66]. As reported earlier, it takes some seconds for the halide ions or halide ion
vacancies to migrate toward the interfaces and then to accumulate, whatever the bias (forward or reverse).
The stored charge density can be very high, inducing a large capacitance [23,45]. However, these charges
are immediately screened by mobile charges (ions, electrons, holes), so the charge accumulation layers
transform into double layers with the Debye screening length, such as seen in electrolytes [23,59, 62].
This means that we can treat the perovskite layer as an ionic solution filling the space between
PEDOT:PSS or PTAA and PCBM of a parallel plate capacitor having a potential difference V like in
electrolytes. Due to the small value of Debye length (about 1 nm) at each interface, we then consider
uniformly charge planes of high surface density that create high built-in fields and control entirely the
current densities of electrons and holes (Fig.4.12). In other words, the electric field inside the perovskite
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layer itself is very small compared with the before mentioned built-in fields and plays no role in the

transport properties of perovskite structures [62].
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Figure 4.11. Bode plot of the different devices before and after applied electric field under dark conditions; a) MAPIw, b)
MAPId, ¢) 3CPw (Short means shorting conditions.).

Sample name  R: (Ohm) R> (Ohm) Cz (nF) Rs (Ohm) Cs (nF)
MAPIW 12.5 4.4 x10° 15.0 - -
13.5 ~10° 15.0 1.2 x 108 5.0
10.1 4.3 x 103 10.4 - -
MAPId 10.1 2.0 x 10° 10.4 3.4 x 10° 23.8
3CPW 10.9 1.9 x 10* 10.3 - -
10.3 ~10° 10.4 ~10° 9.1

Table 4.4. Characteristic parameters extracted by fitting equivalent circuits. For each device, the first line is before

polarization and the second line is after polarization.
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Figure 4.12. Schematic of band energy diagram in the perovskite after ion accumulation at the interfaces [29,62,67] where t
is the thickness for the three perovskite materials (MAPIw: 280 nm, MAPId: 400 nm, and 3CPw: 450 nm), and LD is Debye
layer thickness.

In previous work, we observed a voltage shift during the measurement of the J-V characteristics under
dark conditions at room temperature only for backward scan and when the initial positive voltage exceeds
1.5V [15]. This result never occurs for conventional semiconductors (Si, GaAs, CdTe). It indicates that
carriers in the perovskite are not limited to electrons and holes for which, when the thermal equilibrium
is reached, the drift current of carriers is exactly compensated by the diffusion current so that the net
carrier flow is zero as in a conventional crystalline semiconductor. As we will confirm later, ions
contribute to this voltage shift. Moreover, as the scanning rate is 125 mV/s, which is considered fast
[26,27], it only takes a few seconds for the ions to pass through the perovskite layer. As previously noted,
the fact that MA™ cations are not mobile is coherent with a tracer exchange experiment showing the
absence of significant MA* diffusion [39]. The hybrid perovskites are considered as soft materials [40],
which includes from thermodynamically reasons the occurrence of a large concentration of point defects,
generally Schottky defects [36].
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Figure 4.13. SEM images of a) MAPIw, b) MAPId, and c) 3CPw. d), e), and f) are the histograms corresponding to a), b),
and c), respectively.

As shown in Fig. 4.13, the films are well crystalized with a distribution of grain size increasing for
MAPId, 3CPw, and MAPIw, respectively. Grain sizes, as observed in Fig. 4.13 are known to be
preferential ion migration pathways. The smaller is the grain size, and the higher is the density of grain
boundaries, and higher is the possibility to ion to move and to accumulate at the interface with the
transport layers. This is coherent with the values of Cz measured by IS. Since the device electrode area
is 0.28 cm?, C3 must be measured on the scale of pF, if ions are completely accumulated in the 0.28 cm2.
Considering that the accumulated area of ions moving along the grain boundary is narrow compared to
the electrode area, it is interpreted that Cs is measured on the scale of nF. Consequently, the Cs of the
three different perovskite solar cells with different grain sizes correlated with the area occupied by grain
boundary per unit surface. Table 4.4 shows that MAPId-PSC with the most grain boundaries in the same

area has the largest Cs value.

4.4.3.1 MAPId layer deposition

PTAA layer deposition. Before deposition of HTL, the surface of patterned ITO was treated by UV-
ozone chamber for 10 mins. As hole transport layer, PTAA (30 nm) is deposited on UV-Ozone activated
ITO layer through spin-coating at 5000 rpm in the air with thermal treatment at 100 °C in N2 for 10
minutes. The PTAA solution is prepared with a concentration of 0.002 g/ml in toluene and filtered
through a 0.45 um PTFE filter. PTAA was purchased from Ossila (M513, CAS: 1333317-99-9) and used

as received.
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MAPId layer deposition: MAPI was deposited on the PTAA layer by co-evaporation of Pbl, and
MAI with deposition rates of 1.0 A/s and 2.5 A/s, respectively. During the evaporation, the vacuum level
was 1.6 x 107° mbar. The film was annealed at 70 °C for 10 minutes after deposition. Pbl, was purchased
from Sigma Aldrich; MAI from Greatcell Solar Materials.

BCP layer deposition. BCP was used as a hole blocking layer (HBL) in MAPId devices. After drying
PCBM for 20 mins in N2, the BCP layer (5 to 8 nm tick) was deposited onto PCBM by spin-coating at
4000 rpm. The 0.0005 g/ml of BCP was dissolved in chlorobenzene and 2-propanol and filtered through
a 0.45 pum PTFE filter. BCP was purchased from Lumtec (> 99%, CAS: 4733-39-5) and used as received.

All the chemicals were used as received without further purifications.

4.4.4. Conclusion

We have confirmed using GD-OES and conductivity experiments that MAPI is a mixed
electronic/ionic conductor, with ion conductivity being essentially due to iodide migration mediated by
vacancy defects. The observed activation energy of 0.25 eV agrees with the value deduced from density
functional theory calculations [4]. The diffusion coefficient of iodide ions at room temperature is assessed
as 2x102 cm?/s. The relative dielectric constant of 21 found for the perovskite materials and deduced

from geometrical capacitance at high frequency agrees with the literature.

4.5. Conclusion

In this chapter, the influence of the electric field on ion migration is studied. When a continuous
electric field is applied to the PSCs, the GD-OES results directly showed halide ion migration. Under dc
bias, we observed the shift of iodine ion migration in the 3CP {(MAo.17FA0.83)0.95CS0.0sPb(lo.e3Bro.17)3}
layer. Comparison of in-situ and ex-situ dc-polarized GD-OES demonstrated that 3CP has a faster
recovery of ion migration. The recovery time of 3CP is confirmed to be less than 1 minute. Furthermore,
we cannot confirm the same effect in bromide because in-situ GD-OES cannot detect the Br atoms (with
the GD-OES system provided by Horiba Scientific).

When dark-JV sweep (range: -0.5 V < +1.0 V) for 2 minutes is applied to the PSC, interfacial ion
accumulation was discovered. IS measured an additional capacitor that is coming from ion accumulation,
forming a double layer at the interface. As a result of IS measurement, the relative dielectric constant of
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21 found for the perovskite materials was deduced from geometrical capacitance at high frequency and
in agreement with the literature [4]. The ion migration characteristic was revealed that ions migrate to
the interface and accumulate only with a short-time dark-JV sweep.

The ion migration experimental results demonstrate that 3CP has faster ion migration recovery than
MAPI. This is supported by two experimental conditions:

1) GD-OES: restoring ion migration as soon as the dc electric field is stopped

2) IS: 3CP’s ion accumulation is observed by stimulating the ions for a more extended period to

accumulate than MAPI. Only 3CP required a short circuit condition for one day.
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Chapter 5. Ageing in triple cation perovskite
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5.1. Introduction

Hybrid organic-lead-halide (HOIP) perovskite solar cells (PSCs) are stimulating the photovoltaic
research field with power conversion efficiencies (PCE) beyond 25% [1]. Despite the stunning
breakthrough, the unacceptably poor device lifespan under operating conditions still represents an
unbearable barrier for their commercialization [2-5]. A marketable product requires a 20-to-25-year
warranty and should have less than 10% degradation in performance. This is a condition in which the
device retains over 90% of its original performance for at least 1,000 hours in standard accelerated ageing
tests. Perovskites, although recognized as soft materials [6, 7], behave as if the fast-nuclear motions (ps
timescale) had only a disorderly impact at very short ranges for the electronic states affecting little their
optoelectronic properties, contrary to what is observed for conventional semiconductors [8, 9]. However,
the pervasive issue of these hybrid perovskite solar cells (PSCs) concerns their long-term operational
stability versus heat, oxygen, moisture, or UV light, which constitutes a major impediment to their market
uptake [5, 10-26]. Many groups have explicitly studied the instability of mixed halide perovskites due to
exposure to oxygen [13-18]. For the archetypal methylammonium lead iodide (MAPbI3) absorber, the
oxygen incorporation inside the lattice was shown to be strongly enhanced under illumination. This leads
to a rapid degradation observed through a severe modification of the electronic and ionic conductivities
[13-17, 21, 22]. From this respect, and as noted in many reviews about the stability of perovskites [5, 26-
32], it is guessed that complete encapsulation or an utterly oxygen-free environment is required for the
stable performance of PSCs.

Suggested solutions to control the material ageing stability are:
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- adapting to an extent using crosslinking additives [33]
- compositional engineering [34] (e.g. adding Pb(CH3CO32)2-3H20 and PbClI> to the precursor [35])
- using cation subordination, including Cs and Rb cations, as demonstrated [2, 3] to reduce the material
photo-instability and/or optimize the film morphology.
For this reason, we chose to work not exclusively with the MAPI perovskite but also with cationic mixing
composition like Cs/MA/FA (so-called triple cation perovskite, 3CP, where MA stands for
methylammonium and FA for formamidinium), for which a significant reduction of the degradation rate
has been observed [2, 3, 36]. Our study observes thin films and devices of two different perovskites
(MAPI and 3CP) under given ageing conditions. The 3CP thin film, the primary research material, shows
stable ageing characteristics under the same conditions. We further found that in p-i-n PSCs, iodide ions
pass through the electron transport layer and chemically react with the top metal electrode at an ageing

time.
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5.2. Ageing of the perovskite film

Studying the ageing characteristics of Perovskite Film (PF) is a cornerstone for studying the ageing
characteristics of PSC devices under the same conditions. The ageing tendency of PF exposed to air
under the dark can be evaluated for the stability of the PF itself in air. If a difference is discovered when
observing the ageing of the PSC device, it is considered an essential factor in identifying the cause. A
known ageing mechanism of perovskite is that organic cations (mainly MA*) dissociate, leaving Pblz in
the perovskite layer [10, 37]. The PF’s ageing characteristics aim to understand the aging characteristics
and ageing speed of the film by observing the increase of Pbl. characteristics and the decrease of the
perovskite characteristics over time through XRD and UV-Visible absorption.

5.2.1. Ageing observation with X-ray diffraction

The perovskite stacks were prepared as Glass/ITO/PEDOT:PSS/perovskite structure. Since the
substrate influences perovskite formation (thickness and crystallinity), the same condition as the
underlayer of the device was selected. The samples were stored in air or a nitrogen-filled glove box
without light exposure. The “under dark in the nitrogen” is the storage condition that removed the known
ageing factors such as light [7], moisture [38], and oxygen [39]. “The air” is the storage condition at

25°C with air-conditioning.

5.2.1.1. MAPI ageing observation with XRD

Figure 5.1 shows the XRD results of the MAPI film over time. In nitrogen ambient, growth of the
Pbl, phase is not observed even after five weeks (Fig. 5.1a). Any deformation such as color change of
the film is not observed in the appearance. In air ambient, the XRD results show the progression of ageing
from 1 week to 5 weeks. Ageing is assessed by comparing the intensities of the Pbl, phases and MAPI
phases. Fig. 5.1b shows the notable phase growth of Pbl. (26 = 12.6°) and contractions of MAPI phases
(the three major peaks 14.2°, 28.6°, and 32.2° correspond to the three tetragonal phased MAPbIs of (110),
(220) and (310) respectively). Trace of ageing is also observed in the appearance of the film. After five
weeks, the yellow spots can be easily found on the film. The yellow part is where all MAPI has been

dissociated, and only Pbl, remains [40].
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5.2.1.2. 3CP ageing observation with XRD
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Figure 5.1. X-ray diffraction spectrum of MAPI stacks (Glass/ITO/PEDOT:PSS/MAPI) kept under dark a) in air and b)

Figure 5.2 present the XRD results of 3CP film over time. The Pbl> phase is observed even in the
fresh sample. However, in nitrogen ambient, the evolution of the Pbl, phase is not observed even after

six weeks (Fig.5.2a). In the 3CP film formation reaction, three cations (MA™, FA", Cs") and two halide



anions (I, Br) participates in ABX3 chemical bonding. The Pbl patterns, which did not participate in
bonding, are observed after this complex reaction. The low Pbl> peak was also reported in the 3CP article

we referenced to make the sample [3].
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Figure 5.2. X-ray diffraction spectrum of 3CP stacks (Glass/ITO/PEDOT:PSS/3CP) kept under dark a) in air and b) nitrogen

atmosphere.

In air ambient, the XRD results show the progression of ageing. It is assessed by comparing the intensities
of the Pbl, phases and 3CP phases. Fig. 5.2b shows the little phase growth of Pbl> (26 = 12.6°) and global

contractions of 3CP phases as a global decrease in the intensity of the diffraction peak except for the Pbl>
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diffraction pattern (with mark “*”) shown in Figure 5.2b red line. However, comparing this result with

MAPI (Fig. 5.1b), the progress of 3CP ageing is quite slow.

5.2.2.3 Discussion of XRD results

From the viewpoint of ageing, MAPI and 3CP show a stable lifespan, excluding elements (light,
moisture, oxygen) exposed in daily life. However, MAPI exposed to only oxygen showed that the ratio
of Pbl, reversed MAPI after five weeks with XRD. This period played a significant role in selecting the
period for observing the ageing of PSC devices. On the other hand, 3CP exposed to oxygen showed more
extended stability. Even after six weeks, the XRD phases of 3CP still dominate Pbl..

5.2.2. Ageing observation with UV-visible absorbance
The perovskite stacks were prepared as Glass/ITO/PEDOT:PSS/perovskite structure. Since perovskite
formation (thickness and crystallinity) is influenced by the substrate, the same condition as the underlayer

of the device were selected. The samples were kept dark in the air at 25°C with air-conditioning.
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Figure 5.3. UV-Visible absorption spectrum of a) MAPI stacks (Glass/ITO/PEDOT:PSS/MAPI) and b) 3CP stacks
(Glass/ITO/PEDOT:PSS/3CP).

5.2.2.1 Definition of the Absorbance Unit (AU)

Figures 5.3a and b are the UV-Visible absorption spectra of MAPI and 3CP stacks over time.
Following Beer-Lambert law (eq 2.5-(2)), the Absorbance Unit (AU) = 2 means 99% of light is absorbed

in the wavelength. It is not easy to evaluate information with an AU greater than 2. In order to perform
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the same experiment as MAPI, 3CP film also needs to reduce the absorbance to less than 2. A possible
option is to experiment with reduced thickness. The following paragraphs describe the relationship
between thickness and absorbance. Then, the device performance of 3CP-PSC observed after reducing
the thickness is shown. In the spin-coating process, the method to reduce the thickness is to fabricate a
film by lowering the concentration of the precursor solution. The reason why the thin 3CP absorbance
experiment did not proceed further is introduced next because the 3CP layer is formed differently by the

change in precursor solution concentration.

5.2.2.2 Relation between absorption coefficient and wavelength of light

The absorption coefficient has the relation:

o = K 51— (1)

Cc

where «a is absorption coefficient, fis the frequency of monochromatic photon from the incident light spectrum
(f = vA, where is the velocity of the light wave), « is extinction coefficient, and ¢ is the speed of light, and
Tt IS a constant (=3.14).

As the velocity of light in a vacuum:

c=fA 51-(2)
Then, a = ‘“;—K 51-(3)

The absorption coefficient of a material is inversely related to the wavelength of light. It describes how
deeply light penetrates a material before being absorbed. Higher energy light is of a shorter wavelength
and is absorbed in a short absorption depth. Since the light with a wavelength shorter than 510 nm
(vertical black dash line at 510 nm on Fig. 5.3) has a short absorption depth, the AU of the fresh samples
(for MAPI and 3CP) exceed 2.

5.2.2.3 Discussion of UV-Visible absorption

Why is absorption measurement reasonable by reducing the thickness of 3CP?

Considering Sections 5.2.2.1 and 5.2.2.2, the ageing of MAPI stacks in the air shows a rapid
progression after four weeks. To discuss the result of 3CP stacks, however, we face the question, "Should
we reduce the perovskite thickness to derive the correct absorbance?". Reducing the thickness requires
changing the concentration of the perovskite precursor solution, which can result in a change in material

properties because perovskite crystalizes during the solution process. Since the optimized 3CP precursor
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solution concentration is 75 wt%, the solution for the experiment used a less viscous solution. 40 wt%
concentration is selected to compare with MAPI because the optimized concentration for MAPI is 40
wt% [34].

The new film with a thinner 3CP layer shows an abnormality in the grain shape (Fig 5.4a), and the
fresh 3CP solar cell’s efficiency decreased (Fig 5.4b). It seems that the material "3CP" was formed, as
Voc was not significantly different from the optimized efficiency (Fig.3.8). Except for the quality of the
3CP layer, all conditions are the same to make the 3CP PSC device. The measured 3CP device
performances are poor even though it is a newly made device (low Jsc, low Rsh, and high Rs). The poor
performance is due to the many voids between the 3CP grains, presented in Fig.5.4a. Even considering
the possibility that Jsc is lowered due to the thinner 3CP layer, this interpretation reasonably explains the
increase in Rs and the decrease in Rsh. Small grain size and many voids have more surface area when the
sample is exposed to air. Since we test ageing characteristics of the optimized 3CP stacks in air, this
condition is not appropriate.

10
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Figure 5.4. a) SEM image of Glass/ITO/PEDOT:PSS/3CP stacks and b) 3CP-PSC performance made by 40wt% 3CP
precursor solution. The 40wt% concentration is followed by the MAPI precursor solution to make a similar thickness.

5.2.3. conclusion

XRD studies showed that MAPI and 3CP films have a stable lifespan without elements (light,
moisture, oxygen) exposed in daily life. When these materials are surrounded by air, XRD results show
that the proportion of Pbl, reversed MAPI after five weeks. On the other hand, 3CP exposed to air showed
more extended stability. Even after six weeks, the XRD phases of 3CP still dominate Pbl». The duration

(5 weeks) played an essential role in planning the time to observe PSC devices ageing.
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The absorbance experiment was expected to observe the mixture of Pbl, absorption characteristics with
3CP’s absorbance as with the XRD results (Fig. 5.3b). The results exceed the value 4 of AU in the Pbl>
absorption range (< 510nm). Nevertheless, the overall decrease in the MAPI’s absorption characteristics
(wavelength range: 510nm - 780nm) after five weeks (Fig. 5.3a) shows that 3CP is relatively stable
against ageing under air exposure conditions.
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5.3. Ageing of perovskite solar cell

The perovskite solar cells were prepared as Glass/ITO/PEDOT:PSS/perovskite/PCsoBM/Ag structure.
The devices were stored under dark in the nitrogen-filled glovebox at 25°C. Except for the performance

measurement, any electrical stimulation was not applied. The performance measurement method is
informed in 2.5.1.1.
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Figure 5.5. Degraded J-V performance of a) MAPI solar cell and b) 3CP solar cell. ¢) summary of power conversion efficiency
decreases for eight weeks in Na.

The perovskite film aging analysis confirmed that MAPI and 3CP stacks are stable in N> ambient. In
the MAPI solar cell case, dramatic ageing is observed after the 6th week, even when the device is stored
in a nitrogen ambient. The 70% of power conversion efficiency dropped from the initial efficiency
(Fig.5.5 a and c). The change in the J-V performance curve is the emergence of the S-shape. This S-
shape curve is the representation of the formation of an interfacial barrier between layers. This result
means that ageing occurs due to factors other than light, moisture, and oxygen acting on the device in the
ITO/PEDOT:PSS/perovskite/PCeoBM/Ag junction state. The research was divided into short-term

ageing (5.3.2) when the global efficiency decreases, and long-term aging, an S shape occurs (5.3.3).
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5.3.1 Short-term ageing analysis with Impedance Spectroscopy

PCBM

Perovskite

€7/ PEDOT:PSS
Imto
|Glass

Figure 5.6. 3CP-PSC device structure.

The ageing phenomenon of PSC devices is different from short-term aging and long-term ageing. For
the short-term ageing study, 3CP-PSCs are exposed in the air because of the Impedance Spectroscopy
measurement environment. The IS system was installed in the air (with air conditioning) and measured
for 5 hours per measurement to scan the low-frequency range (10 mHz- 1 Hz).

Figure 5.7 shows impedance data collected from fresh and aged 3CP samples. In the complex
impedance plot in the log-log scale (Fig. 5.7a), the complex impedance shows a progressive change of
the resistive behavior at the lower frequency range upon ageing while no modification is observed at
high frequency. In the Bode phase plot (Fig. 5.7b), there is a phase closed to -90 degrees at 100 kHz in
the fresh sample. When time runs out up to 10 days, a second capacitive behavior emerges by the phase
close to -90 degrees at a lower frequency range (100 Hz - 1 kHz). This feature at 100 Hz - 1 kHz is
attributed to a charge accumulation layer occurring at the interface between 3CP and selective contact
materials. In Figure 5.7c, there is a single semicircle in the Nyquist plot, which indicates the single

conduction mechanism.
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Figure 5.7. IS characteristics evolution as a function of ageing time for 3CP solar cell; a) Complex impedance versus
frequency; b) Phase versus frequency; c) Nyquist plot; d) Capacitance versus frequency.

As ageing time increases, the radius of this semicircle increases, suggesting a degradation of the solar
cell corresponding to a decrease in the conductivity. In Figure 5.7d, we have plotted the theoretical
capacitance deduced from IS measurement as a function of the frequency. Only a single capacitance (Cg
~ 11 nF) is obtained for the pristine device at a high frequency corresponding to the geometrical
capacitance mentioned previously. However, after ageing time, a second capacitance (Cz) appears with
a value around 14 nF clearly seen after ten days of ageing time (the measured value at lower frequency
in Fig. 5.7d is the sum of Cy4+Cs).

We investigated the evolution of 3CP solar cells with ageing time using impedance spectroscopy.
Interfacial accumulation and non-radiative recombination, as confirmed by impedance spectroscopy
measurements, are responsible for the general observation of J-V hysteresis in hybrid perovskites. The

double layers at each interface where high built-in fields are created control completely the current
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densities of electrons and holes. This assertion is confirmed by the fact that hysteresis depends upon the
interface HTL/perovskite when HTL is changed, all the other parameters of the device are fixed. This is
a perfect illustration that a good band alignment is necessary for improving both photovoltaic response
and stability.

After ten days, a constant C3 (14 nF) and a persistent increase in Rz are observed. With high Rs, reliable
Nyquist data could not be obtained due to excessive noise in the low-frequency region. Ageing studies
using IS had the difficulty of long-term observation when the Rs excesses 5x10°. Since the IS
measurement conditions in the air were not optimized for the MAPI device within the study period, it is

proposed as a prospective study.

5.3.2. Long-term ageing analysis with GD-OES

To investigate long-term ageing, another tool is introduced as a GD-OES. GD-OES analysis is used
to check the atomic composition of aged MAPI and 3CP solar cells. Considering the plasma etching
direction and the p-i-n solar cell structure, the silver position corresponds to the shortest sputtering time,
and the ITO corresponds to the longest sputtering time [41].

5.3.2.1 MAPI ageing observation

The MAPI samples were stored under dark conditions and N2 atmosphere without applied bias. Figure
5.8 shows the GD-OES profile lines of nitrogen, chlorine, lead, and iodine atoms in the MAPI thin film.
All the prominent peaks of these four atoms (nitrogen, chlorine, lead, and iodine) are observed at the
same range between 45 s and 75 s, indicating the perovskite layer. We observe a significant motion of
iodide ions upon an ageing time, while the other MAPI components (N, Pb, CI) are stable (Fig. 5.8 a, b,
and c). Nitrogen atoms are located at the whole range of perovskite thin film, and the chlorine atoms are
situated toward PEDOT:PSS layer in the perovskite thin film. We may assume there is the formation of
CH3NH3sCl gas during the annealing process. This gas is escaping from the top of the perovskite layer
[42]. Both nitrogen and chlorine are perfectly fixed during the four weeks of progressed ageing, as shown
in Fig. 5.8a and Fig. 5.8b. Since Pb has high activation energy than halide and organic cations to migrate,
Pb ions cannot migrate following electric field [43-45]. In our results with ageing, a slight shift is
observed in the GD-OES profile lines of lead (Pb) toward PCBM, as shown in Figure 5.8c.

On the contrary, the intensity of the iodine peak reduces significantly, and a shoulder increases
progressively towards the Ag electrode during ageing process (Fig. 5.8d). After four weeks, the iodine
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signal starts at 20 s of sputtering time (50 s for the unaged device), corresponding to the silver position
[41]. This means that the iodine atoms diffuse through the PCBM layer towards the silver electrode
without applying any external voltage. Figure 5.8e represents the photos of fresh and old PCSs samples.
We observed the color variation of the top electrode from silver to yellow after two weeks of ageing
(Fig.5.9). We speculate that the color change of the silver metallic cathode is due to a chemical reaction
of iodide ions with silver (Ag™ + I~ — Agl) [46]. After four weeks, the perovskite film is completely
degraded only around the silver electrode showing yellow Pbl, compound. These GD-OES iodine
profiles after ageing are equivalent to ToF-SIMS iodine profiles after thermal treatment for the same
inverted structure [47] and confirm the deterioration of MAPDI3 thin films in both cases. The formation

of Agl supports the importance of ionic reactivity at contacts in the working principles of PSCs [48].
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Figure 5.8. MAPI solar cell aged under dark conditions in N2 atmosphere; the GD-OES profile lines of atoms in the perovskite
thin-films upon ageing time. a) nitrogen, b) chlorine, c) lead, and d) iodine. And e) photographs of fresh, 2 weeks and 4 weeks

aged PSCs devices.
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Figure 5.9. Schematic diagram explaining the ageing mechanism of MAPI solar cells; a) unaged iodine distribution in the
MAPI layer, b) Generation of voids due to initial chemical reaction (Ag* + I~ — Agl), c) lon diffusion toward voids (low

concentration of iodine), and d) After reaching the reaction equilibrium (Ag* + I~ = AglI).

5.3.2.2. 3CP ageing observation

The 3CP devices were kept under dark conditions and air atmosphere without applied bias. The
atmosphere was controlled with a constant temperature (25°C) by an air conditioner. In the N2 ambient,
any GD-OES profile changes were not observed even with a 2-month-old 3CP device. For this reason,
the 3CP devices were stored in the air is to accelerate ageing. In addition, the plasma conditions used for
the experiment changed because a new GD-OES system was used (provided by Institut Lavoisier de
Versailles — ILV and Institut Photovoltaique d'Tle-de-France — IPVF: GD-1LV) — the condition as 250 Pa
and 15 W applied power to get the proper etching rate. For sputtering, pure Ar gas is used as plasma gas.

The optimization for the new plasma condition is elucidated in Appendix (Chapter A.2.).

124



a) N b) Br e) Fresh
=5 | | — 0week = | [— 0 week
o | 3 weeks © 3 weeks
~| | — 5 weeks -~ —— 5 weeks
=||— 3 months - | |— 3 months
= =
n n
cL c
[] L]
e -
£ £
L , 5 weeks
0 10 20 30 40 50 60 0 10 20 30 40 50 60 7
Sputtering time, (s) Sputtering time, (s)
) [pp d 71
S | [— oweek S | [— oweek
© 3 weeks © 3 weeks
~| | — 5 weeks ~| | — 5 weeks
== | | —— 3 months = |— 3 months
x= —
n 0
o | =
[] []
-t | -t |
= £
0 10 20 30 40 50 60 1] 10 20 30 40 50 60
Sputtering time, (s) Sputtering time, (s)

Figure 5.10. 3CP solar cell aged under dark conditions in the air; the GD-OES profile lines of atoms in the perovskite thin-
films upon ageing time. a) nitrogen, b) chlorine, c) lead, and d) iodine. And e) photographs of fresh, 5 weeks and 3 months

aged 3CP devices.

Figure 5.10 shows the GD-OES profile lines of nitrogen, bromine, lead, and iodine atoms in the 3CP
layer. All the main peaks of these four atoms (nitrogen, bromine, lead, and iodine) are observed at the
same range between 30 s and 50 s, indicating the perovskite layer. The global intensity of nitrogen profile
lines is reduced with ageing (Fig. 5.10a). The reducing N intensity over time is presumed due to the
ageing mechanism. The mechanism is speculated that 3CP film loses CH3NHs* (MA™) cations [10,37]
and CH(NH>)." (FA") cations as the gaseous state. Lead atoms are situated at the whole range of 3CP
film (Fig. 5.10c). On the contrary, a remarkable motion of bromine and iodide ions upon an ageing time
is observed. For bromine and iodine, the intensity of the initial peak reduces notably, and a shoulder
increases progressively towards the Ag electrode (Fig. 5.10b and d). After three months, calculating the
shoulder area in the range of 30 s to 36 s (Fig. 5.10Db), it is deduced that 18 % of the bromine and 14% of
the iodine are migrated. The bromine and iodine signals start at 20 s of sputtering time (30 s for the

unaged sample), corresponding to the silver layer similar to MAPI (section 5.3.2.1).
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The ageing result difference between the MAPI and 3CP devices is the ions species and ion diffusion
distance. The 20 s position of sputtering time is the surface of the silver electrode in contact with the
PCBM because the Ag signal ends around 21 s (Fig. 5.10 b and d). The halogen ions (Br and I) of 3CP
were not diffused inside of the silver layer. Since the thickness of PCBM is 50 nm, the migration distance
of halogen ions is estimated to be about 50 to 60 nm. Figure 5.10e represents the photos of fresh and old
3CP devices. The five weeks aged sample shows the top electrode with a yellow edge. Changes in the
appearance of the electrode can also be a factor to scale the progress of ageing. After five weeks of
ageing, the color variation on the edge of the metal electrode was observed from silver to yellow. The
yellow material is speculated as AgBr and Agl due to a chemical reaction of halogen ions with silver
[49]. After three months of ageing, the color of the electrode is black (edge) and brown (center of the
circle). The black substance is speculated as silver oxide (Ag.0) because the sample ageing was
performed in air. The ageing mechanism is described step by step with schematic diagrams in Fig. 5.11.

Fresh 5 weeks 3 months

3cp PEDOT:PSS
18 = 83:17

Figure 5.11. Schematic diagram explaining the ageing mechanism of 3CP solar cells; a) unaged halogen ion distribution in
the 3CP layer, b) Generation of increased halide vacancies due to initial chemical reaction (Ag*™ + Br~ —» AgBr and Ag* +

I~ = Agl), ¢) Ag:0 reaction in the air (44g + 0, = 2A4g,0), and d) After reaching the reaction equilibrium.

The ageing characteristics are summarized in Table 5.1. The ageing of MAPI and 3CP devices
discussed in Section 5.3.2 is mainly due to the chemical reaction between the silver electrode and the

halide cation—the constituents of the perovskite. Because of the superior stability of the 3CP device over
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MAPI in nitrogen, air storage conditions were applied to accelerate the ageing. Even when 3CP cells
were exposed to oxygen, stronger ageing resistance was observed. The GD-OES results demonstrate that

the diffusion distance of halide ions is related to ageing resistance.

Sample MAPI 3CP
Storage condition N2 02
Ageing period 4 weeks 3 months
Diffused ion I Br, |
Diffusing direction Ag electrode Ag electrode
Principle of diffusion Concentration difference of halogen ions due to chemical reaction
Chemical product Agl AgBr, Agl, Ag20
lon diffusion distance >120nm (speculated) 50-60nm
Area of ion diffusion Electrode area & around (Fig 5.8e) Electrode area (Fig 5.9¢)

Table 5.1. Summary of GD-OES result interpretation.

5.3.3. conclusion

Solar cell aging studies using J-V measurements were conducted under N2 ambient storage conditions.
Over time, the MAPI device showed that the J-V performance curve formed an S-shape as ageing
progressed. Then, the cell stopped working after 8 weeks. The aspect inferring that a barrier is formed
inside the device was motivated by the S-shaped curve.

The short-term ageing study used an IS installed in the air. The results showing that ions accumulate
on one side over time were obtained through the 3CP study. The increase in resistance due to device
degradation made it impossible to measure IS due to noise when the resistance exceeds 5x10”.

The long-term ageing studies were observed using GD-OES. The main cause of aging is the silver
electrode and halide cation, the constituents of perovskite, and the chemical reaction. Compared to MAPI,
3CP showed overwhelming ageing stability results, as mentioned in 3CP studies [3, 32].

5.4. Conclusion

A prerequisite for the commercialization of Perovskite Solar Cells (PSCs) is ageing stability. In this
chapter, the ageing process of MAPI and 3CP was discussed with optical (XRD, UV-Vis absorption),
electrical (1S), and physical (GD-OES) approaches. Film stack (ITO/PEDOT:PSS/perovskite) ageing and
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solar cell device degradation were carried out to distinguish the cause of adjacent layers and the cause of
the perovskite itself.

The film ageing observation demonstrated that perovskite (MAPI and 3CP) film is stable in N2 under
dark. When the perovskite stacks were surrounded by air (without light) for five weeks, MAPI stack
(ITO/PEDOT:PSS/MAPI) was degraded, and 3CP stack (ITO/PEDOT:PSS/3CP) showed no degradation
comparing to MAPI.

The PSCs ageing research was performed with three approaches: Solar Cell Performance Ageing
(SCPA), IS, and GD-OES. The SCPA showed that the perovskite solar cells stored in N2 exhibited faster
degradation than the perovskite films stored in N2. During SCPA, the discovered sigmoid shaped curve
allowed us to deduce that a barrier was formed inside the device.

Short-term ageing observed with IS informed that accumulation of ions is observed at the interface
after degradation. Accumulated ions create the additional circuit elements increasing over time at an
interface. Then, additional capacitance and resistance are measured with IS. However, IS measurement
is limited due to harsh noise when the resistance of the degraded device exceeds 5x107.

The long-term ageing studies with GD-OES found the primary cause of ageing in the air. After short-
term ageing forming a double-layer at an interface, the transition to long-term ageing results in chemical
reaction-dominant. The halide anions react with a silver electrode. The increased halide vacancies are
filled with diffusion from neighbors. The total quantity of halide in the perovskite layer reduces by the
amount of iodide adsorbed to the Ag layer. 3CP solar cells showed superior degradation stability to MAPI

devices, as mentioned in 3CP studies [3,32].
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6.1. Conclusion

In this thesis, investigation of MAPI (MAPbIz.«Clyx) and 3CP (MAo.17FA0.83)0.95CS0.05Pb(lo.83Bro.17)3
perovskite materials has been presented. lon migration and ageing mechanism have been studied with
various approaches. Here, the key findings and related conclusions are summarized, and prospective
works are suggested.

First, perovskite solar cell fabrication process was introduced. The optimization process was iterative
through thickness control and perovskite crystallinity. Thin film formation is a delicate process that can
be tuned in nanometer scale and is an important technique that determines the performance of a device.
PEDOT:PSS and PCeoBM were fabricated by spin-coating as Hole Transport Layer (HTL) and Electron
Transport Layer (ETL). Their thicknesses, confirmed by SEM cross-section image, were determined as
a condition leading to the maximum device performance. For destructive analysis, planned to observe
ion migration with GD-OES, it was essential to secure the reproducibility with little performance
variation between devices. In the spin-coating technique, the perovskite, too viscous solution, had a
thickness deviation of more than 100 nm. Dynamic-dispense reduced the thickness variation between
perovskite layers to less than 20 nanometers. As a result, the efficiency deviation obtained in 1 batch
achieved 0.21%. For MAPI, the process of the previous researcher (Dr. Heejae Lee) was adopted. 3CP,
which has significantly improved electrical and ageing stability, was optimized by referring to various
literature. The crystallinity of these two perovskite films was optimized while monitoring by SEM and
XRD. The power conversion efficiency in p-i-n planar configuration devices was reached at 13.0%,
indicating the competitive performance considering electrode area (0.28 cm?).

Second, the GD-OES was attempted to obtain direct experimental evidence of ion (I and Br) migration
in 3CP [{(CH3NH3)0.17(CH(NH2)2)0.83}0.95CS0.05Pb(lo.83Bro.17)3] {MA*: CH3NHsz, FA™: CH(NH2):"}
based perovskite solar cells under electric field. The migration of organic cations (MA* and FA™) and
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Pb?* was not observed under an electric field. The ratio of fixed to mobile iodide in MAPI was 35% and
the migrating average length was 120 nm determined with ex-situ measurement [1]. However, with 3CP,
the observed recovery of ion migration was faster (less than 1 min). So, halide ion migration was
observed through the in-situ electric field method. Since the sputtering speed is changed according to the
magnitude of applied voltage (for the in-situ method), we cannot calculate the ratio of fixed ions and the
migration distance. In addition, the interfacial ion accumulation was also observed with Impedance
Spectroscopy (IS), when 2 minutes J-V sweep was applied. IS results demonstrated newly formed
capacitance which is due to the double layer at the interface formed by ion accumulation (halide ion as
proved by GD-OES). An interpretation complemented by SEM is that the accumulation of ions occurs
through grain boundaries, which is the fastest path for ion movement.

Third, the film ageing observation demonstrated that perovskite (MAPI and 3CP) film is stable in N2
under dark. When the perovskite stacks were surrounded by air (without light) for five weeks, the MAPI
stack (ITO/PEDOT:PSS/MAPI) was degraded, and the 3CP stack (ITO/PEDOT:PSS/3CP) was stable.
The PSC ageing research was performed with three approaches: Solar Cell Performance Ageing (SCPA),
IS, and GD-OES. The SCPA analysis showed that the perovskite solar cells stored in N2 exhibited faster
degradation than the perovskite films stored in N2. During the SCPA, the discovered sigmoid shape
allowed us to deduce that a barrier was formed inside the device. The IS result informed that additional
capacitance and resistance are formed in the solar cell over time. Accumulated ions create the additional
circuit elements increasing over time.

Long-term ageing found the primary cause of ageing in the air with GD-OES. The long-term ageing
results in chemical reaction-dominant degradation. The halide anions, the components of perovskite,
react with a silver electrode after diffusion through the perovskite and PCsBM layers (the hopping
process through vacancies).

Of course, there are other various processes and causes for the ageing phenomena of the PSCs. The
halide ionic diffusion, which we discovered, must be one of them. Our results suggest a favorable

guideline to understanding PSCs’ device degradation and design future stable PSCs devices.
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6.2. Outlook

6.2.1 Prospective work: Suggestion to improve device ageing stability

In the aging study, a cause of promoting the lifespan of the perovskite device was the condition in
which mobile ions and silver (Ag) top could react. The experimental observation that PCBM is the
mediator of iodine ion migration supports our interpretation [2,3]. J. Li et al. [3] observed Agl formation
through thermal degradation. In addition, there is a study in which iodine ions migrated via Spiro-
OMeTAD (HTL) from the perovskite layer in the conventional n-i-p structure (FTO/cp-TiO2/mp-
TiO2/MAPbI3/Spiro-OMeTAD/Mo/Ag) [4].

We introduce and suggest a method to increase the lifespan of the p-i-n structured PSCs.
Bathocuproine (BCP) is hydrophobic organic material. BCP performs sufficient hydrophobic effect even
it is used a little in the PSC device. Two studies demonstrated hydrophobicity:

- When a small amount of BCP was doped into the PCBM layer [5].

- When an ultra-thin (less than 10 nm) BCP was deposed on the perovskite thin film [6].

In both methods, the effect of increasing device efficiency (especially improving FF) is observed. Y. The
effect of improving the device lifespan is also reported from Wang et al. [6], and the ageing stability was
also observed in the device manufactured by depositing about 5-10 nm of BCP between PCBM and Ag
(Fig.6.1.). The device fabrication and ageing analysis are performed by Ph.D. Haeyeon Jun of Ecole

Polytechnique.

a)

Figure 6.1. a) Schematic of thermally evaporated MAPI based PSC and b) SEM cross-section image of the solar cell made
by PhD. Haeyeon Jun @LPICM/Ecole Polytechnique (hae-yeon.jun@polytechnique.edu).

The ageing stability is discovered in IS ageing observation (Fig. 6.2) and J-V performance (Fig. 6.3).
Figure 6.2 shows impedance data collected from a single ITO/PTAA/MAPI-evap/PCBM/BCP/Ag device

when fresh and 40 days aged in air. In the complex impedance plot in the log-log scale (Figure 6.2a), the
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complex impedance shows a progressive change of the resistive behavior at the lower frequency range
upon ageing while no modification is observed at high frequency. In the Bode phase plot (Figure 6.2b),
there is a phase closed to -90 degrees at 100 kHz in the fresh sample. When time runs out up to 40 days,
a second capacitive behavior emerges by the phase close to -90 degrees at a lower frequency range (100
Hz - 1 kHz). This feature at 100 Hz - 1 kHz is attributed to a charge accumulation layer occurring at the
interface between MAPId and selective contact materials. In Figure 6.2c, a single semicircle in the
Nyquist plot indicates the single conduction mechanism. As ageing time increases, the radius of this
semicircle increases, suggesting a degradation of the solar cell corresponding to a decrease in the
conductivity. In figure 4d, we have plotted the theoretical capacitance deduced from IS measurement as
a function of the frequency. For the fresh device, only a single capacitance (Cy ~ 10 nF) is obtained at a
high frequency corresponding to the geometrical capacitance mentioned previously. However, after
ageing time, a second capacitance (C3) appears with a value around 6 nF clearly seen after 40 days of
ageing time (the measured value at lower frequency in Figure 6.2d is the sum of Cy+Cs3).

The BCP inserted MAPI solar cell’s degradation seems to be much slower than the 3CP solar cell
(Chapter 5.3.1, Fig.5.7) since the evolution second capacitance (Cs) is observed after 40 days of ageing.
If we name the solar cell for IS ageing as “MAPI-a”, another solar cell (name as “MAPI-b”) is
manufactured in the same batch (and same structure) is employed to compare J-V performance
degradation and IS ageing. J-V performance is measured only when 0 day and 40 days for MAPI-b.
During 40 days, the MAPI-a and MAPI-b were stored under the same condition (under dark in the air).
MAPI-b is not used to measure J-V performance while it is stored for 40 days.

137



a) le+9 4 T T T 1 1 T i) b) 0 pr—erre
F —— MAPId Fresh [
le+8 r : : ! . —— MAPId 5days :
F —— MAPId 10days 20 F
le+7 I
ey — MAPId 20days v
— o : Q
£ 1e+6 | : : : - — MAPId 30days &
< MAPId 40days U 40 |
o) 3 ? S 40
— le+5 E i : : — I i i i
_~ ; S < [ —— MAPId Fresh
N le+d F ! ! 3 60 I —— MAPId 5days : :
E £ ™ [ —— mAPId 10days |
le+3 | a 3 /
E [ MAPId 20days f
i t —— MAPId 30days ‘
le+2 _ L
S 80 —— MAPId 40days V
1e+1 :M PEERTTTT EETETRTTTT EETTRTTTT EETETETTTT BTN TTTTT BT BRI BT Y EEPETTIT™ BT EETETTT™ I BRI T BT R
le-2 le-1 le+0 le+l le+2 le+3 le+4 le+5 le+6 le-2 le-1 le+0 le+l le+2 le+3 le+4 le+5 le+6
Frequency, (Hz) Frequency, (Hz)
c) 4 )
e+5
3.0e-8
— MAPId Fresh A R .
- — MAPId 5days
E
3645 | 6 1o — MAPId 10days 2.5e-8 F
0 — MAPId 20days ™y
'E‘ — MAPId 30days =~
£ MAPId 40days Y 20es8|
g 2e45 F ° 0 sen s wem %
o~ ', (0hm) = —— MAPId Fresh
N & 1.5e-8 | —— MAPId 5days
! 3 —— MAPId 10days
le+5 o ——— MAPId 20days
1.0e-8 I pAPId 30days
. MAPId 40days
0 : : : : I 5.0e-9 bl il il oo ool sl s
0 le+s 2e+5 3e+5 de+5 le-2 le-l le+0 le+l le+2 le+3 le+d le+5 le+6

Z', (Ohm) Frequency, (Hz)

Figure 6.2. IS characteristics evolution as a function of ageing time for MAPId solar cell; a) Complex impedance versus

frequency; b) Phase versus frequency; ¢) Nyquist plot; d) Capacitance versus frequency.

As a result, the same trend is obtained for the MAPI-b solar cell (Figure 6.3) upon ageing. According to
Fig. 6.3 and Table 6.1, the fill factor increases due to an increase of shunt resistance after 40 days. This
result is quite impressive compared to the general short lifespan of MAPI and 3CP without BCP (Chap
5.3, Fig.5.5). Such a difference could be explained by the presence of solvent traces in solution-processed
solar cells, which facilitate the ion displacement within the perovskite layer. The use of BCP as a buffer
layer prevents the diffusion of polar solvents due to the hydrophobicity, thereby blocking the reaction of
Ag with the halides from the perovskite layer.

Ph.D. Haeyeon Jun's excellent devices (ITO/PTAA/MAPI/PCBM/BCP/Ag) were fabricated with
thermally evaporated MAPI and BCP. It can be suggested that solvent-free deposition is the key role of
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anti-ageing. However, C. Besleaga et al. [4] observed Agl even when the molybdenum (Mo) layer was
evaporated (FTO/cp-TiO2/mp-TiO2/MAPI/Spiro-OMeTAD/Mo/Ag). Considering the works of literature
[2-6], the ion diffusion prevention effect of BCP is reasonable.
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Figure 6.3. Ageing observation with J-V performances. a) device performance comparison between 0 day and after 40 days
in the air (the curve is recorded with forward bias), b) fresh, and ¢) 40-day-old BCP inserted MAPI device performance under

1 sun illumination (100 mW/cm?).

Factor Eff Voc Jsc F.F. Rsh Rs
(Unit) (%) V)  (mAem’) (%) (@ (9

MAPId 0 day Forward Bias 13.4 1.00 21.2 62.3 233 5.6
MAPId 0 day Reverse Bias 13.4 0.99 21.2 63.5 524 6.7
MAPId 40 days Forward Bias 14.8 0.98 22.7 66.9 1.8k 5.3

MAPId 40 days Reverse Bias  13.9 0.95 22.9 63.9 1.0k 6.2

Table 6.1. Summary of BCP inserted MAPI device performance before and after ageing.

For the perspective work, | propose to conduct a study to confirm the anti-aging effect of BCP:

- Confirming optimal BCP thickness for device efficiency.

- Most extended lifespan of BCP device.

- Confirming Agl formation at the top silver electrode through XPS.
Although perovskite solar cells have price competitiveness compared to commercial solar cells [7], their
short lifespan is still an obstacle. Studying how to overcome the ageing problem will be an exciting and

promising study.
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6.3. Conference

During the first doctoral period, | attended the following conferences about device lifetime and the
observation of ion migration using GD-OES:

- JNPV 2021 (Journées Nationales du PhotoVoltaique) - organising assistant

- JNPV 2019 (Journées Nationales du PhotoVoltaique)

- JPH 2019 (Journées Pérovskites Halogénées)

- JNPV 2018

6.4. Publications
With the help of my lab LPICM and Horiba scientific, | published an article with Arthur Marronnier,

Heeryung Lee, Heejae Lee, Céline Eypert, Jean-Paul Gaston, Guido Roma, Denis Tondelier, Bernard
Geffroy, Yvan Bonnassieux called:

1. “Electrical and optical degradation study of methylammonium-based perovskite materials
under ambient conditions”. Sol. Energy Mater. Sol. Cells 178, 179-185 (2018).
doi.org/10.1016/j.s0lmat.2018.01.020.

Collaborating with LPS (Laboratoire de Physique des Solides) of Université Paris Saclay, we (Subodh
K. Gautam, Minjin Kim, Douglas R. Miquita, Jean-Eric Bourée, Bernard Geffroy, and Olivier Plantevin
published (Appendix A.4):
2. “Reversible Photo-Induced Phase Segregation and Origin of Long Carrier Lifetime in Mixed-
Halide Perovskite Films.” Adv. Funct. Mater. 2020, 2002622. DOI: 10.1002/adfm.202002622
Minjin Kim, Haeyeon Jun, Heejae Lee, Hindia Nahdi, Denis Tondelier, Yvan Bonnassieux, Jean-Eric
Bourée, and Bernard Geffroy of LPICM submitted the first revision to EUR-JIC in September 9™ as:
3. “Halide ion migration and its role at the interfaces in perovskite solar cells” Eur. Jic. 2021,

submission: ejic.202100654R1.
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A.1l. Fundamentals of Impedance Spectroscopy (IS)
Impedance (Z) is the ratio of voltage and current over time:

7= % Al-(1)

Unlike resistance, impedance changes in time and frequency. The impedance measurement is the
method of measuring the current response i(t) = iycos(wt — ¢) when applying a sinusoidal voltage
perturbation or AC voltage V(t) = V,cos(wt) to the system under evaluation, where V, and i, are the
amplitudes of the voltage and current. o is the radiation frequency (o=2xf). Therefore, the current

response of the system is out of phase of ¢ relative to the AC voltage (Fig. A.1.1).

Vocos(wt) cos(wt)

Al-(2)

igcos(wt—e) - “0 cos(wt—e)
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Figure A. 1. 1. Sinusoidal voltage waveform and response current. The current has the same frequency (period), but the phase
shifts by o.

This waveform formula can be converted to phasors form. Equation A.1 — (2) can be re-written as:
Z = |Z| (cosp + j singp) Al-(3)
Zy: Amplitude of Impedance, ¢: Phase shift

R = |Z|cos<p, X= |Z|Sing0
Z=R+]X=27Z'+JZ" Al-(4)
where R (Z') is the real part and X (Z") is the imaginary part of impedance, respectively. X is called
reactance, and the unit is Ohm.

For accurate impedance measurement, a linear behavior is mandatory. Because some electrochemical
reactions are not always linear, the current is not always proportional to the AC voltage. For that reason,
AC voltage should be as low as possible, with usual values around 10 to 20 mV.

If a small AC signal (around 10 — 20 mV) is taken in the I-V curve of the device, the response can be
assumed linear, as shown in Fig. A.1.2.

143



Current (A)

Pseudolinear
portion of i-V curve

Small-signal
current
response |
: >
Small-signal Voltage (V)

voltage
perturbation

Figure A.1.2. Impedance is measured and analyzed in pseudolinear intervals using a small disturbance input

signal.

A.1.1. Nyquist plot

Fig. A.1.3 shows one of the most popular formats for evaluating electrochemical impedance data: the
Nyquist plot. The imaginary impedance component (Z") is plotted against the real impedance component
(2) at each applied frequency. Since capacitance is mainly observed in the Nyquist plot for fuel cells or
PSCs, the Y-axis component is shown as (-Z"). Capacitance C indeed gives a negative imaginary value
with the module Z" = -1/wCaqi.

The plot in Fig. A.1.3. illustrates the expected response of a simple electrochemical cell [A1].
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Figure A.1.3. Nyquist plot for a simple electrochemical system [A1]

The frequency reaches its high limit at the leftmost end of the semicircle where it touches the x-axis
(Re), while touching it at the rightmost end of the semicircle at its low frequency limit. For the latter, the
sample cell also approximates pure resistance, but now the value is (Rq + Rp).

The Nyquist plot has several advantages. The primary one is that the plot format makes it easy to see
the effects of the ohmic resistance. Taking data at sufficiently high frequencies, it is easy to extrapolate
the semicircle toward the left, down to the x-axis, to read the ohmic resistance. The shape of the curve
(often a semicircle) does not change when the ohmic resistance changes. Another advantage of this plot
format is that it emphasizes circuit components in series, such as Rq.

The Nyquist plot format also has some disadvantages. For example, frequency does not appear
explicitly. Secondly, although the ohmic resistance and polarization resistance can be easily read directly
from the Nyquist plot, the electrode capacitance can be calculated only after the frequency information
is known. As shown in Figure A.1.4, the frequency corresponding to the top of the semicircle, ®max, can
be used to calculate the capacitance only if Rp is known.

Although the Nyquist format emphasizes series circuit elements, if high and low impedance networks
are in series, the low impedance circuit probably will not be seen since the larger impedance controls

plot scaling.
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A.1.2. Bode plot

Fig. A.1.4 b) shows the Bode plot for the same data as the one used in the Nyquist plot in Fig. A.1.4
a). The Bode plot form is a logarithm function of the frequency versus the absolute value | Z | calculated
by eq A.1 - (4):

z| =VZZTT 77 2.4 - (4)
a) b)

le+10 |7 _ ! ¢ 30
A le+9 a o
o

7" |

“ 5
Q
e
30 @
E 0
= _1 ; ©
RpCdl é E

; -60
3 S S

N ; -
Decreasing w
0 1e+1 T IR TTTT B A WUTTT W et | il ool 3 sl o saaenl i _90
> le-2 le-1 le+0 le+l le+2 le+3 le+d le+5 le+b
0 Rq Ry 5 Frequency, (Hz)

Figure A.1.4. Example of a Bode plot corresponding to the data of Nyquist plot. The image is adapted from Princeton
Applied Research, Basics of IS [Al]

This allows the phase shift ¢ of each impedance to be calculated. Bode plots have several advantages
that distinguish them from Nyquist plots. Since the frequency is represented on one axis, it is easy to
understand from the graph how the frequency represents the impedance. The Bode plot takes a
logarithmic value for frequency and expresses a very wide range of frequencies in one graph. It also
shows the impedance value on the logarithmic axis and the impedance range on the same axis easily.
This is advantageous to study when the impedance is affected by frequency, such as when the impedance
is strongly affected by the capacitor.

The log | Z | vs. log @ curve converts the values of Rp and Rq. At the highest frequency in Fig. A.1.4
b), the ohmic resistance (Rq) corresponds to the impedance, and “log Rq” can be obtained as a part
parallel to the frequency axis of the high frequency section. The resistance (Rq) is obtained at high
frequencies, and log (Ra + Rp) can be obtained at the low frequencies of the parallels to the frequency

axis. At intermediate frequencies, this curve should be a straight line with a slope of -1.
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At intermediate frequencies, the impedance of the capacitor Cq can control the total impedance of the
presented Bode plot (Fig. A.1.4 b). The capacitor becomes the controlling component whenever Rq and
Rp differ by more than a factor of 100 or so.

Extrapolating this line to the log | Z | axis at ®=1 (log ® =0, f=0.16 Hz), yields the value of Cq from

the relationship:

_ -
wCq;

Zc

log| Z | = log ()
=—logwC,;; =-logw—1log Cy; =-log2nf —log Cy
=—log2m —log f —log Cy;
Then, the Bode plot (log | Z | vs. log f, or log | Z | vs. log w) has a slope of —1 in this region.
At log w =0, frequency ( f) has this relation: o=2xnf =1, f = 0.16Hz.

Thus, The double-layer capacitance, Cqi, can be calculated from equation A.1 - (5):

log|Z|=-logCy  (atf=0.16Hz)
or

Cuy :é A.l-(5) where o=2xf =1

The Bode plot format also shows the phase angle, ¢. At the high and low frequency limits, where the
behavior of the sample is resistor-like, the phase angle is nearly zero. At intermediate frequencies, ¢
increases as the imaginary component of the impedance increases. The ¢ vs. log . The Bode plot is a
useful alternative to the Nyquist plot. It lets us avoid the longer measurement times associated with low
frequency Rp determinations. Furthermore, the log |Z| vs. log o plot sometimes allows a more effective
extrapolation of data from higher frequencies. The Bode format is also desirable when data scatter
prevents adequate fitting of the Nyquist semicircle. In general, the Bode plot provides a more precise
description of the electrochemical system's frequency-dependent behavior than the Nyquist plot, where
frequency values are implicit rather than explicit. On some electrochemical processes, there are more
than one rate-determining step. Each step represents a system impedance component and contributes to
the overall reaction rate constant. The impedance experiment can often distinguish among these steps

and provide information on their respective rates or relaxation times.
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A.1.3. Impedance spectroscopy applied to electronic-ionic mixed conductor

material

Our Study deals with the transport and ageing properties of ionic, electronic mixed conducting
perovskite. As previously seen, the IS method can observe charge transport, recombination, and ionic
motion of PSC by various application conditions, IMPS / IMVS being the methods of the IS
measurement.

The DC voltage is maintained by the short circuit (IMPS) or open circuit (IMVS) of the PSC while
measuring IS, where light intensity is a variable. With these methods, we can observe charge transport,
carrier recombination (diffusion coefficient), and ion motion [AZ2].

From Nyquist spectra of PSCs, the semicircle's diameter represents the resistance and is generally
electronic transport and recombination processes. Meanwhile, the low frequency semicircle is due to ion
diffusion and / or interfacial charge accumulation between the perovskite and electron-selective layers.
Guillén et al. studied charge transport and recombination by analyzing the semicircle at high frequency
for titania-based conventional structures [A3]. Besides, there are carrier recombination researches about
the planar structured PSC devices similar to our device by the IMPS / IMVS methods. Further, the charge
accumulation due to ion migration was found by analyzing the Nyquist plot semicircles and the Bode

plot plateau at the low frequency domain[A4-6]. Lastly, an ion migration study can also prove the

formation of a redox layer (Ag* + I — Agl) of ion and electrode material [A7-9].

For the remainder of this thesis, IS will be an effective tool to study ion migration with GD-OES. In
addition, we are preparing the setting for the aforementioned IMPS / IMVS.

A.1.4. IS data fitting from the Nyquist plot

The Nyquist plot is composed of real impedance (Z’) and imaginary impedance (-Z’’). The starting
point on the Z’ axis with an arc means one resistor (the point R1 at Fig. A.1.5). A single arc on Nyquist
implies a couple of one resistor (R1) and one capacitor (C.) in parallel {name as PRC}. According to Fig.
A.1.5 a, the result is deduced as an equivalent circuit is R1+C2/R2 because the starting point is not zero.
In the case of two arcs (Fig. A.1.5b), two PRCs can theoretically constitute two equivalent circuits (Series
model: R1+C2/R2+C3/R3, Parallel model: {R1+C2/(R2+C3/R3)}.

When choosing a circuit model, a Bode plot (Fig.A.1.4) is a reference. At high frequencies (10 kHz-
1 MHz), the geometrical capacitance (C.) of the planar solar cells is observed in both pristine and
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polarized conditions. The Series model has a problem in that the order of the result values is reversed
when the data fitting system C: is superior to Cz. This problem makes it impossible to fit the Nyquist
result that follows a large semicircle with a small semicircle, as shown in Figure A.1.5 b. Thus, the
Parallel model {R1+C2/(R2+Ca/R3)} is appropriate to reflect the results where the geometric capacitance
(C2) dominates in the high-frequency region. After choosing the reasonable fitting model, we used EC-

Lab fitting software from Bilogics®©.

a) b)
G 2 C; _ ]
Ry+ 5= Rit— o[ &
RZ R1 3 R c3
R2 RZ + ﬁ‘ [=+] L 3
7 r _Z.uI 3 A3

0 Ry Ryt 7 0 Ry Ry+Ry Ry +Ry+ Ry z

Figure A.1.5. The circuit models used for data fitting according to Nyquist plot a) single arc case and b) double arc case.
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A.2. GD-OES plasma condition optimization.

When using GD-OES, the primary aim is to control the sputtering rate and resolution. If the sputtering
rate is too fast, the signal from elements composing two different layers might overlap in detected spectra.
When we first used GD-OES provided by Institut Lavoisier de Versailles — ILV and Institut
Photovoltaique d'lle-de-France — IPVF, GD-OES spuitter run finished in 24 seconds (Figure A.2.1). Even
though the measurement conditions were strictly the same (sample structure and plasma parameters:
420Pa, 17W, 3000Hz, and 4% O mixed Ar gas), the measurement rate was too fast compared to
measurements by Horiba Scientific (60 s) (Chapter 4, Figure 4.2). For instance, a quick comparison
reveals two profile overlap when we analyze the 3CP solar cell (ITO/PEDOT:PSS/3CP/PC60BM/AQ).
Ag is detected with 3CP (name as Ag tail). Moreover, PEDOT:PSS (with S) is detected with 3CP (Pb
and 1). The main reason why the Ag tail is observed is that the crater form is a parabolic shape, and Ag

atoms on edge are later detected. However, the overlap with PEDOT:PSS and 3CP is not an expected

result.
60 60
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Figure A.2.1. The first GD-OES result with the model provided from ILV-IPVF.

In order to obtain the same sputter rate as in the previous experimental conditions, the sputtering rate
should be reduced. The sputtering rate depends on the plasma conditions. Within the safe range of
parameters set by the experts, the user can select five. The objective of this section is to introduce:

A.2.1 How sputtering is influenced by each parameter.

A.2.2 The final optimized plasma condition for the model provided from ILV-IPVF.
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A.2.1 How sputtering is influenced by each parameter

Figure A.2.2. displays the user-controllable parameters in control software Quantum. Those five
parameters are Pressure, Power, Frequency (of RF pulse), Duty cycle, Resulting power: Actual consumed
power for sputtering.

F h|
Method: Minjin - 0 Date/Time: 2018/06/29 09:27 X5
General :: | Elements fjgg Measurement Nt | Standards @ Tasks =]
Measurement phases
Flush time Pre-integration time
s 30 5
Background acquis Bulk acquisition
5s 10 s
Excitation mode Anode size &
RF (Normal) - mm Print
Source parameters X [] Strong pre-integration %
Pressure 420 Pa ]
Power 17W
Pulse Asynchronous
Frequency 3000 Hz J
Duty cycle 0.25 Ok
Resulting power 425 W
Module 7V x
Phase 4V Cancel
?
] Start level online Help

Figure A.2.2. User controllable parameters for GD-OES plasma condition.

Each parameter can be understood more readily by referring to the schematics (Figure A.2.3.). The
higher the pressure of plasma gas means the greater the number of collisions in the plasma. High power
accelerates the sputtering rate. However, simply converting the power into a sputtering rate is a complex
problem because too high power leads to sample deterioration RF frequency always stays the same, 13.56
MHz, and never varies. The frequency of pulsing determines how many times we turn the RF signal on
and off. Selecting a low frequency can stress the sample by exposing it to the plasma for a long time
continuously. If the selected frequency does not damage the sample, then the frequency is acceptable.
Since this value does not affect the net power, it does not affect the sputtering rate. Duty cycle is ratio

occupied by RF On between starts of two consecutive RF pulses (Max = 1.0). The product of the power
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and duty cycle determines net power. Although a user cannot directly set the net power, it can be
controlled indirectly with power and duty cycle settings. In order to transfer the method from one GD-
OES system or model to another, we need to adjust the sputtering rate (in our case, to slow it down while
transferring from Horiba scientific to ILV-IPVF), Table A.2.1. summarises the effects of each parameter

in terms of sputtering rate.

a) b)

g — - & e ————

o

:g RF MM —>

‘é_ Time, (s) 13.56MHz 6500Hz

<

High power Low power
— * " e —
c)
3000Hz
Net power
Duty cycle= 1.0 Duty cycle= 0.5

=Power x Duty cycle

Figure A.2.3. Schematics elucidating the plasma AC power source working principle of GD-OES. a) an example of different
power. b) an example frequency, and c) an example of the duty cycle.

Parameter (English) Value Sputtering rate
Plasma forming gas pressure Increase Increase
Power Increase Increase
Frequency Increase Same
Duty cycle Increase (0<x<1) Increase
Net power Power - Duty cycle -
Plasma gas Ar 100% Normal
Ar 96%: O, 4% Faster for C-containing layer

Table A.2.1. Summary of the relation user-controllable parameters and sputtering rate.
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A.2.2 The final optimized plasma condition for the GD-OES system provided
from ILV-IPVF

The previously optimized GD-OES measurement conditions are 420 Pa pressure, 17 W power, pulsing
frequency 3000 Hz, and gas composition 4% O, mixed in Ar. As a result of the new GD-OES system,
carbon-containing layers (PEDOT:PSS/3CP/PCsoBM) were etched in 12 seconds. Optimization aims to
reduce the measurement rate. The purpose of O2 is to compensate slow sputtering of the C-containing
layer by Ar ions. If we use 100 % of Ar gas, we could slow down the sputtering rate for
PEDOT:PSS/Perovskite/PCBM stacks. We first removed O> and reduced the pressure to 250 Pa. Figure
A.2.4b shows that the Ag tail is clearly separated from the perovskite layer’s elements, and the C profile

is relatively flat. In a pure argon environment, PCeoBM (C-rich layer) plays a role in isolating the Ag
results from 3CP.

420 Pa, 17 W, 3000 Hz, and 4 % O, mixed Ar gas b 250 Pa, 17 W, 3000 Hz, and Ar gas
a) o ——— . o
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of ~ s | MR Y
— x X
‘:':‘-“‘.m —  Pbxa '5?120 i —  Pbx4 |
el —  Ix400 > 100 F —  1x400 ]
5— —  Brx10 5— —  Brx10
Z30 —  §x50 4 - Z s $x50
“ —  Inx4 [ — Inx4
c c
St 1 g eor 1
c c
£ = ol i
0
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Figure A.2.4. GD-OES profile lines a) with the conditions optimal for Horiba scientific system (Ar+4% O,) and b) with
conditions optimal for ILV-IPVF system (pure Ar as the plasma forming gas).

Further, we saw that the sputtering rate was slowed down by lowering the power (Figure A.2.5). As far
as discussed in section A.2.1, the lower power (15 W) resulted in about twice the measurement time. 15
W was adopted for the following experiments because the elements of the perovskite layer showed that
detection was terminated at 60 s (Chapter 5. Figure 5.10). We also tested higher frequency (6500 Hz) to
see the difference in heat impact on a sample. As a result, both frequencies (3000 Hz and 6500 Hz) show
the same etching rate. We stayed with 3000Hz condition to keep the parameters similar to before (420

Pa, 17 W, 3000 Hz, and 4% O mixed in Ar gas) because the results are similar.
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250 Pa, 3000 Hz, and Ar gas
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Figure A.2.4. GD-OES profile lines with various power a) 25 W, b) 17W, and c) 15W.
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Figure A.2.5. GD-OES profile lines with different frequencies a) 3000 Hz and b) 6500 Hz. c) a superimposed plots

demonstrating that varying frequency results are almost the same.

In this section, the user parameters controlling sputtering rate were varied to find an optimum
sputtering rate for perovskite solar cells. Since our experiment aimed to observe ion migration, a
measurement time of about 60 seconds or more was required. This task was to find the optimal
conditions. Experiments with user parameter study allowed us to find plasma conditions successfully.

Plasma conditions are:

Pressure 250 Pa, Power 15 W, Pulsing frequency 3000 Hz, Duty cycle = 0.5, and plasma forming gas
pure Ar (100 %).
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Reversible Photoinduced Phase Segregation and Origin
of Long Carrier Lifetime in Mixed-Halide Perovskite Films

Subodh K. Gautam,* Minjin Kim, Douglas R. Miquita, Jean-Eric Bourée,

Bernard Geffroy, and Olivier Plantevin™

Mixed-halide hybrid perovskite semiconductors have attracted tremendous
attention as a promising candidate for efficient photoveltaic and light-
emitting devices. However, these perovskite materials may undergo phase
segregation under light illumination, thus affecting their optoelectronic
properties. Here, photoexcitation induced phase segregation in triple-
cation mixed-halide perovskite films that yields to red-shift in the photo-
luminescence response is reported. It is demonstrated that photoexcitation
induced halide migration leads to the formation of smaller bandgap
iodide-rich and larger bandgap bromide-rich domains in the perovskite

for low-cost preparation and highly effi-
cient photovoltaic and  light-emitting
devices. These hybrid perovskite materials
show unique optoelectronic properties
such as high absorption coefficient, long
carrier diffusion length, and small exciton
binding energy*¥ To date, various com-
binations and ratios of monovalent inor-
ganic cations (such as formamidinium
[CH{NHy);* = FA), methylammonium
[CH;NH;* = MA), Cs, and Rb) and halide

film, where the phase segregation rate is found to follow the excitation
power-density as a power law. Results confirm that charge carrier lifetime
increases due to the trapping of photoexcited carriers in the segregated
smaller bandgap iodide-rich domains. Interestingly, these photoinduced
changes are fully reversible and thermally activated when the excitation
power is turned off. A significant difference in activation energies for
halide ion migration is observed during phase segregation and recovery
process. Additionally, the emission linewidth broadening is investigated
as a function of temperature which is governed by the exciton-optical
phonon coupling. The mechanism of photoinduced phase segregation is
interpreted based on exciton-pheoneon coupling strength in both mixed and

demixed (segregated) states of perovskite films.

1. Introduction

Ower the past few years, organic—inorganic halide perovskites
have attracted tremendous attention as a promising material

anions (I and Br) have been used for
bandgap tuning as well as a means of
improving efidency and stability of perov-
skite photoveltaic devices.¥l One of the
most influential improvement was the
incorporation of cesium cations in perov-
skite structure to finetune Goldschmidt
tolerance factor toward more structur-
ally stable black phase perovskite with
improved performance of photovoltaic
devices.P-*l Therefore, triple-cation based
mixed-halide perovskites (Cs, FA, MA)
Phl, Br); have been found more suitable
for solar cell application. Unfortunately,
even such most advanced perovskite
materials still suffer from instabilities of
the bandgap when subjected to photoex-
citation under continuous light illumination. B” As originally
reported by Hoke and coworkers, MAPb(I;-,Br,); undergoes
reversible halide phase segregation under light illumination
into separate iodide- and bromiderich demains within the
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parent phase!® In recent years, it is commonly reported that
light-induced phase segregation process in mixed halide
MAPB{I, ,Br,); and CsPbBrl;., perovskites is initiated
by segregation of iodine ions which causes a red-shift in the
photoluminescence (PL).7# On the other hand, phase segrega-
tion can also induce a PL blue-shift as reported in CsPbBry 51, ¢
nanocrystals subjected to photoexcitation and external elec-
trical biasing.”! Furthermore, other reports suggest that vari-
ation of energy bandgap of mixed halide perovskite could
also be due to lattice distortion as light illumination could
generate lattice expansion or contraction.*-! Therefore, the
existing literature on phase segregation is often subject to
COntroversy.

Another puzzling feature under debate in hybrid perovskites
is the unusual long carrier lifetime. Several mechanisms have
been proposed to explain the long carrier lifetime of perov-
skite materials, such as large polarons formation, Rashba
effect and photon recycling™ Moreover, recombination
of excited charge carriers through trap-mediated channels
also influences the rate of halide segregation and recombina-
tion lifetime.I”! The nature of trap states and trapped carrier
type (electrons or heles) in segregated domains are not yet
entirely understood although it was reported that electrons
are more likely to be trapped than holes.™! Such existing
reports imply that excited charge carriers trapping in trap-
states and corresponding energy levels within the bandgap
could alter the phase segregation dynamics. Recently, it was
also demonstrated that excited charge carriers could couple
with the perovskite lattice to create a polaron,'™'® which
could promote the halide ijon segregation. A strong exciton—
phonon coupling is expected in such soft and ionic hybrid
perovskite materials at room temperature."**% Eventually, the
Cs cation-based mixed halide perovskite (partially exchanging
FA cation with Cs) unveils lower electron—phonen coupling
strength and exhibits high structural stability against pho-
toinduced phase segregation!" Therefore, it is interesting
to study the role of exciton—phonon coupling in triple-cation
mixed halide perovskite (TC-MHP) films during phase segre-
gation process and the role of trapped charge carrier under
photoecitation.

In the present study, we have explored different aspects
of photoexcitation induced phase segregation in  triple-
cation mixed-halide (MAg; FAgmloesCsaps Pbiloss Brapl
perovskites (TC-MHP) films and quantitatively rationalized
the spectroscopic processes that occur during phase segre-
gation and recovery processes. We demonstrate the laser
power dependent evelution of segregated halide demains
and their kinetics with laser exposure time. We performed
time-correlated single photon counting (TCSPC) measure-
ments along with low-temperature PL studies to read the
nature of photoexcited carriers trapping states in phase seg-
regated domains, revealing their role in long decay lifetime.
We discuss the emission linewidth broadening with rising
temperature, which is governed by exciton-optical phonen
coupling in both segregated and remaining nonsegregated
domains of TC-MHP film. Additionally, recovery kinetics of
phase-segregated films is studied under dark at different tem-
peratures and activation energies of halide ion migration are
derived.
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2. Results and Discussion
2.1. Photoexcitation Induced Phase Segragation

The TC-MHP perovskite film shows high optical absorbance
and exhibits the direct band gap (E,) of =1.625 eV, calculated
using the Taucs relation as presented in Figure 51 (Sup-
porting Information). The surface morphological properties
of TC-MHP film is also presented in Figure 52 (Supporting
Information): a SEM image shows the uniformly distributed
nanostructure with average grain size of =175 + 50 nm. We
have performed laser power dependent PL measurements
at room temperature (296 K) to provide insight into the pho-
toexcitation induced spectroscopic variation in TC-MHP film
in terms of carrier trap-states and recombination dynamics.
Figure 1a shows the normalized PL spectra as a function of
laser power density (P,). With increasing excitation power
density, a contimious redshift of about =58 meV is observed in
emission peak: it goes from 1.625 eV {1 mW cm™?) to 1.566 eV
(840 mW cm?), concurrent with the increase in PL emission
intensity (I.). In Figure 1b, data clearly shows that PL inten-
sity increases as a power law of excitation power, with an expo-
nent =32 (ie., I, = Ba., with b = 148) for powerdensities up
to 380 mW cm2. Generally, in the case of free excited carrier
recombination, I, grows linearly with P, (ie., I = Pg).*"
In present case, this possibility is readily exempted at room
temperature, because excitonic feature is not observed in the
absorption spectrum (Figure 51, Supporting Information). The
unusual =3/2 power low PL response points the participation
of intra-gap states in recombination process that act as traps
for electrons or holes. Therefore, superlinear growth of PL
intensity suggests that photogenerated carrier trapping at avail-
able defects or traps sites competes with bimolecular electron/
hole recombination process in TC-MHF film.P* At higher
excitation power-density (above 380 mW cm™?), the power law
changes from superlinear to sublinear owing to the fact that
trap-mediated recombination process is dominated by bimeo-
lecular recombination process controlled with Auger losses.
Therefore, at higher excitation powerdensity, the saturation
in I is attributed to the saturation of radiative bimolecular
recombination centers, as Auger losses starts playing a key role
in recombination process.

Figure 1c shows the red-shift and broadening in PL emis-
sion linewidth as a function of excitation power-density which
confirms the participation of low energy sub-bandgap states in
recombination process. To further confirm the photoexcitation
induced red-shift in PL emission, time dependent PL meas-
urements were performed at given excitation power-densities
and shown in Figure S3a-f (Supporting Information). At low-
excitation power-density {1 mW cm), the position of PL spec-
trum remains unchanged and shows significant increment in
PL intensity over exposure time. The increase in PL intensity
might be related to the filling of existing nonradiative traps sites
in TC-MHP film. At higher excitation power-densities, results
show the red-shift and an increase in PL intensity with exposure
time, indicating the formation of low-energy sub-bandgap states
and filling of existing trap sites ¥ The laser-induced heating
possibility is safely muled out here since temperature dependent
PL emission exhibit blueshift with increasing temperature

© 1020 WILEY-WCH Verlag GmbH & Co. EGaA, Weinhaim

EROY;



ADVANCED
SCIENCE NEWS

ADVANCED
FUMCTIONAL
MAITERIALS

www.advancedsciencenews.com

mey

1.0 (a) i Power density (mwr:;ar:; 1
L]
0.5 : —1420 |

—
0
0.0

Normalized intensiy (a.u.)

_zln a4 I 1 X 1 " 1 M
14 15 16 17 18 19
Energy (eV)
O g Peak position @ FWHM [me,ﬁ;' "]
1e2f " 0o ® @
1.6 -..:'I__ o
s '\. ° y
'E 1.60 | N
k-1
= (e ) ]
g 150 () o "u
= 158 ° -\ ]
157 F * ® -] "-. -
1:“ e s asal i PEESEIE T | L a1 sl L M
1 10 100 1000

Excitation power density (mWi/cm®)

www.afm-journal.de
@ Pl intensity i )
—Fit I =a* P Lt
10°H =148, Adj. R = 0.986 E
@ 10°k : 1
z i ()
g 10'f E 1
10'E 1
1 10 100 1000
Excitation power density [mw.l'l:m’:l
1.63 5

k=8.92x1 ot g".
1] 20 40 60 80 100
Time (min)

1280

Figure 1. a) Power-dependent photoluminescence spectra of triple-cation mixed-halide (MAg 5 FAg g a9:C5a05 Pbilgas Bry gl perovskite film showing
red shift in photoluminescence with increasing excitation power-density at 296 K. b) Logarithmic plot, showing increase in integrated PL intensity as
a power law of excitation power-density, with an exponent of =32 [red line). ) Plot of red shift in PL emission peak and line-width broadening as a
function of laser power density. d) Time dependent red-shift in PL emission under different excitation power-densities and fited exponential curves

to calculate phase segregation rate constants.

(discussed in later section). It is observed that increasing
excitation power leads to faster shifting of PL emission peak
(Figure 53, Supporting Information). In particular, it is noted
that photoexcited TC-MHP film shows red-shifted PL emis-
sion at =1.564 eV which corresponds to the standard PL emis-
sion from FAPbI; perovskite. It confirms that the magnitude
of redshift is related to the evolution of localized low-bandgap
energy states, which might be related to halide fon migration
and iodide-rich perovskite phase. Therefore, it establishes the
passibility of photoexcitation induced halide ion migration and
formation of smaller-bandgap iodide-rich perovskite domains
in TC-MHP film that yields red-shift in PL emission.

Figure 1d shows the redshift in peak position as a function
of time at given excitation power densities. Peak position values
are extracted using PL emission data (Figure 53, Supporting
Information) fitted with Gaussian—Lorentzian (Voigt) function.
The first order phase segregation rate constant (k..g) is calcu-
lated from subsequent fitting of exponential red-shifting curves
at different excitation power densities. It is found that at excita-
tion power < 1 mW cm?, PL emission peak remains stable at
a position of =1.624 eV and reveals that no phase segregation

Ade Fumc. Marer. 2020, 2002632
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occurs up to long exposure time. At P, =5 mW cm 2, PL peak
shifis slowly in exponential manner and shows =20 meV red-
shift after 140 min illumination; the corresponding k.., value is
found to be 0.21 x 107 571 The PL emission peak shifis faster
with increasing excitation powerdensity and exhibits higher
ke value. The maximum redshift in PL emission peak is about
=56 meV for P, =84 mW cm? and no further shift is observed at
higher P, value. The k.. value increases in a nonlinear fashion
with increasing P, from 0.21 x 10~* 7! for P =5 mW cm?
to 8.92 x 107 57! for P, = 840 mW cm™?. Therefore, high k...
value corresponds to faster exponential growth of iodide-segre-
gated domains. It is interesting to note that k., in TC-MHP
shows lower propensity for halide segregation than the reported
MA-based mixed halide perovskite with a similar halide com-
position range (0.2 < x < 0.5).% Furthermore, a relationship
between PL-redshift and halide composition variation is estab-
lished using nonlinear bandgap variation as a function of halide
composition ratio (Br, x = 0-1.0) under Vegard's law expres-
sion and presented in Figure 54 (Supporting Information). The
PL-emission values of mixed and segregated domains are used
to fit the nonlinear bandgap variation curve as a function of
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bromide concentration. Result shows that PL-redshift follows
the nonlinear decrease in bandgap value with reduction in Br-
concentration (enrichment in iodide) in TC-MHP film. It con-
firms that photoexcitation induces halide composition changes
due to halide ion migration and leads to formation of segre-
gated halide domains in TC-MHP film. Moreover, PL emission
broadening during phase segregation may also occur due to the
change in halide composition (decrease in bromide and enrich-
ment of iodide content) as interpreted from Figure 1c. However,
the PL width broadening with varying halide compoesition may
also include cther complex phenomenon such as increased
lattice disorder (due ion migration and related point defects).
Furthermore, threshold excitation density of phase segregation
{P3¥) is also calculated using different laser power densities at
two different temperatures and found to be =2.0 mW cm™ at
296 K and =15 mW cm 2 at 330 K (Figure S5, Supporting Infor-
mation). In comparison to 296 K, the observed low B5® value at
330 K reveals that lower-excitation density input is required for
initiating the phase segregation process at higher temperature
{faster segregation rate). The estimated B5® value of TC-MHP
is about 100 times higher as compare to reported values of
=30 and =40 pW cm? for MAPb(1 sBry5)s at 300 K ¥ which is
meaningful as triple cation perovskites were developed for their
increased robustness as compared to single cation perovskites.

2.2. Phase Segregation and Carrier Lifatime

To better understand the phase segregation process and gain
an insight into the charge-carrier trapping dynamics in photo-
excited TC-MHP film, we performed TCSPC measurements.
Figure 2 shows the PL decay curves of red-shifted PL emission
on a semi-logarithmic scale measured just after the laser exci-
tation at different power-densities. The exponential fit of PL-
decay curves exhibit two decay components as a fast (n) and
a slow (1) one, as plotted in inset of Figure 2. At lower power
exposure (€1 mW cm™?), the calculated decay lifetime compo-
nents are ;= 752 + 18 ns (94%) and 7, = 1985 £ 175 ns (6%),

P — —— v
e Ty
N, sz =160 g T =
1000 PN 150t — 1570 24f o E;m
=i e
> i
w § 6T TEE T0T 100 188 188 187 18
E Red-shifted PL peak pasitien (aV]
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Figure 2. PL decay specira measured on red-shifted PL emission posi-
tion after light soaking of different excitation power-densities at room
temperature (295 K) with fitted exponential decay curves. Inset: Lifetime
components as a function of PL emission position.
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which increase nonlinearly to maximum value of 5 = 2580 £
78 ns (63%) and 7 = 6343 + 142 ns (3796) after increasing the
excitation power-density. However, lifetime components start
decreasing at higher power-densities when no more redshift
occurs in PL emission peak. The average lifetime of both
components is calculated by considering their weighted frac-
tion and it is found that average lifetime increases from =0.82
to =394 us as PL emission shift from 1.624 to 1.564 eV as a
function of excitation powerdensity. The relative weighted
contribution of ¥ component decreases from 94% to 63%
concurrently with increase in % component from 6%
to 3736, It confirms that during photoinduced population of low
energy bandgap states, excited charge carriers start funneling
into these low-energy bandgap states where they live longer and
release slowly.

To further confirm the photoexcitation induced halide phase
segregation in TC-MHP film, we have monitered its emission
under continuous laser excitation at high P (840 mW cm2).
We were able to record the PL emission arising from seg-
regated bromide-rich domains even for such low initial Br
concentration (17%) in TC-MHP film. Figure 3a shows time
dependent red-shift in PL emission under continuous excitation
and Figure 3b shows the evolution of a weak emission band at
=2.33 eV, attributed to bromide-rich domains, where PL inten-
sity grows with exposure time and saturates within 28 min of
exposure time. The segregation rate constant is calculated from
time dependent exponential growth of integral intensities of
bromide- and icdide-rich domains. It is found that PL emis-
sion from icdide-rich domains shows higher segregation rate
(5.58 x 107? 57Y) than the bromide-rich domains {0.93 x 1072 s7Y).
Theoretically and experimentally it is reported that Pb—Br bond
is shorter and stronger than the Pb—I bond P> Therefore,
due to higher Pb-Br binding energy, bromide ions may require
high activation energy™ and causing slower segregation rate.
Figure 3c shows the TCSPC measurement on both mixed and
segregated bromide- and iodide-rich domains. PL emission
decays rapidly in bromide-rich domains at 2.33 eV whereas
longer Pl-decay time is observed in iodiderich domains
[1.564 £V). PL decay curve from bromide-rich domains exhibits
amplitudeweighted lifetimes of 1 = 5 ns (96%) and 5; = 24 ns
(426), respectively. The shorter carrier lifetime and significantly
weaker emission from the bromide-rich domains as compared
to indide-rich region suggest that photogenerated charge carriers
may quickly funnel and accumulate in the low-energy bandgap
iodide-rich domains. Mao and co-workers report that the low
bandgap icdide-rich demains efficiently trap the freecarriers,
reveal their dominant role as radiative recombination centers.
Similar assumptions of charge transfer between segregated
phases (bromide-rich and iodide-rich domains) as well as trap-
mediated recombination have been proposed in the recemt
studies ¥ Therefore, it is expected that conduction/valence
band of segregated low-bandgap iodide-rich domains would
serve as a sink for excited carriers from bromide-rich regions
and remaining mixed TC-MHP regions, where they are long
lived until recombination as schematically shown in Figure 3d.
The nature of trap states or trapping carrer type (electrons
or holes) is not yet entirely understood in hybrid perovskite
materials ¥ although reports have suggested that electrons
are more likely to be trapped than holes ™%l 1t iz understood
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Figure 3. Spectroscopic observation of halide phase segregation in triple-cation mixed-halide (MAg; FAggslgasCsons Philgg Bropls perovskite film.
a) Time dependant red-shift in PL amission and evolution of PL spectra from indide-rich domains under continuous wave excitation (Py,. = 840 mW om ).
b} Time dependent evolution of PL spectra from bromide-rich domains under continuous wave excitation (Pee = 40 mW cm™). ¢} A comparative
analysis of PL decay spectra from initial mixed stage and segregated iodide and bromide-rich domains. Inset: PL decay spectrum from bromide-rich
domains shows faster decay time. d) Schematic illustrating the reversible phase segregation process where carrier trapping and recombination in
segregated smaller bandgap iodide-rich domain generates red-shifted PL emission.

that estimated difference in the conduction band energies for
MAPDI; and MAPBBr; is significantly low (=0.09 &V} while, the
remaining difference in bandgap energy is mainly due to larger
offset in their valence band energies (=200 meV).[*"1 There-
fore, valence band alignment of iodide-rich domains would act
as a major energy barrier for holes to move from the jodide-
rich phase back to remaining mixed phase and/or bromide-rich
domains. Thus, slow release of trapped charge carriers (mainly
holes) from smaller-bandgap iedide-rich domains are likely to
contribute in slower recombination and responsible for long
carrier lifetime in phase segregated TC-MHP film.

2.3, Activation Energies of Halide lon Migration
and Recovery Kinetics under Darkness

The recovery kinetics of phase segregated TC-MHP film is
studied under darkness at different temperatures. Initially,
TC-MHP film is illuminated at high excitation power-density

Adv Funa. Maver. 2020, 2002612 2002622

(840 mW cm?) to achieve the phase segregated stage; then
recovery process in PL emission is monitored at different time
intervals using very low excitation power-density (<1 mW cm™?)
as shown in Figure 57a—e (Supporting Information). Resulis
reveal that phase segregation is reversible under darkness with
nearly complete recovery of criginal PL emission spectra. In
recovery process, PL emission peak recover back to original
position as a function of time concurrently with decrease
in PL intensity. It confirms the reduction of existing low-
bandgap trapping sites of iodide rich domains due to remixing
of halide ions under dark. The first-order phase segregation
and recovery rate constants are determined from exponential
fits of PL peak positions as a function of time and shown in
Figures 56 and 57 (Supporting Information). During photo-
induced segregation process, the slowest segregation rate con-
stant (k. = 0.29 » 107 57!} is observed at lower temperature
(250 K). By contrast, increasing temperature leads to fastest
segregation rate as extracted values are K., = 0.81 x 107,
1.28 % 1073, 2.39 > 107}, 8.92 x 10%, and 20.29 = 107 57! for 260,
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270, 280, 296, and 310 K, respectively. Similar trends in recovery
rate constants are observed at different temperatures under
darkness. In Figure 4a, results confirm that recovery dynamics
is highly temperature sensitive. However, the overall recovery
process in dark occurs on a much slower timescale than the
photoinduced phase segregation process at a given tem-
perature. At Toom temperature (29% K], segregated TC-MHP
film recovers itself completely in 10 h under dark. Moreover,
increase in temperature leads to faster recovery of segregated
filmgas=5hat 310K, 25hfor 320 Kand less than 2 h at 330 K,
respectively. Similarly, the corresponding recovery rate com-
stant (k. is increased from 132 x 107* 0 6.32 = 107 571,
as film temperature raised from 296 to 330 K. However,
decreasing temperature below 70 K, the recovery kinetics is
almost frozen since the PL emission recovers in =24 h at 270 K
with an very slow rate (k. = 0.54 x 107 s7%). Thus, decrease
in temperature leads to reduction of halide ion mobility in
TC-MHP film. Similar results are reported by our co-workers
that ionic conduction is frozen below 263 K in MAPbI; perov-
skite based solar cells*"

The activation energy of halide ion movement is estimated
in two different photoexcitation induced phase—segregation
(E5*) and dark-recovery (Ei* processes. In Figure 4b, an
Arrhenius plot is constructed from the natural log of the rate
constants (k) obtained at different temperatures versus 1000/T,
using the following Arrhenius equation
E.

o in(a) U

In{k)=—

where E, is the activation energy, R is the universal gas constant,
and 4 is a pre-exponential factor. Activation energies of halide
ion movement in two different processes are calculated by least
square fitting of linear data points and reveal that activation
energy in phase segregation process EX'is 0.46 + 0.02 eV which
is found to be higher than in case of recovery process, EI™ =
0.31 £ 0.03 &V. Indeed, these calculated E, values are consistent
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with the reported values of forward photosegregation activa-
tion energies of order =0.27-0.28 &V for MAPb(IysBrg )64
Moreover, the calculated E; values are also consistent with prior
studies of halide ion motion, where activation energies of halide
vacancy Br™ (I") have been reported in between 0.09 and 0.27 &V
(0.08 and 0.58 eV), respectively."2%323 The differences in
reported activation energy may in part be due to different local
stoichiometry of perovskite structure (different halide concen-
tration and incorporation of different cations) which influences
the halide ion mobility. In present case, two different E, values
confirm the two different halide ion migration mechanisms of
both phase segregation and recovery processes. The high Ef®
value in phase segregation process indicates that a high activa-
tion energy is required to alter the lead—halide bonds for ini-
tiating halide ion migration. On the other hand, comparably
low EY™ value in recovery process may be due to the fact that
back-diffusion of halide ions is driven by halide concentration
gradient™™ or entropically driven intermixing™*! to return the
perovskite into a homogeneous condition. In other possible
way, once the trapped charge carriers have recombined, the cre-
ated local electric field vanishes and then the halide ions start
back-diffusion to fill the vacandies left in the original position.

2.4, Low-Temperature Dynamics and Role
of Exciton—Phenon Coupling

The temperature dependent PL measurements are performed
for in-depth understanding of mixed and demixed stage (seg-
regated phases) in TC-MHP film over a range of temperature
[T = 300-10 K). Figure 5a shows the temperature-dependent PL
spectra of mixed stage (parent phase), on a semilogarithmic
scale measured at low excitation power-density (<1 mW cm™)
and exhibits a single emission peak with low energy asym-
metry at low-temperature (10 K). The low-energy asymmetry
in PL emission is related to presence of bound excitons and
shallow energy levels by iodine interstitials defects.P5%]

© 2020 WILEY-VCH Verlag GmbH & Co. KGahA, Weinheim
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Figure 5. Temperature dependent PL emission characteristics of triple-cation mixed-halide (MA ; FA; g o C5p ge PR 45 By )5 perovskite film in both
mixed and demixed (segregated phase) stages. a} Temperature-dependent PL spectra at low excitation power-density (Pg, =1 mW cm?) and b) PL
spectra of demiced stage under excitation with high power-density (P, = 840 mW om ). c) A comparison of blue-shift response of emission peaks in
both mixed and demixed stages as a function of temperature. d) The linewidth broadening of PL spectra in both mixed and demixed stages as function
of temperature {symbols) along with least square fitting curves (solid lines) to examine the exciton—phonon coupling.

Figure 5b shows the semilog scale temperature dependent
PL spectra of demixed stage measured at high power-density
[B40 mW cm?). For demixed stage dynamics, first sample was
illuminated at high power (840 mW cm™?} at room temperature
to create phase segregated domains and then cooled down to
10 K under continuous photoexcitation. In Figure 5b results
show the presence of two emission peaks located at 1.574 and
1.534 &V at 10 K, where, low-energy emission peak (LE-peak)
is related to iodide-rich phase and high-energy emission peak
(HE-peak) corresponds to remaining mixed halide phase.
Figure 5c shows the blue-shift response of PL emission in
both mixed and demixed stages with increasing temperature.
In demixed stage, both peaks are red-shified as compared to
emission peak of mixed stage caused due to local change in
halide composition of TC-MHP film after phase segregation.
Furthermore, irrespective of perovskite composition, PL emis-
sion peaks of both mixed and demixed stages exhibit nonlinear
blue-shift when temperature rises from 10 to 300 K. Generally,
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this behavior of perovskites is related to the thermal expansion
of the lattice and stabilization of valence band energy*® The
response character of blue-shift with temperature changes near
T = 150 K in both stages, reveals the standard phase transi-
tion from orthorhombic to tetragonal phase in TCMHP film.
In mixed stage, PL emission peak experiences a blue-shift
of 18 meV as rising the temperature from 10 to 80 K, while
after phase transition to tetragonal phase, the PL peak exhibits
a blue-shift of 24 meV when rising temperature from 150 to
300 K. In demixed stage, HE-peak follows the similar response
and exhibits the blue-shift of =15 and =25 meV in orthorhombic
(1080 K) and tetragonal phase (150-300 K), respectively. How-
ever, LE-peak (iodide-rich domain) in demixed stage shows
blue-shift of =18 meV in orthorhombic phase and large blue-
shift of =45 meV in tetragonal phase when temperature goes
from 150 to 300 K.

Furthermore, we carefully examine the temperature
dependent PL linewidth broadening to study the contributions
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of charge-carrier interactions with phonons in both mixed and
demixed stages using Segall's expression®]

=T+ Tt Tio+ Do i2)

F=Tp+pTl +— 10 3

m + T exp(f kT ) 1 (3)
where [y, is the inhomogeneous broadening contribution that
arises from scattering due to exciton-exciton interactions and
crystal disorder, and is temperature independent. In expression
(2), I, and Iy g are the homogeneous broadening terms resulting
from acoustic and longitudinal optical (LO)-phonon (Frohlich)
scattering with charge carrier—-phonon coupling strength of 3,
and %, respectively. Acoustic phonons, whose energy is much
smaller than kT, mainly relate to the deformation potential
interaction which is linearly dependent on temperature. The
exciton LO-phonon coupling (Frohlich coupling) coefficient is
associated with Bose-Einstein distribution of the LO-phonons,
where hayg is the optical phonon energy of weakly dispersive
LO-phonen branch. The FWHM of emission peaks are plotted
as a function of temperature along with the least square fitting
using Equation (3). The inset of Figure 5d demonstrates the
typical PL linewidth broadening pattern with temperature asso-
ciated with different scattering mechanisms. Result makes it
apparent that Friohlich coupling to LO-phonens is the predomi-
nant cause of linewidth broadening with rising temperature.
Therefore, the scattering term from ionized impurities (Tiyp) s
excluded in Equation (3) for the rest of the analysis. In mixed
stage, the calculated exciton LO-phonon coupling strength is
=14.82 meV with LO-phonon energy of =22.8 meV. In demixed
stage, HE-peak follows a similar response of linewidth broad-
ening with increasing temperature; the corresponding coupling
strength and LO-phonon energy are =38.86 and 86 meV, respec-
tively. On the other hand, LE-peak shows large broadening in
linewidth with temperature and the correspending Frohlich cou-
pling strength and LO-phonon energy are =46.70 and =168 meV,
respectively. Therefore, strong exciton LO-phonon coupling is
observed in LE-peak of demixed stage, which may be due to the
strong interaction of phonons with long lived charge carriers
trapped in low energy iodide-rich domains.

3. Discussion

In the different scenario of photoexcitation induced phase seg-
regation in mixed halide perovskite, excited-charge carriers play
a main role either caused by light illumination™®**! or by elec-
trical injection.”**~*! In present case, photoexcited phase segre-
gation would be initiated by charge separation arising from the
carrier trapping on surface defects sites and at the grain bound-
aries (e.g., electrons and leaving behind holes) which attribute
to the formation of local electric fields.™ ¥ Furthermore, ion
migration induced segregated domains having a significant
offset in valence band and conduction band energies create a
degree of charge separation between the randomly distributed
segregated domains and remaining mixed halide phase, which
thus establishes a local electric field in the film. The high bar-
rier in valence-band energies between both iodiderich domains
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and mixed halide perovskite act to draw holes away from the
electrons. Thus photoexcitation induced local electric field
promotes the degree of halide segregation and charge separa-
tion by further trapping of excited carriers into smaller-energy
bandgap iodide-rich domains in a feedback loop. The phase
segregated halide domains are stabilized under photoexcita-
tion when a steady state is reached. A high Frohlich coupling
is observed in these iodide-rich domains due to strong interac-
tion of soft ionic lattice with long lived excited charge carriers.
It is reported that segregated halide clusters are stabilized by
the presence of a photogenerated trapped polaron in the hybrid
perovskites '®! Therefore, high exciton LO-phonon coupling in
iodide-rich domains induces sufficient polaronic strain which
is able to locally change the free energy for halide demixing
and leads to stabilize the segregated domains under photoex-
citation. Bventually, concentration gradient of halide jons and
limited funneling of photoexcited charge carriers into iodide-
rich domains are also limits to the further growth of segregated
domains under photoexcitation.

4, Conclusions

In summary, cur findings provide new insights into the halide
ion migration and phase segregation effect in triple-cation
mixed-halide perovskite film when subjected to photoexcitation.
We demonstrate that laser-excitation induced phase segrega-
tion in TC-MHP film leads to formation of smaller-bandgap
iodide-rich and larger-bandgap bromide-rich domains where
iodide-rich domains eficiently traps the phetoexcited-carriers,
revealing their dominant rele in the origin of unusual long
carrier lifetime (larger than 1 ps). Moreover, we found that
phase segregation process is fully reversible under darkness
and recovery rate increases with rising temperature. It is also
shown that activation energy of halide ion migration is higher
during photoexcitation induced phase segregation process as
compared to recovery process under darkness. In addition, tem-
perature-dependent PL studies have been performed for better
understanding of exciton-phonon coupling in both mixed
and demixed (segregated) states. A high Frohlich coupling is
observed in the segregated icdide-rich domains as compare to
demixed (parentj phase due to strong coupling of phonons with
long lived trapped charge carriers. Thus, high coupling strength
in segregated iodide-rich domains may be responsible for the
limited growth and stabilization of segregated halide domains
under photoexcitation. These findings will help to understand
the key issues of phase segregation in the mixed halide perov-
skite materials for the development of efficient solar cells and
optoelectronic devices.

5. Experimental Section

The triple-cation mixed halide hybrid perovskite thin films (thickness
=380 nm) were prepared using spin coating technigue on glass
substrates. At first, for the materials’ synthesis, the (MAgy FAge)
Pb(l, 55 Bry ), perovskite precursor solution was prepared by dissolving
Pbl, (11 M), FAI (1.0 M), PbBr, (0.2 M), MABr (0.2 M) in 3 44 wi%
mixture of anhydrous N N-dimethylformamide (DMF) and dimethyl
sulfoxide (DMSO). The solution was kept on stiring and then 42 pl
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(5 vel®s) of Csl (1.5 ™ in DMSO) was added in the resultant sclution
at room temperature. The precursors of FAl and Pbl; were purchased
from Sigma Aldrich; MABr from Solaronix; Pbl; and Csl from Alfa
#Aesar. Before thin film coating, glass substrates were initially cleaned
in deionized water, acetone, Z-propanol sequentially by ultrasonication
followad by drying in dry nitrogen gas. In general, a dynamic dispense
is preferred in synthesis process as it is a more controlled process that
produces less substrate-to-substrate variation. The triple-cation solution
was dispensed after the spin rewolution stabilized at 6000 rpm. The
total spinning time was 30 5 and then 200 pL of chlorobenzene was
dropped for 5 5 to remove residual solvent. Films were annealed at
100 °C in nitrogen ambient for 1 h, allowing solvent evaporation and thin
films crystallization.

The surface morphology measurement of prepared TC-MHP films
were carried out using field-emission scanning electron microscopy
[FE-SEM, |SMI000 F) at CMRS-CSNSM, Orsay. The UV-visible absarption
measurements ware performed wsing Cary 5000 UWVIS-NIR double
beam spacirophotometer. Photoluminescence spectroscopy studies on
mixed halide perovskite sample were performed in reflection geomeatry
with 8 Horiba-|¥ Quantamaster spectrometer equipped with a R13456
photomultiplier [Hamamatsu) detector A continuouswave fiber-
coupled laser diode (MDL-111-454 nm/90-800 mW) from CHI was used; it
had a wavelength of =454 £ 5 nm at different excitation powers and was
focused on the sample on a spot size of =175 mm diameter. The TCSPC
mieasurements were carried out using MNanolED source (Horiba),
which had an excitation of 482 nm and was pulsed at 25 kHz. For low-
temperature measurements the samples were glued with silver paste in
an optical closed-cycle cryostat from ARS Instruments equipped with
two quartz windows.

Supporting Information

Supporting Information is available from the Wiley Online Library or
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51: Absorbance and photoluminescence spectra

Fig. 51 shows the optical absorbance and photoluminescence spectra of triple-cation mixed-
halide (MAg 17 FAgss)oesCsoos Po(lpss Broa7)s perovskate film. The TC-MHP perovskite film
exlubits high optical absorbance after 1.60 eV and exhibit the direct band gap (E;) of ~ 1.625 V.

obtained from absorbance data using Tauc’s relation [1].
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Figure S1: Absorbance and photoluminescence spectra of triple-cation mixed-halide

(MAg 17 FAg 23)005Cs0.05 Pb(Ipss Bro7)s perovskate film.
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52. Film morphology and average grain size

The surface morphology of the triple-cation muxed-halide perovskite thin film was studied vsing
field enmssion-scanming electron microscope (FE-SEM) technique, and the result 15 shown in the
Fig 52 The image was taken at low dimension scale and reveals that the surface of the
perovskite film 1s formed by a dense nano-structured grains uniformly distributed. The gram
sizes were  measured from SEM image analysis nsing Image] software and a histogram of gram
sizes was plotted, revealing an average morphological grain size of about 175 £ 50 nm. The
uniform distribution and grain interconnection in film may play a sigmficant role in the enhanced
charge transport and optical properties.

[T Av. grain size | ]
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Figare 82: FE-SEM image of the swmface of toplecattion —mixed-halide
(MAg 17 FAg 33)095C50.05 Pb (Ip 25 Brp.17)s perovskite film along with the histogram of grain sizes
extracted from SEM image.
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53. Time dependent PL emission at different given excitation power-densities
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Figure 53: (a-e) Time dependent spectroscopic observation of halide phase segregation in triple-
catton nuxed-halide MA{)_]_IT FAﬁ_g;};}_ngSu_uj HJ(Iu_gs Bl'u_]':); perm.—‘skite film at different

excitation power densities.
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54. Relationship hetween photo-induced PL-shift and halide composition variation

The photo-excitation induced phase segregation induced in mixed halide perovskite was first
confirmed by Hoke and colleagues [2] m MAPHTI; . Br.); thin films via concerted PL and
powder X-ray diffraction (pXED) measurements. McGehee and coworkers have shown that
MAPH({T,_.Br,); matenial undergo phase segregation and that 23% of the matenal segregates into
1odide-rich mclusions [2]. The band gap vanation by photo-excitation i mixed halide perovskite
materials can also be estimated from their halide composition content. A relationship between
PL-redshift and halide composition variation 1s establish using Vegard's law expression. [E;.mix
=E.I(1 —x) + E..Brx — bx(1l —x)] where E; 1s bandgap and b i1s a bowing parameter to account
for the degree of non-linear dewiations. In present case. PL-emussion values of muxed and
segregated domains are used to fit the non-linear bandgap vanation curve as a function of Br-

concentration (x = 0 to 1.0) content and shown in Fig 54.
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Figure 54: {(a) The PL enussion shift (solid pink line) is compared with estimated non-linear
band gap vanation as a function of bromude (Br) composition (x = 0 to 1.0) using Vegard's law
expression. PL-emission values of muxed and segregated stages in TC-MHP film are compared
with data points acquired from Reliman, W. et al. [3] and Eperon, G.E. et al. [6]. (h) A zoomed

non-linear fitted curve of PL enussion shaft (solid line) for estimating Br-composition vanation.

The PL-emussion values of 1.625 eV, for nuxed state (I g3Brg 7). 1.564 €V for segregated I-nich
(L1¢Br.g) and 2.33 eV for Br-nich (IBr.; ) domains are used to draw the bandgap vanation
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curve. Fig. 54 (b) shows zoomed fitted curve for clarity. Eesult shows that bandgap variation
curve 1s best fitted with bowing parameter b = 0.48 €V for TC-MHP film. For comparison, other
mixed halide data points acquired from literature for E.-values range from 1.48 to 2.23 eV for [b
=0.15eV, FAPHYI,_,Br;); [3] and 1.58 to 2.26 eV for [b =035 eV FA; 5:Cs17Pb(L;_.Br.):] [6].
A non-linear decrease in bandgap under photo-excitation confirms the decreasing in the
Br-concentration i parent phase of TC-MHP film Results are also in agreement with the
structural change absorbed by parent mixed halide reported by Draguta, 5. et al. [4] and
McGehee's prior XRD-based estimates [2]. Therefore, results confirm that photo-imnduced PL
redshift follow the change in halide composition where bromide concentration decreases

{ennichment in 10dide) and segregates as separated bronude-rich domains.

Effect of composition variation on PL linewidth hroadening
The PL emussion broademing i mixed TC-MHP may be due to the change in halide composition

(decrease in bromuide and enrichment of iodide content) as interpreted from Fig. 1(c). However,
the PL width broademing with varying halide composition may include other complex
phenomenon such as increased lattice disorder (due 1on migration and related point defects). The
role of electron-phonon coupling role m linewidth broademing 1s well discussed in the mamn
article {(from temperature dependent studies. Fig. 5 (d)) and found that electron-LO phonon

coupling strength 1s higher in segregated domains as compare to parent TC-MHP phase.
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S5. Threshold excitation density of phase segregation

The threshold excitation density of phase segregation {f}i‘gg ) 1s calculated at 296 K and 330 K.
Fig. 55 shows the PL- peak position a function of excitation power-density. Results show that
P57 value is ~ 2.0 mW/em® at 300 K higher than the P3¢ ~ 1.5 mW/em® at 330 K. In
comparison to 296K, the observed low P9 value at 330 K reveals that lower-excitation density
input 15 required for initiating the phase segregation process at higher temperature (faster
segregation rate). The estimated Prieg value of TC-MHP 1s about 100 times higher as compare to
reported values of ~30 pW/em® and ~40 pWiem® for MAPW(I, :Br, <); at 300 K [4. 7] which is
meaningful as triple cation perovskites were developed for their increased robustness as

compared to single cation perovskates.
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Figure S5: PL-peak position as a function of excitation power density for threshold excitation

energy of phase segregation at two different temperatures (300 K and 330 K).
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56. Time dependent phase segregation dynamics of TC-MHP film excited at

different temperatures.
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Figure S6: Time dependent red-shift in PL peaks excited with 840 mW/em® excitation power
and fitted by exponential curves to calculate the phase segregation rate constants at different

temperatures.

173



§57. Time dependent recovery dynamics of phase-segregated TC-MHP film under dark at
different temperatures.
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Figure 57: (a-e) Time dependent PL specira of recovery process of phase segregated tople-
cation mmxed-halide (MAg17 FAps3)oosCsoos Pb(Ipgs Broy7)s perovskite film at dafferent
temperatores. (f) Analysis of recovery rate constants of segregated film at different temperatures
with exponential fitted corves.
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Titre : Analyse de la migration ionique et des caractéristiques de vieillissement pour les cellules solaires pérovskite
halogénée en couches minces a base de triple cations et CHsNH3Pbls.«Cly.

Mots clés : Cellules Solaires Pérovskite (PSCs), Pérovskite halogénée a base de triple cations (3CP), Migration ionique,

Vieillissement, Spectroscopie d’Emission Optique par Décharge Plasma (GD-OES), Spectroscopie

d'Impédance (1S)

Résumé: Les matériaux pérovskites hybrides organiques-
inorganiques (HOIPs) ont suscité beaucoup de travaux de
recherche en chimie et en science des matériaux de par leurs
propriétés photoélectriques attrayantes (rendement de
conversion énergétique de plus de 25 %). Cependant,
malgré des avancées considérables dans ce domaine de
recherche, plusieurs questions concernant la physique des
ions dans les matériaux pérovskites restent en suspens.
Dans cette thése, 1’analyse de pérovskites hybrides de type
CH3NH3PbI3-xClx  (MAPI) et de type {3CP:
(MA0.17FA0.83)0.95CS0.05Pb(l0.83Br0.17)3 (MA:
Methylammonium, FA: Formamidinium)} sont présentées
a la fois en films minces et en cellules solaires (PSCs).

L’optimisation de la synthése de la pérovskite hybride
halogénée de type 3CP sera présentée. Les cellules solaires
a base de pérovskite 3CP seront ensuite fabriquées selon
une structure inversée (type p-i-n) et caractérisees
optiquement et électroniquement. La spectroscopie
d’émission optique par décharge plasma (GD-OES) a
permis une mise en évidence expérimentale directe de la

migration des ions dans les HOIPs a base de MAPI et de
3CP sous un champ électrique constant appliqué. Les
résultats GD-OES in-situ et ex-situ ont montré que le 3CP
avait une récupération plus rapide de la migration des ions
par rapport au MAPI. Gréce a la Spectroscopie d'Impédance
(1S), le phénomene d'accumulation d'ions a l'interface n'a
été observé qu'avec un balayage de tension pendant 2
minutes.

Enfin, le mécanisme de vieillissement des PSCs a été étudié
avec le vieillissement des performances des cellules
solaires, les mesures d’IS et GD-OES. Une augmentation
des ions accumulés a ’interface, due au vieillissement, est
observée au bout de 10 jours. Les résultats démontrent que
les ions halogénures de la couche HOIP diffusent dans
I'électrode d'argent supérieure sous forme d'halogénures
d'argent (Agl et AgBr) comme cela a déja été propose dans
la littérature.

Lors du développement d’une pérovskite encore améliorée,
cette étude peut suggérer un critére d’évaluation du
matériau.

Title : Analysis of lon Migration and Ageing Characteristics for Triple-cation and CHsNH3Pbls;xClx Perovskite Based

Thin-Film Solar Cells

Keywords : Perovskite Solar Cells (PSCs), Triple-cation Lead Halide (3CP), lon migration, Ageing, GD-OES, Impedance

Spectroscopy

Abstract: Hybrid organic-inorganic perovskite materials
(HOIPs) have emerged as an exciting research topic in
chemistry and materials science for their attractive
photoelectrical properties (over 25% efficiency).
However, despite their processing advantages (low-cost
solution process) and outstanding solar to electrical energy
conversion properties, HOIPs materials suffer from several
drawbacks such as environmental stability impeding their
commercialization. In this thesis, analyses of CHzNH3zPbls.
«Clx (MAPI) and Triple-cation Lead Halide {3CP:
(MA.17F A0 83)0.95CS0.0sPb(l0.83Bro.17)3 (MA:
Methylammonium, FA:  Formamidinium)}  based
perovskite thin films and solar cells are presented.

First, the optimization of the halide perovskite layer (3CP)
is introduced. 3CP based Perovskite Solar Cells (PSCs) are
then manufactured in the inverted (p-i-n) planar structure
and characterized optically and electrically. Direct
experimental evidence of ion migration in HOIPs (MAPI

and 3CP)under an applied electric field was found by the
Glow Discharge Optical Emission Spectroscopy (GD-OES).
The results shows that 3CP had faster ion migration
recovery compared to MAPI. The Impedance Spectroscopy
(IS) observes the ion accumulation phenomenon at the
interface with a voltage sweep for 2 min.

Finally, the ageing mechanism of the PSCs was investigated
with solar cell performance ageing, 1S, and GD-OES. An
increase in ageing-related ion accumulation at the interface
was observed for ten days. After long-term ageing, halogen
ions were observed in the top silver electrode with GD-OES.
The results demonstrate that halide ions in the HOIP layer
diffuse into silver electrode in the form of silver halide (Agl
and AgBr), as already mentioned in the literature.

When developing a more improved perovskite material and
evaluating the material properties, this study can suggest one
criterion for material evaluation.
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