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Abstract

The properties of interfaces between halide perovskites and contacting layers are

key to the charge carrier dynamics in optoelectronic devices based on these materials.

In particular, the space charge situation at such interfaces influences processes such

as electronic charge carrier recombination, collection and injection, which determine

the performance of perovskite solar cells. Space charges are commonly investigated

only according to electronic equilibrium at junctions. Because halide perovskites are

mixed ionic-electronic conductors, in which mobile point defects are the majority

carriers, the ionic interactions at their interfaces are expected to have a critical im-

pact on the determination of the space charge equilibrium. However, such influence

has been largely overlooked since the rise of the perovskite solar cell field. This

thesis discusses the experimental investigation of ionic effects on the space charge

formation at selected interfaces of CH3NH3PbI3 (MAPI) and examines how these

effects can be modulated.

The first part of the results chapter focuses on strategies to control ionic effects

at the interface between alumina and MAPI, through surface modification of the

oxide surface by using organic molecules. Based on a combination of surface chem-

istry and electrochemical techniques, the results provide insights into the sign and

magnitude of the space charge potential in MAPI when it comes into contact with

alumina with or without surface modification. While embedding alumina nanopar-

ticles within MAPI results in enhancement of electronic conductivity due to the

presence of an ionically-generated space charge region, such effect is reduced by the

organic molecules on the surface of the oxide. The observation is attributed to Pb2+
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cation adsorption on the surface of alumina, which occurs to a different extent when

a molecular barrier is present. The results also emphasize that smaller molecules

may be more effective at forming ion-blocking monolayers.

Next, the interfacial behavior of MAPI infiltrated in mesoporous-TiO2 layers, com-

monly used as electron transporting material in solar cells, is investigated. The

electrical response of the infiltrated perovskite points towards electrons dominat-

ing the conductivity in MAPI within the pores at low iodine partial pressures, as

opposed to the p-type conduction recorded for the bulk of MAPI. This highlights

the presence of a significant space charge in the pores of the oxide. The response

indicates that nanoionics effects occur within at least part of such mesoscopic sys-

tem. Because of the relatively unvaried electrical behavior of samples where surface

modification is used, the space charge behavior in such system may have a dominant

electronic component.

The investigation of the influence of space charges in solar cell devices with vertical

configuration is presented. Conductivity measurement and the evaluation of power

conversion efficiencies for solar cells with bare and surface-modified alumina:MAPI

composites reveal that the presence of a distributed space charge within the active

layer has a detrimental effect on the performance of devices. On the other hand,

based on a mesoporous-TiO2 thickness dependent experiment, the space charge re-

gion forming in MAPI within the pores of the oxide may be an essential factor to

achieve high performance devices. This is possibly because of the reduction in the

concentration of hole minority carriers in the region where electrons are extracted

to the negative contact of the solar cell.

Lastly, the present study explores a generalized picture of the ionically-generated

space charge at the interface between MAPI and other insulators, namely SiO2 and

MgO. The effect previously recorded for Al2O3 is demonstrated for the case of SiO2,

while negligible ionic adsorption is inferred for the MgO:MAPI composite. Impor-

tantly, the ionic interaction does not follow the trend predicted by the point of zero

charge of these oxides, emphasizing the importance of studying specific interactions,
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such as anion and cation adsorption effects involving the relevant perovskite pre-

cursors. The study is also extended to include an electronic hole-conducting oxide,

NiO, using a composite device configuration. For this material, opposite results

in space charge behavior are expected in MAPI based on either ionic or electronic

equilibration arguments. Interestingly, no significant space charge on the MAPI side

is extracted from the analysis of the composites electrical response. This is possibly

accompanied by a significant space charge forming within the NiO phase, which

could be consistent with a relatively low doping concentration in the oxide.

The thesis emphasizes that a comprehensive model describing the space charge sit-

uation at halide perovskite interfaces should consider not only the electronic equilib-

rium but also ionic effects. Overall, this study has the potential to assist the design

of perovskite devices with improved interfacial properties and aid the interpreta-

tion of experimental data, accounting for the mixed conducting nature of halide

perovskites.





Zusammenfassung

Die Eigenschaften der Grenzflächen zwischen Halogenid-Perowskiten und Kon-

taktschichten sind entscheidend für die Ladungsträgerdynamik in optoelektronis-

chen Bauelementen, die auf diesen Materialien basieren. Insbesondere die Raum-

ladungssituation an solchen Grenzflächen beeinflusst Prozesse wie die Rekombina-

tion, Sammlung und Injektion elektronischer Ladungsträger, die die Leistung von

Perowskit-Solarzellen bestimmen. Raumladungen werden üblicherweise nur anhand

des elektronischen Gleichgewichts an Übergängen untersucht. Da es sich bei Halo-

genidperowskiten um gemischte ionisch-elektronische Leiter handelt, bei denen mo-

bile Punktdefekte die Hauptträger sind, wird erwartet, dass die ionischen Wech-

selwirkungen an ihren Grenzflächen einen entscheidenden Einfluss auf die Bestim-

mung des Raumladungsgleichgewichts haben. Dieser Einfluss wurde jedoch seit dem

Aufkommen der Perowskit-Solarzellen weitgehend übersehen. Diese Arbeit disku-

tiert die experimentelle Untersuchung ionischer Effekte auf die Raumladungsbildung

an ausgewählten Grenzflächen von CH3NH3PbI3 (MAPI) und untersucht, wie diese

Effekte moduliert werden können.

Der erste Teil des Ergebniskapitels konzentriert sich auf Strategien zur Kontrolle

ionischer Effekte an der Grenzfläche zwischen Aluminiumoxid und MAPI durch

Oberflächenmodifikation der Oxidoberfläche durch den Einsatz organischer Moleküle.

Basierend auf einer Kombination aus Oberflächenchemie und elektrochemischen

Techniken liefern die Ergebnisse Einblicke in das Vorzeichen und die Grösse des

Raumladungspotentials in MAPI, wenn es mit Aluminiumoxid mit oder ohne Ober-

flächenmodifikation in Kontakt kommt. Während die Einbettung von Aluminiumoxid-
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Nanopartikeln in MAPI aufgrund des Vorhandenseins einer ionisch erzeugten Raum-

ladungszone zu einer Verbesserung der elektronischen Leitfähigkeit führt, wird dieser

Effekt durch die organischen Moleküle auf der Oberfläche des Oxids verringert. Die

Beobachtung wird auf die Kationenadsorption von Pb2+ auf der Oberfläche von

Aluminiumoxid zurückgeführt, die in unterschiedlichem Ausmass auftritt, wenn eine

molekulare Barriere vorhanden ist. Die Ergebnisse unterstreichen auch, dass kleinere

Moleküle möglicherweise wirksamer bei der Bildung ionenblockierender Monoschichten

sind.

Als nächstes wird das Grenzflächenverhalten von MAPI untersucht, das in meso-

poröse TiO2-Schichten infiltriert ist, die üblicherweise als Elektronentransportma-

terial in Solarzellen verwendet werden. Die elektrische Reaktion des infiltrierten

Perowskits deutet darauf hin, dass Elektronen die Leitfähigkeit in MAPI innerhalb

der Poren bei niedrigen Jodpartialdrücken dominieren, im Gegensatz zur p-Typ-

Leitung, die für den Großteil von MAPI aufgezeichnet wurde. Dies verdeutlicht

das Vorhandensein einer erheblichen Raumladung in den Poren des Oxids. Die

Antwort deutet darauf hin, dass nanoionische Effekte zumindest in einem Teil eines

solchen mesoskopischen Systems auftreten. Aufgrund des relativ unveränderten elek-

trischen Verhaltens von Proben, bei denen Oberflächenmodifikationen verwendet

werden, kann das Raumladungsverhalten in einem solchen System eine dominante

elektronische Komponente haben.

Die Untersuchung des Einflusses von Raumladungen in Solarzellengeräten mit ver-

tikaler Konfiguration wird vorgestellt. Leitfähigkeitsmessungen und die Bewertung

der Leistungsumwandlungseffizienz von Solarzellen mit blanken und oberflächen-

modifizierten Aluminiumoxid:MAPI-Verbundwerkstoffen zeigen, dass sich das Vorhan-

densein einer verteilten Raumladung innerhalb der aktiven Schicht nachteilig auf die

Leistung von Geräten auswirkt. Basierend auf einem Experiment mit mesoporöse

TiO2, das von der Dicke abhängt, kann andererseits die Raumladungsregion, die

sich in MAPI innerhalb der Poren des Oxids bildet, ein wesentlicher Faktor für die

Erzielung leistungsstarker Geräte sein. Dies ist möglicherweise auf die Verringerung



der Konzentration von Lochminoritätsträgern in dem Bereich zurückzuführen, in

dem Elektronen zum negativen Kontakt der Solarzelle extrahiert werden.

Abschliessend untersucht die vorliegende Studie ein allgemeines Bild der ionisch

erzeugten Raumladung an der Grenzfläche zwischen MAPI und anderen Isolatoren,

nämlich SiO2 und MgO. Der zuvor für Al2O3 aufgezeichnete Effekt wird für den Fall

von SiO2 demonstriert, während für den MgO:MAPI-Verbundstoff eine vernach-

lässigbare Ionenadsorption abgeleitet wird. Wichtig ist, dass die ionische Wech-

selwirkung nicht dem Trend folgt, der durch den Ladungsnullpunkt dieser Oxide

vorhergesagt wird, was die Bedeutung der Untersuchung spezifischer Wechselwirkun-

gen, wie Anionen- und Kationenadsorptionseffekte, die an den relevanten Perowskit-

Vorläufern beteiligt sind, unterstreicht. Die Studie wird auch auf ein elektronis-

ches lochleitendes Oxid, NiO, unter Verwendung einer Verbundbauelementkonfigu-

ration ausgeweitet. Für dieses Material werden in MAPI entgegengesetzte Ergeb-

nisse im Raumladungsverhalten erwartet, basierend entweder auf ionischen oder

elektronischen Gleichgewichtsargumenten. Interessanterweise wird aus der Analyse

der elektrischen Reaktion des Verbundwerkstoffs keine signifikante Raumladung auf

der MAPI-Seite extrahiert. Dies geht möglicherweise mit der Bildung einer erhe-

blichen Raumladung innerhalb der NiO-Phase einher, was mit einer relativ geringen

Dotierungskonzentration im Oxid vereinbar sein könnte.

Die Arbeit betont, dass ein umfassendes Modell, das die Raumladungssituation

an Halogenid-Perowskit-Grenzflächen beschreibt, nicht nur das elektronische Gle-

ichgewicht, sondern auch ionische Effekte berücksichtigen sollte. Insgesamt hat diese

Studie das Potenzial, das Design von Perowskit-Geräten mit verbesserten Gren-

zflächeneigenschaften zu unterstützen und die Interpretation experimenteller Daten

zu unterstützen, indem sie die gemischte Leitfähigkeit von Halogenid-Perowskiten

erklärt.
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1 Introduction

In recent years, the field of halide perovskite solar cells (PSCs) has made remark-

able advances, demonstrating device performance comparable with traditional pho-

tovoltaic technologies. Such advances have been possible due to the exceptional

optoelectronic properties of hybrid organic inorganic perovskites (HOIPs), such as

high absorption coefficients [1–3], long carrier lifetimes and high charge carrier mo-

bility [4–9]. Despite the potential of PSCs as efficient solar cells, their poor long-

term stability and reliability remain significant challenges [10–12]. During operation,

PSCs often exhibit hysteresis in their electrical response [13, 14], phase segregation

[15, 16], and degradation [17, 18]. It is now established that some, if not all, of

these challenges can be attributed to the complex behavior of mobile ions in the

bulk of HOIPs, as well as at the interfaces with the contact materials within the

device. Beyond issues related to unstable power output, the impact of mobile ions in

the perovskite layer affects charge recombination through ion-induced electric field

screening at the interfaces, also modulating the electrical response of devices at a

fundamental level [19–21]. It is evident that, in order to improve the performance

and reliability of PSCs, it is crucial to gain a better understanding of the role of

mobile ions in HOIPs and their interfaces.

This thesis aims to address the complex behavior of mobile ions at selected inter-

faces in HOIPs. Before presenting the main findings (Chapter 3), this introduction

chapter provides a comprehensive overview of HOIPs, with special focus on their

mixed ionic-electronic conductivity. The topic of ion redistribution and the role of

ion transport in space charges forming at interfaces are discussed in detail and with

1



2 Chapter 1. Introduction

reference to previous studies on this subject within the PSC and other fields. Lastly,

the use of HOIPs in solar cell structures, the investigation of interfaces in PSCs is

presented, followed by an outline of the other chapters in this thesis.

1.1 Halide perovskites

1.1.1 Crystal structure

The crystal structure of HOIPs is denoted as ABX3, where A is a cation such

as methylammonium (MA), formamidinium (FA), or cesium, B is a metal cation,

typically lead or tin, and X is a halogen anion such as chloride, bromide, or iodide

(Figure 1.1). The versatility of the perovskite crystal allows for the incorporation

of different elements into the framework. This flexibility has led to the development

of a wide range of compounds with unique optical and electronic properties [22–

26]. Among the various compositions of HOIPs, methylammonium lead triiodide

(MAPI) was first reported in 1978 [27] and was also the first material investigated

within solar cell architectures, initially as part of dye-sensitized solar cell structures

and later as the active layer of PSCs [3, 28]. While refinement of optimal hybrid

perovskite compositions to maximize solar cell efficiencies is ongoing, with mixed-

cation-mixed-halide compounds showing promising performance, MAPI remains one

of the most extensively researched materials in this photovoltaic field.

Figure 1.1: Structure of (a) halide perovskites with general formula of ABX3 and (b) MAPI
in tetragonal phase.
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1.1.2 Mixed conducting properties and defect chemistry of

halide perovskites

Mixed ionic-electronic conduction is an important feature of halide perovskites,

having significant implications for the behavior, performance and lifetime of PSCs

[29–31]. Mixed conductivity in halide perovskites refers to the transport of electronic

charge carriers (conduction band electrons (e′) and valence band holes (h•)) and of

ionic defects, such as ion vacancies and interstitials [32–34].

The electronic response of halide perovskites, i.e. due to free electrons and holes,

can be controlled by exposure to light with above bandgap photon energy, as it is

the case for all semiconductors (see Section 1.3.1). These carriers can move through

the perovskite lattice and contribute to the (photo)conductivity of the material.

The presence of mobile ions contributes to the total conductivity of the perovskite.

Besides carrying electrical current, mobile ions can also change the local electric

potential landscape, affecting various electronic processes such as injection, recom-

bination etc.

In 1983, Mizusaki et al. reported on the ionic conduction of halide perovskites using

CsPbCl3 and CsPbBr3 pellets [35]. They obtained a conductivity of approximately

10−3 S/cm for both samples at 673 K, which they attributed to ionic conduction.

This conclusion was based on an electrochemical experiment performed on a pel-

let sandwiched between Pb and AgX|Ag pellets (Figure 1.2 (a)). The researchers

confirmed the mobility of the halide ions by observing an increase in weight in the

Pb|CsPbX3 and a decrease in weight in the AgX|Ag blocks corresponding to an

equivalent amount of ions transfered according to the applied current.

Yang et al. measured the galvanostatic direct current (DC) polarization curve for

a C|MAPI|C pellet at room temperature in Ar [32]. When the current was switched

on, a voltage step followed by a gradual increase in voltage over long time scales (104

seconds) was observed (Figure 1.2 (b)). By assuming ion blocking properties for the

carbon contacts, this result was interpreted in terms of stoichiometric polarization
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Figure 1.2: (a) The measurement cell structure used by Mizusaki et al. (reproduced with
permission from reference [35]). (b) A galvanostatic DC polarization curve of
MAPI pellet between carbon electrode, which showed a gradual increase in
voltage due to slow ion transport. (c) Left: the cell structure, middle: images
to show surface morphology changes of the Pb pellet, right: XRD pattern
confirming iodide ion transport in this cell (reproduced with permission from
reference [32]).

occurring within the MAPI layer, whereby ion redistribution leads to a composition

gradient build-up within the cell, while at long times, only electronic current is

flowing. The majority mobile ion was identified to be iodide, based on experiments

carried out on a similar cell structure to that used by Mizusaki et al.: using X-ray

diffraction (XRD) spectroscopy, they observed the formation of PbI2 on the surface

of Pb, indicating transport of iodide ions (Figure 1.2 (c)).

While early studies suggested that iodide vacancies (V •
I ) are the key mobile ionic

defects in halide perovskites experimentally [36, 37] and theoretically [38–40], an

important proof of this hypothesis came with the work by Senocrate et al. [33]

who showed that iodide vacancies are majority mobile ionic charge carriers in MAPI
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Figure 1.3: (a) Ionic (red) and electronic (black) conductivities of a MAPI pellet in dif-
ferent iodine partial pressure at 373 K. (b) Comparison of galvanostatic po-
larization curves betweend pure MAPI and Na doped MAPI at 378 K. (c)
Scheme of the tracer diffusion experiment. (d) Time-of-flight secondary ion
mass spectroscopy depth profile of a pure MAPI pellet after diffusion anneal-
ing in contact with a pellet (reproduced with permission from reference [33]).

based on doping experiments. Na ion leads to substitutional doping of Pb cation and

a significant enhancement of both ionic and electronic conductivity, consistent with

an increase in the concentration of iodide vacancies and electron holes (Figure 1.3

(b)). For the lead and MA defects no significant long range diffusion was detected at

room temperature, based on tracer diffusion (Figure 1.3 (c-d)) and nuclear magnetic

resonance experiments.

The ionic and electronic charge carrier concentration in mixed ionic-electronic con-

ductor (MIEC) depends on temperature, and on the partial pressure of every ex-

changeable component. Its charge carrier chemistry is also crucially influenced by

impurities or dopants. The impact of these parameters is critical for a detailed un-

derstanding of the materials electrochemical behavior, and reveals suitable adjusting
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screws to tune the electrical transport properties. In Figure 1.3 (a), the electronic

and ionic conductivities measured for a MAPI pellet between carbon contacts are

shown as functions of the iodine partial pressure (p(I2)) in the measuring cell.

To understand how such trends can be useful in the determination of the material

transport properties, defect diagrams (Kröger-Vink diagrams), where the expected

concentration of each defect with respect to a component partial pressure, are com-

monly used. For MAPI, one can consider Schottky disorder to be dominant, based

on calculation of the formation energy associated with the Schottky reaction [41]

I×I +MA×
MA � V •

I + V
′

MA +MAI (1.1)

The electronic disorder reaction at equilibrium can be written as:

h• + e
′
� nil (1.2)

Finally, one can write the iodine exchange reaction at the solid-gas interface based

on

1

2
I2 + V •

I � I×I + h• (1.3)

By considering the mass-action laws deriving from these reactions, along with the

condition of electroneutrality, one obtains a solution for the charge carrier equilib-

rium, where the iodine partial pressure is the only free parameter. This is displayed

in Figure 1.4.

At low p(I2), MAPI exhibits n-type behavior, where electrons (Pb2+ excess elec-

trons in Pb orbitals) are compensated by iodide vacancies. At high p(I2), MAPI is

p-type, with holes (formation of I0 by holes predominantly in I orbitals) being com-

pensated by MA vacancies. The data in Figure 1.3 (a) show that MAPI, prepared

under common synthesis procedures, is intrinsic. Indeed the slope of the electronic

conductivity vs. p(I2) is approximately 0.5, reflecting the dependence of the hole

concentration on such parameter in Figure 1.4.
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Figure 1.4: Kröger-Vink diagram showing the electronic and the ionic defect concentra-
tions in MAPI assuming Schottky ionic disorder (reused with permission from
reference [29]).

The effect of other defects, such as MA-interstitials and Pb-defects, can be ne-

glected as long as their concentrations are well below the concentration range of the

majority carriers, and their mobility is low.

Additional complexity to the defect chemistry of MAPI needs to be accounted

for in presence of dopants. These can be immobile acceptor or donor dopants.

Furthermore, oxygen has been demonstrated to act as dopant in MAPI according

to:

1

2
O2 + V •

I � O′
I + 2h• (1.4)

KO =
[h•][O′

I ]P
1/2
I2

P
1/2
O2

(1.5)

In Figure 1.5, the resulting defect diagrams (Kröger-Vink diagrams) for MAPI

including the contribution of dopants are illustrated. The diagrams show the con-

centrations of iodide vacancies, MA vacancies, excess electrons, and electron holes

as a function of p(I2), p(O2) and dopant contents. The diagrams predict that the

hole concentration is expected to increase with p(I2), while the opposite behavior

concern the electron concentration. The iodide vacancy concentration is predicted
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Figure 1.5: Kröger-Vink diagrams calculated as a function of I2 and O2 partial pressure
for (a), (c) acceptor- and (b), (d) donor-doped MAPI. The slopes of each
defect concentrations are indicated in the Figures (reused with permission
from reference [42]).

to decrease with p(I2) but increase with p(O2) (or acceptor dopant concentration).

In summary, mixed ionic electronic conductivity is an important property of halide

perovskites that arises due to the presence of mobile defects in the material. Given

the many questions related to how ion transport is connected, beneficially or detri-

mentally, with the behavior of PSCs, it is crucial to understand and control the

mechanisms by which ion transport affects device response.

1.2 Interfacial space charges

When studying devices that use MIECs, it is important to refer to models that are

able to describe both electronic and ionic charge carriers. In the previous section,

examples of Kröger-Vink diagrams have been presented for the study of the bulk

properties of MAPI. When focusing on the bulk but also on the interfacial behavior
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of MIECs, other representations become convenient. For example, energy diagrams

are a useful tool for displaying charge carrier properties and dynamics under various

conditions and as a function of position. While electronic energy diagrams are

commonly used to describe semiconductors, when studying PSCs it is essential to

represent both ionic and electronic charge carriers. In this section, these energy

diagrams are used to describe the charge carrier equilibrium at interfaces, and the

formation of space charge zones.

1.2.1 Energy diagrams of mixed conductors

Common energy diagrams are used to represent the energy levels in a semiconduc-

tor, depicting the valence (VB) and conduction band (CB) edges (Figure 1.6), often

indicated with EV and EC . The bandgap (Eg), is the energy difference between the

EV and EC . It is a crucial parameter for understanding the electrical and optical

properties of the material, because Eg represents the standard free energy associ-

ated with the electronic disorder reaction (∆G◦
f ) of equation 1.2. Here, the transfer

of a valence electron into the CB can be considered as the formation of one extra

particle, the conduction band electron, and of one vacancy, the electron hole.

Based on a defect chemical description of semiconductors, the band edges can

be defined as standard potentials of electronic defects (electron and hole) (µ◦
e′ and

−µ◦
h•). The occupation of the two bands is determined based on the position of the

Figure 1.6: Energy diagram indicating the valence and conduction band and the electro-
chemical potential of the electrons.
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Fermi level (EF ), or the electrochemical potential of the electrons. At equilibrium,

this is equal to (minus) the electrochemical potential of the holes and is defined as:

µ̃e′ = µ◦
e′ +RT ln[e′]− Fφ = µ̃◦

e′ +RT ln[e′] (1.6)

µ̃h• = µ◦
h• +RT ln[h•]− Fφ = µ̃◦

h• +RT ln[h•] (1.7)

A similar definition can be applied to the defects associated with a specific ion, e.g.

V•
I and iodide interstitials (I′i). This results in the definition of a generalized energy

diagram, where it is also possible to identify the chemical potential of the relevant

component (e.g. X = iodine in Figure 1.7) [34, 43].

At equilibrium the electrochemical potential of all mobile charge carriers is con-

stant. This condition leads to the calculation of defect concentration profiles and

of the electrical potential profile through equation 1.6 and 1.7. The equilibration of

both electronic and ionic defects can contribute to such solution, as it is discussed

in the next section.

Figure 1.7: The ionic for V•
I and I′i and the electronic energy level including the chemical

potential of the relevant component.
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1.2.2 Space charge generation at interfaces of semiconduc-

tors

In the conventional view of semiconductor physics, the redistribution of electronic

charge carriers is the only factor taken into consideration when evaluating equilibra-

tion at interfaces. This means that, when two materials with different EF s come into

contact, the electronic charge carriers will be transferred until equilibrium is reached

(Figure 1.8). A typical example involves the junction between a donor doped and an

acceptor doped layer of the same material. Because of their doping, the two phases

have different work function and EF position. Under thermodynamic equilibrium,

the resulting p-n junction has a constant EF and an energy band diagram that shows

bending of the EC and EV as a function of position. The reason for such bending is

the fact that the transfer of free carriers has left some charged dopants behind. Such

excess charge gives rise to a change in the electric potential according to Poissons

equation

∆φ = −ρ

ε
(1.8)

where ρ is the net charge density and ε is the dielectric constant of the material.

The regions where ρ = 0 are referred to as quasi-neutral regions. On the other hand,

the regions where the net charge in the system is not zero, and where significant

changes in electric potential as function of position, are commonly referred to as

space charge regions. In a p-n junction, the barrier in the electric potential between

the p and n regions is known as the built-in potential barrier (Vbi) (Figure 1.9).

This barrier maintains equilibrium between majority and minority carrier electrons

and holes between the two layers, by introducing a drift term that counter-balance

the diffusion of the electronic charges.
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Figure 1.8: Charge carrier distribution in thermal equilibrium at a p-n junction between
p-type and n-type materials (reproduced with permission from reference [44]).

Figure 1.9: P-n junction in thermal equilibrium. (a) charge distribution, (b) electric-field
distribution, (c) potential distribution and (d) energy band diagram. Here, ψbi

(or Vbi) is the built-in potential (reproduced with permission from reference
[45]).
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1.2.3 Space charge generation at interfaces of ionic or mixed

conductors

In systems involving MIECs, beside the electronic effects described above, the

redistribution of mobile ions and their equilibration must also be considered. The

field of studying ionic charge carriers and their behavior at interfaces, with special

reference to confined systems, is known as nanoionics [44]. Achieving complete

equilibrium at interfaces requires that the electrochemical potentials of both ions

and electrons are spatially invariant.

The CaF2/BaF2 is a well known model system to explain this ion redistribution at

heterojunctions (Figure 1.10) [46, 47]. Both CaF2 and BaF2 are ionic conductors and

have anti-Frenkel disorder (involving fluoride vacancies and interstitials,V•
F and F′

i).

Conductivity measurements performed on devices containing such heterojunction

in the direction parallel or perpendicular to the interface enabled the identification

of accumulation of ionic charge carrier (here, F′
i) on the CaF2 side at the interface

between CaF2/BaF2. To compensate this, V•
F are accumulated in BaF2 side at the

interface. Both these accumulation layers vary the material conductivity by orders

Figure 1.10: (a) The parallel conductivity and fitting results as a function of inverse inter-
facial spacing in multiple hetero junction of CaF2/BaF2 and (b) the derived
defect concentration profiles for temperatures at 773 K (reproduced with per-
mission from reference [46]).
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Figure 1.11: Calculated profile of the ion conductivity for the heterojunction interface be-
tween CaF2/BaF2 at 800 K. The dashed line and the dotted line indicate the
conductivity in bulk CaF2 and BaF2 as obtained from experiments, respec-
tively (reused with permission from reference [47]).

of magnitude, depending on the fraction of material volume exhibiting interfacial or

bulk behavior. The activation energy (Ea) of transport in this system confirms this

interpretation. Such result is also consistent with molecular dynamics simulations,

which clearly indicate a tendency for mobile ionic charge carriers to accumulate at

the interface between these two materials (Figure 1.11) [47]. This system clearly

demonstrates that charge redistribution and space charge formation can occur as a

result of ionic charge carrier equilibration.

Figure 1.12 shows a variety of other ion interactions between ionic conductors or

MIECs with the insulators Al2O3 and SiO2 [48]. When an ion conductor is in contact

with an insulator, ion adsorption can occur. Such adsorption of ions at the interface

results in formation and redistribution of defects in the bulk. This ionic adsorption

on the surface of the oxide induces changes in the charge carrier concentration at

the interface, impacting the space charge equilibrium.

Figure 1.13 (a) shows the energy level representation of an example where ionic

equilibration between two ionic conductors leads to space charge formation. The

two materials′s energy levels represent Frenkel and anti-Frenkel defects. The energy

levels in the space charge region bend to achieve equilibrium. Figure 1.13 (b) refers

to the changes in the electrical, chemical, and electrochemical potentials of different

components (such as ions, electrons, and defects) at the ideal interface.
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Figure 1.12: Example of ionic adsorption at the contact of the ion conductor to an insulator
(reproduced with permission from reference [48]).

Figure 1.13: (a) Equilibrium in the energy level diagram for Frenkel defects or anti frenkel
defects. (b) The variation of the electrical, chemical and electrochemical
potentials of ions and electron defects [44]

Depending on the defect that is highest in concentration in proximity of the inter-

face, different solutions to the space charge situation can be obtained. There are

two basic cases describing space charge formation: the Gouy-Chapman and Mott-

Schottky models (Figure 1.14). Originally, the Gouy-Chapman model was used to

explain how a charged surface interacts with ions in a solution, a situation relevant

to electrode/electrolyte interfaces [49, 50]. This model assumes that diluted ions

are randomly distributed and mobile in the solution, and that the electric field at

the surface of the electrode causes ions to accumulate and form a double layer at

the interface. The Gouy-Chapman model helps to determine how this diffuse layer
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Figure 1.14: Defect profiles of (a) Gouy-Chapman and (b) Mott-Schottky model (repro-
duced with permission from reference [51]).

of ions is formed as function of distance from the electrode based on the size and

charge of the ions.

A similar model applies to the solid state case [52, 53]. Whenever the majority

charged mobile defect accumulates at an interface as a result of equilibration with

a second phase, the solution describing the electric potential, and therefore the

concentration profile of all charged defects, follows the Gouy-Chapman solution.

The region where significant changes in concentrations occur with respect to the

bulk is confined to about the width quantified by the Debye length (λ).

In other cases, the majority carriers in a material may be compensated by immobile

impurities in the bulk. Under such conditions, the mobile majority carrier can still

dominate the space charge situation if its concentration increases while approaching

the interface. However, in situations where such defect concentration decreases in

the interfacial region (depletion), the immobile defect becomes the majority charged

species near the interfaces. As a result, the space charge situation follows a different

solution, commonly referred to as Mott-Schottky situation [49]. In this case, the

impurity profile is assumed to be uniform through the material. As a result, the
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width of the space charge region (λ∗) is commonly larger than for the Gouy-Chapman

case.

Both Gouy-Chapman and Mott-Schottky models are important in electrochem-

istry and are used to describe a wide range of interfacial phenomena. Based on

these models, it is possible to extract information on the electrical potential profile,

whenever knowledge of the defect concentration profiles is available (for example

from conductivity measurements). The overall change in potential at an interface

is called space charge potential and it is a main parameter in the description of

junctions in electrochemical systems.

1.3 Interfaces in perovskite solar cells

1.3.1 Perovskite solar cells

The basic working principle of PSCs is as follows: when sunlight is incident on the

perovskite material, photons are absorbed, generating excess electrons and holes.

These electronic carriers are then transported to opposite electrodes, where they

generate a flow of electrical current into the external circuit (Figure 1.15).

Since MAPI was first used as a sensitizer in solar cells with a power conversion

efficiency (PCE) of 3.8% [28], the efficiency of PSCs has increased rapidly in recent

years, and now stands at over 25% [54]. Researchers are exploring various approaches

Figure 1.15: Simplified diagram illustrating the working principle of a solar cell. The
arrows in the external circuit indicate the flow of electrons.
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Figure 1.16: PSCs structure of (a) n-i-p (b) n-i-p planar (c) p-i-n and (d) p-i-n planar
devices. ETM and HTM denote electron and hole transporting materials.

to improve the efficiency further, such as optimizing the composition and structure

of the materials used [22–26], as well as the device architecture [55, 56]. Also, re-

searchers have reported efficiency improvement using two-dimensional perovskites

[57–59] and optimizing the contacting charge carrier transport layers [57–59]. An-

other important direction is the exploration of approaches to improve the stability,

such as encapsulation and doping of the active layer [60–62].

The perovskite active layer in a device is in contact with different materials, as

shown in Figure 1.16. Such unavoidable interfaces are crucial for efficient charge

extraction, in that effective collection of charge carriers generated in the perovskite

layer by the electrodes is necessary to produce an external current. However, re-

combination of charge carriers can be pronounced at the interfaces between the

perovskite layer and other layers due to interfacial defects. These can hinder charge

extraction and lower the overall efficiency of the device. Such recombination pro-

cesses follow rate laws with specific dependences on electronic charge carrier con-

centrations. Control on the carrier concentration profiles at interfaces is therefore

an important factor to minimize losses.

As presented in the previous section, the space charge situation in mixed conducting

systems is largely set by the majority carriers. For hybrid perovskites, mobile ionic

charge carriers are present in large concentrations and their equilibration is expected

to significantly impact the space charge formation at interfaces, influencing the

charge dynamics within the device. Recent studies have started to consider such



1.3. Interfaces in perovskite solar cells 19

equilibration within the perovskite layer as an important factor to the device function

[63]. However, interactions with the contact layers of mobile ionic defects have been

largely ignored in the literature, and a precise picture of such ionic interaction is

lacking.

1.3.2 Previous studies: ion redistribution in solar cells

Since Snaith et al. published their findings on anomalous hysteresis behaviour

(the difference in the current-voltage (J-V) curve between the forward and reverse

bias directions) in MAPbI3−xClx perovskite solar cells [13], many research groups

have been investigating the origin of this phenomenon in halide perovskite solar cell

devices [64–67]. It has been established that hysteresis is caused by ion migration in

the perovskite layer, which changes the electric potential at interfaces of perovskites

[68–72]. Such changes occur spatially and temporally, leading to variation in charge

collection and recombination, giving rise to a measured current that depends on the

devices history, hence leading to hysteresis effects [73–76].

Researchers are exploring various strategies to control and mitigate ionic redistri-

bution within perovskite solar cells. For example, one approach involves modifying

the composition or structure of the perovskite material to reduce the mobility of

charged ions. Another strategy involves the use of passivation layers or interface

engineering to reduce the impact of ionic defects. To mitigate the effects of ion

migration and hysteresis, various strategies have been proposed, such as introducing

additives in the perovskite solar cells. Kim et al., found that small amount of PbI2
additive accelerated ion migration at the grain boundary in FAMA mixed halide

perovskites and reduces charge carrier recombination [77]. Abdi-Jalebi et al., used

potassium iodide to passivate grain boundary for reducing ion migration [78]. Son

et al., also used KI. They suggest K ions to prevent ion migration in FA based halide

perovskite [79].

It is worth mentioning that other hypotheses have been proposed for explaining

the anomalous behavior in halide perovskite solar cells. One possible explanation is
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related to ferroelectric properties of the perovskite material [80, 81]. In ferroelectric

materials, the polarization direction can be switched by applying an external electric

field, and this switching can be accompanied by hysteresis behavior. However, even

though the dielectric constatnt is rather normal (ε ∼= 30) [32], this hypothesis is

still under debate, and more research is needed to fully understand the role of

ferroelectricity in the hysteresis behavior. On the other hand, ionic effects are widely

established as a major contributor to the optoelectronic response of these devices.

Below, recent understanding of how their influence goes beyond bulk behavior is

presented.

1.3.3 Ionically-generated space charges at halide perovskite

interfaces: first evidence

Kim et al. [82] investigated the equilibrium space charge effects due to ionic inter-

actions between MAPI and the oxides Al2O3 and TiO2. They measured electronic

(σeon) and ionic conductivities (σion) in composite films where alumina or titania

nanoparticles are embedded in MAPI (oxide:MAPI) with different concentrations of

the oxides. By performing DC galvanostatic polarization measurements at different

p(I2) they were able to control the charge carrier concentration in MAPI and analyse

the trends as a function of "the fraction of interfaces present in the film" (Figure

1.17). At the low p(I2), σeon is increased with increasing oxide concentration in

the composite film, while σion is decreased. When the conductivities are measured

under high p(I2), σion shows similar trends compared to the low p(I2) case, however

σeon exhibited a decrease with increasing oxide concentration. This results can be

explained by considering the space charge forming at the interface between MAPI

and the oxides. A depletion of V•
Is at the interface was inferred based on the de-

creased σion with increasing oxide content. At low p(I2), hole concentration close to

the interface is largely decreased similar to V•
Is, while the electron concentration is

increased due to its negative charge. Such increase can induce an inversion space
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Figure 1.17: (Left) The charge carrier concentration changes at the interface between alu-
mina and MAPI. (Right) The conductivity measurement in alumina:MAPI
composite films with different alumina particle concentrations for different
iodine partial pressures (reproduced with permission from reference [82]).

charge (electron charge carrier concentration at the interface is higher than the bulk

concentration of holes in MAPI) resulting in a high overall σeon in the system. When

p(I2) is increased, the increase in hole concentration and decrease in electron con-

centration could explain the disappearance of the inversion trend, giving rise to a

depletion trend instead. Because these results were observed for the case of alumina,

which is an insulator, they clearly pointed to an ionic interaction being responsible

for the inferred space charge equilibrium.

Zeta potential, X-ray photoelectron spectroscopy (XPS) and inductively coupled

plasma optical emission spectroscopy (ICP-OES) measurements were performed to

identify which ionic interaction occurs at the surface of Al2O3 and TiO2 in MAPI

precursor solutions. The results pointed towards Pb2+ cation adsorption on the

surface of alumina and titania. The adsorption of Pb2+ ions on the surface of Al2O3
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Figure 1.18: Energy diagram with ionically generated space charge in (a) MAPI/Al2O3

(b) MAPI/TiO2 interfaces (reproduced with permission from reference [82]).

and TiO2 could indeed lead to the depletion of positive charge carriers (i.e. iodide

vacancies and electronic holes) at the interface between the oxide and MAPI. Since

iodide vacancy are majority charge carriers in MAPI, their concentration determines

the width of the space charge region and the value of the equilibrium space charge

potential.

These experimental results demonstrated that ionically induced space charge effects

occur at MAPI-based interfaces (Figure 1.18). Once again, since alumina is an

insulator, the behavior is unambiguously attributed to an ionically generated space

charge rather than to no electronic contributions. Because TiO2 is an electronic

conductor, additional electronic equilibrium between oxide and MAPI may occur.

As Pb2+ adsorption at this interface induces a space charge of similar direction with

what would be expected based on the materials’ work function difference, it is not

possible to discriminate their relative contributions.

1.4 Open questions and thesis outline

Despite the importance of interfacial equilibrium for optoelectronic devices based
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on hybrid perovskites and the evidence that ionic charge carriers are majority carriers

in these systems, the understanding of how mobile ions influence currently developed

devices as well as the potential of controlling ionic interactions to design improved

devices is still at its infancy.

Among the open questions that requires attention in this context the following are

most importnat:

• Is it possible to manipulate or regulate ionically-generated space charges?

• How do the properties of ionic space charges vary between planar and meso-

porous device structures?

• What impact does the ionic space charge have on solar cell performance?

• Are ionic space charges a general property of interfaces involving halide per-

ovskites?

• Can the ionic space charge in MAPI be altered when it comes into contact

with conductive materials?

In this thesis, I present an experimental investigation of selected interfaces involv-

ing hybrid perovskites. In Chapter 2, I present the experimental methods used to

fabricate and characterize samples as well as a brief description of the analysis pro-

cedure used to analyze the data. Focusing on MAPI as model system, I cover the

behavior of mobile ions in this compound when in contact with various materials.

The results of my work are presented in Chapter 3. Specifically:

• In Chapter 3.1, I focus on the insulating oxide alumina composite film in

MAPI, with and without surface treatment of alumina, in order to examine

how the ionic interaction and their space charge contribution can be controlled

by using surface modification of oxides in composite configurations.

• In Chapter 3.2, I extend the investigation to the case of MAPI infiltrated

in mesoporous TiO2 devices to demonstrate the applicability of the strategy
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mentioned in chapter 3.1 in mesoporous device structure, which is often used

as charge transporting layers in real devices.

• In Chapter 3.3, I present the study of mixed conductivity in vertical devices,

and highlight the behavior of solar cells to evaluate the impact of ionic space

charges in solar cell structures.

• In Chapter 3.4, I investigate the behavior of composite films including other

oxide materials. First, I use insulating oxides to obtain a general understand-

ing of ionically induced space charge in halide perovskites. Secondly, charge

carrier conducting oxide, NiO, is used to extend knowledge about ionically

generated space charges to interfaces with conductive materials.

Overall, this work provides a comprehensive investigation of the ionic charge carrier

redistribution and space charge formation at interfaces between MAPI and contact-

ing materials. The findings presented in this thesis have important implications for

the design and optimization of halide perovskite solar cells and related optoelec-

tronic devices. They also provide a fundamental understanding of the ionic effects

in halide perovskites. By gaining a deeper insight into the ionic interactions and

space charge contributions in these systems, we may develop innovative approaches

to enhance their performance, ultimately advancing the field.
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2.1 Materials and sample preparation

2.1.1 Materials information

Lead(II) iodide (Alfa Aesar, 12724), methylamine hydroiodide (Tokyo Chemical

Industry, M2556), lead(II) nitrate (Alfa Aesar, A16345), dimethyl sulfoxide (DMSO)

(Sigma Aldrich, 276855), N,N-dimethylformamide (DMF) (Sigma Aldrich, 227756),

and anhydrous tetrahydrofuran (THF) (Tokyo Chemical Industry, T2394) are used

as purchased without further purification. These samples are kept under argon

atmosphere.

Oxide particles used in composite films, such as aluminum oxide (Sigma Aldrich,

544833), silicon dioxide (Sigma Aldrich, 637246), magnesium oxide (Sigma Aldrich,

54649), and nickel oxide (US Research Nanomaterials Inc.) are used after a 200 ◦C

drying process for > 2 hours in argon to remove moisture from the surface of the

oxides.

Mesoporous TiO2 paste (18NR-T, Greatcellsolar) is used for mTiO2 layer fabrica-

tion of horizontal devices. For the surface modification of the oxide surface in this

thesis, [2-(3,6-Dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid (MeO-2PACz) (D5798,

Tokyo Chemical Industry) and benzylphosphonic acid (BPA) (Thermo Scientific,

393340050) are used as purchased and stored under an argon atmosphere.

For solar cell device fabrication, the following materials are used: PbI2 (Thermo

Scientific, 44314), MAI (Greatcellsolar, 101000), titanium diisopropoxide bis(acety-

25



26 Chapter 2. Experimental methods

lacetonate) (Sigma Aldrich, 325252), tin(IV) oxide (Thermo Scientific, 044592.36),

mTiO2 paste (30NR-D, Greatcellsolar), poly(3,4-ethylenedioxythiophene):polystyrene

sulfonate (PEDOT:PSS) (Ossila, M121), spiro-OMeTAD, and phenyl-C61-butyric

acid methyl ester (PCBM) (Xian Polymer Light Technology Corp., PLT 5020NT

and 305006). As dopants for spiro-OMeTAD, tert-butylpyridine (tBP) (Sigma

Aldrich, 1442379) and lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) (Sigma

Aldrich, 15224) are used. Acetylacetone (Sigma Aldrich, P7754), DMSO, DMF,

and chlorobenzene (Acros organics, 326870010, 326880010, and 396970010) are used

as purchased.

Iodine crystal (Alfa Aesar, 10619) is used in experiments with controlled iodine

partial pressure.

2.1.2 Precursor preparation

1.5 M MAPI solution: PbI2 (2.075 g, 4.5 mmol) and MAI (0.715 g, 4.5 mmol) are

put into 3 mL of DMSO. This solution is then heated at 50 ◦C. After the powders

are dissolved, the solution is cooled down to room temperature and filtered using a

0.45 µm syringe filter.

Surface modification of alumina: To modify the surface of alumina with organic

sensitizers, 16.8 mg of MeO-2PACz and 8.5 mg of BPA are added separately to 50

mL of anhydrous THF each. Then, 0.5 g of alumina nanoparticles is added to 10

mL of each solution and left for 24 hours in the dark. The particles are separated

by centrifugation at 8000 rpm for 8 min. Following centrifugation, the separated

particles are mixed with 20 mL of THF and centrifuged again. The particles are

then dried at 60 ◦C while being ground with a mortar. Next, the dried particles are

mixed with 20 mL of DMSO and centrifuged. Finally, the separated particles are

dried at 110 ◦C with mortar grinding.

Precursor solution of oxide:MAPI composite films: For 0.8. vol% nominal volume

fraction Al2O3:MAPI and SiO2:MAPI composite film, 7.08 mg of alumina and 4.75

mg of silica are mixed with the filtered 1 mL of 1.5 M MAPI precursor solution in
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DMSO, relatively. For 0.3 vol% nominal volume faction of Al2O3:MAPI, SiO2:MAPI,

MgO:MAPI and NiO:MAPI composite films, 2.65 mg of Al2O3, 1.78 mg of SiO2,

2.41 mg of MgO and 4.48 mg of NiO are mixed with the filtered 1 mL of the 1.5 M

MAPI solution.

0.75 M MAPI in mixed solution: PbI2 (2.075 g, 4.5 mmol) and MAI (0.715 g, 4.5

mmol) are put into mixture of 5.25 mL of DMF and 0.75 mL of DMSO. This mixed

solution is heated at 50 ◦C until all powders are dissolved. After cool it down to

room temperature then, the solution is filtered with 0.45 µm syringe filter.

MAPI and oxide composite solution for solar cell devices: PbI2 (2.014 g, 4.4 mmol)

is put into mixed solvents of 2.4 mL of DMF and 0.6 mL of DMSO. This solution

is heated at 90 ◦C until all powders are dissolved. The solution is then cooled down

and mixed with MAI (0.668 g, 4.2 mmol). The MAPI precursor solution is used

without filtering. For oxide:MAPI composite solution with 0.80 vol% nominal oxide

concentration, 4.56 mg of alumina with or without surface modification is mixed

into 0.4 mL of MAPI solution.

2.2 Device fabrication

2.2.1 Horizontal devices

Electrode fabrication: An interdigitated gold electrode pattern is fabricated on a

sapphire (0001) substrate with finger width of 5 µm, spacing between the fingers of

10 µm, and thickness of 200 nm using photolithography. To enhance the adhesion

between the gold layer and sapphire, a 20 nm thick layer of chromium is evaporated

prior to the gold deposition.

The substrate with the interdigitated gold electrode is cleaned before sample fab-

rication. First, it undergoes sonication in distilled water, acetone, and isopropanol

for 5 minutes each. The lithography and evaporation are performed by myself and

Achim Güth (Nanostructuring Lab, Max Placnk Institute for Solid State Research).
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After drying the substrate, it is further cleaned using oxygen plasma.

Mesoporous TiO2 layer : mTiO2 paste is mixed with ethanol as a TiO2 paste-to-

ethanol weight ratio of 1:1.15. After cleaning the substrates as described above, a

30 µL solution of mTiO2 in ethanol is dropped onto the substrate. Spin-coating is

then performed at 4000 rpm for 30 seconds. The sample is subsequently transferred

to a hot plate and heated at 125 ◦C for 5 minutes. The sample is then heated up to

450 ◦C with 2 hours ramp then sintered for 30 minutes.

Surface modification of mTiO2 layer : 8.4 mg of MeO-2PACz and 4.3 mg of BPA

are dissolved in 50 mL of anhydrous THF. 8×8 mm of mTiO2 on gold electrode or

ITO is put into this solution for 24 hours, right after sintering process. Film is taken

out from solution and washed in 5 mL of THF solvent. The sample is then dried at

60 ◦C for 6 min on hot plate.

MAPI and composite film fabrication: 30 µL of the prepared precursor solution is

dropped on the cleaned substrates, under argon gas atmosphere. The following spin

coating program is used. For 1.5 M MAPI, step 1: acceleration time 1 s, spin speed

65 rps, duration 1 s; step 2: acceleration time 1 s, spin speed 150 rps, duration 180

s. When 165 s are left in whole process, 500 µL of chlorobenzene is dropped. For

0.75 M MAPI, step 1: acceleration time 1 s, spin speed 65 rps, duration 1 s; step 2

acceleration time 1 s, spin speed 100 rps, duration 5 s. 5 seconds after the beginning

of the program, 500 µL of chlorobenzene are dropped. After spin coating, films are

dried for 1 minute and 10 seconds for 1.5 M MAPI and 0.75 M MAPI, respectively.

The films are then annealed at 100 ◦C for 5 minutes.

2.2.2 Solar cell devices

Solar cells were fabricated during visits at the Laboratory of Photonics and Inter-

faces (Prof. Michael Grätzel) at École Polytechnique Fédérale de Lausanne (EPFL).

Electrode preparation and compact TiO2 layer : 4 mm thick FTO coated glass sub-

strates (10 Ω/cm2) are chemically etched using zinc powder and 4 M of HCl (sub-

strate size 2.5×1.6 cm2). The substrates are then washed in distilled water. The
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substrates are put in sonication with Hellmanex 2% solution in distilled water, fol-

lowed by brushing and rinsing with distilled water. Following cleaning in water, they

are sonicated with acetone and ethanol for 10 minutes each. Finally, air is blown on

them for drying.

The solution of compact TiO2 layer is prepared with 600 µL of titanium diiso-

propoxide bis(acetylacetonate), 400 µL of acetylacetone and 14 mL of ethanol. The

substrates are placed on a hotplate with a metal mask. Then the temperature of

the hotplate is increased up to 450 ◦C. The solution is sprayed with oxygen as gas

carrier. After spraying, the temperature of the hot plate is kept at 450 ◦C for 20

minutes, followed by slow cooling down of the plate to room temperature.

Mesoporous TiO2 layer : mTiO2 paste is mixed with ethanol with a TiO2 paste-to-

ethanol weight ratio of 1:10, 1:8 and 1:5. The substrates with compact TiO2 layer are

cleaned with oxygen plasma, then the mTiO2 solution is spin coated under ambient

condition. A 50 µL solution of mTiO2 in ethanol is dropped onto the substrate. Spin-

coating is then performed at 4000 rpm for 20 seconds. The sample is subsequently

transferred to a hot plate and heated at 85 ◦C for 5 minutes. After the solvent is

dried, the sample is heated up and sintered as follow: 125 ◦C for 5 minutes, 325
◦C for 5 minutes then 450 ◦C for 30 minutes. After sintering, temperature is slowly

cooled down to room temperature.

Surface modification of mTiO2 layer : 0.8 mg of MeO-2PACz and 0.4 mg of BPA

are dissolved in 5 mL of anhydrous THF. The 60 µL of solution is dropped on

mTiO2 layer then accelerated up to 4000 rpm, and spin coated for 20 seconds. The

substrate is dried on a hot plate at 60 ◦C for 5 minutes. After drying, the substrate

is spin coated again by 60 µL of THF and dried again at 60 ◦C for 5 minutes.

MAPI and composite film fabrication: The mTiO2 layer is cleaned with oxygen

plasma then moved into dry air box. The surface modified mTiO2 substrate is

moved into dry air box right after surface modification process. 50 µL of the MAPI

precursor solution is dropped on the mTiO2 layer. The following spin coating pro-

gram is used. Step 1: acceleration time 5 s, spin speed 1000 rpm, duration time 10
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s; step 2: acceleration time 2.5 s, spin speed 5000 rpm, duration time, 22.5 s. 200

µL of chlorobenzene is dropped when 15 seconds are left in the program. MAPI

layer is annealed at 100 ◦C for 5 minutes.

Hole and electron transporting layers for solar cell and unipolar devices: For the

fabrication of the SnO2 layer, purchased SnO2 solution is mixed with distilled water

as 1:6 volume ratio then sonicated for 10 minutes. This solution is spin coated

on ITO substrates under ambient at 3000 rpm for 30 seconds. Then the substrate

is dried at 180 ◦C for 30 minutes. For the spiro-OMeTAD layer, 92 mg of spiro-

OMeTAD is mixed with 44 µL of LiTFSI solution (520 mg LiTFSi in 1 mL of

acetonitrile), 36.8 µL of tBP and 1007.4 µL of chlorobenzene. This solution is

spin coated on MAPI layer at 4000 rpm for 30 seconds and dried under dry air

atmosphere at room temperature under ambient light. PCBM layer is fabricated by

spin coating of a PCBM solution in chlorobenzene (20 mg/1 mL) at 3000 rpm for

30 seconds. PEDOT:PSS is filtered with 0.45 µm syringe filter then spin coated on

ITO substrates at 3000 rpm for 30 seconds. Then the samples are dried at 120 ◦C

for 15 minutes.

2.3 Materials and Device Characterization

2.3.1 Crystallinity and morphology of films

Zeta potential is used to check ionic interaction on the surface of oxides in MAPI

precursor solution at room temperature using electroacoustic DT-1200 spectrometer

(Dispersion Technology, Inc., Quantachrome). MAI, PbI2, Pb(NO3)2 are dissolved

in DMSO with the oxide nanoparticles at 2 wt%. Salt is mixed with solvent first.

After all salt is dissolved under argon atmosphere, oxide particle is dispersed under

ambient atmosphere. Right after dispersion of oxide particle, the zeta potential is

measured under ambient atmosphere.

XRD is used to determine the crystal structure of the MAPI film. An X-ray diffrac-
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tometer (Empyrean Series 2, PANalytical GmbH) with a Cu Kα radiation energy

of 40 kV and a current of 40 mA are used. The samples were mounted in a domed

airtight sample holder (PANalytical) under argon atmosphere. XRD measurements

were performed by myself and by Helga Hoier of Department of Physical Chemistry

of Solids in Max Planck Institute for Solid State Research.

XPS is measured using Kratos Axis Ultra, Mon-ochromatic Al kα (hν = 1486.6

eV); survey scans PE 80, detail scans PE 20. The sample is moved from argon glove

box to XPS machine directly using an airtight sample holder without exposure to

air. XPS is performed by Kathrin Küster of Interface Analysis group in Max Planck

Institute for Solid State Research.

ICP-OES is performed by using SPECTRO CIROS. The intensity obtained from

measuring each line was compared to previously measured intensities of known con-

centrations of the elements, and their concentrations were then computed by inter-

polation along the calibration lines. The dissolved sample is introduced into the in-

ductively generated argon plasma via an atomizer system and excited. The emitted

radiation is transferred to the ICP spectrometer where it is split into the individ-

ual wavelengths and evaluated. The intensities of the spectral lines are measured

with CCD semiconductor detectors. Calibration is carried out with multi-element

solutions mixed from standard solutions or single-element solutions. ICP-OES is

performed by Samir Hammoud of chemical synthesis group in Max Planck Institute

for Intelligent systems.

DC Galvanostatic polarization is performed using a Keithley source meter (2634B)

under dark, and under argon conditions (oxygen < 15 ppm) or fixed iodine partial

pressure using argon as carrier gas. A constant current step is applied to the device

after equilibration of the resting voltage. The evolution of the voltage is recorded as

function of time. The current value is selected so that the measured voltage remains

below ∼ 50 mV.

Electrochemical impedance spectroscopy (or AC impedance) is measured using a

Novocontrol spectrometer with a 2-wire configuration in the frequency range between
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Figure 2.1: (a) DC polarization measurement and (b) Nyquist plot of the AC impedance
spectrum of a MAPI sample, both measured under argon in the dark.

1 MHz - 1 mHz, using an AC voltage amplitude of 20 mV (Figure 2.1).

Current-Voltage characterization of solar cells is performed under ambient condi-

tion, dark and upon illumination (1 Sun) using source meter (Keithley 2400) and

Xenon lamp (Oriel, USA). The cells are left at 0 V for 5 s, then a forward/re-

verse scan of the voltage is performed using a scan rate of 0.05 V steps and 0.1

s time delay. Measurements under dark and under 1 sun equivalent illumination

are recorded. From the measurement under light, the short circuit current density

(JSC), the open-circuit voltage (VOC), the fill factor (FF) and the PCE of the devices

are evaluated.

2.3.2 Iodine partial pressure measurement

Controlling the iodine partial pressure in the conductivity measurement was per-

formed following literature [33, 83]. Argon is flown in a quartz container with iodine

crystals. The quartz container is kept in a thermostat at a fixed temperature. The

iodine partial pressure is calculated based on the equilibrium pressure of iodine at

the thermostat temperature [84].
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2.4 Data analysis

Electronic (Reon) and ionic resistances (Rion) are extracted from the electrical mea-

surements and the corresponding partial conductivities are evaluated using:

σ =
1

R

L

Wl
(2.1)

where W is the total overlap between the electrode fingers in the interdigitated

structures, L is distance between the fingers and l is thickness of the MAPI layer.

Equivalent circuit models of the impedance spectra is fitted using Z-view. Detailed

evaluation of σeon, σion is described in reference [85] for the case of pristine MAPI.

Briefly, the high frequency feature of the impedance spectrum is used to estimate the

total conductivity σtot (due to both electronic and ionic charge carriers). As gold is

assumed to be ion-blocking in these devices, the electronic conductivity is extracted

from the long time scale behavior recorded in the DC measurement. The ionic

conductivity is then evaluated as σion = σtot - σeon. For the analysis of the impedance

of composite films or MAPI infiltrated in mesoporous structures, different analysis

was performed to account for the effect of blocking grain boundaries, constriction

in the pores etc. as described in detail in each section of Chapter 3.





3 Results and discussion

3.1 Modulation of ionically-generated space charge

effects at hybrid perovskite-oxide interfaces

via surface modification

Ionically-generated space charges forming at the interface of MAPI with alumina

were observed in previous work conducted by Kim et al. [82]. This finding has major

significance in the field of photovoltaics and, more in general, in optoelectronics, as it

emphasizes that not only electronic effects but also ionic effects are important when

determining the equilibrium situation at the interface of halide perovskite mixed

conductors with contacts.

It is important to note that such ionically-generated space charge effects are not

exclusive to alumina. As it will be shown in Chapter 3.4, similar behavior is ob-

served whenever MAPI is in contact with other materials that exhibit specific ionic

interactions.

An important question to consider is whether, given a certain contact phase, such

ionic interaction can be controlled and systematically varied at the sample prepa-

ration stage. Achieving modulation of ionic adsorption and exchange reactions at

interfaces is expected to impact the space charge formation and the charge dynam-

ics in devices. Ultimately, this could become a novel route towards optimization

strategies in optoelectronics.

35
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Surface modification is used in this study to investigate how it influences the for-

mation of space charges, with a specific focus on ionically-generated space charges.

Surface modification techniques are widely used for improving interfacial properties

in solar cell applications. In several instances, they are applied with the intention

of varying the electronic energy level situation and allow for better charge extrac-

tion, or charge carrier blocking etc. Fewer studies have considered such strategy in

the context of ionic interactions. For example, from Kelvin probe force microscopy,

Weber et al. suggested that anion vacancies localize at the interface between MAPI

and SnO2 [14]. Based on a report by Tumen-Ulzii et al., a fullerene derivative self-

assembled monolayer (SAM) can reduce such ionic interactions between SnO2 and

halide perovskites, resulting in a reduction of hysteresis in devices [86]. Their inter-

pretation is that the SAMs reduce the surface concentration of -OH functional group

on SnO2, which in turn reduces cation attraction at the interface. Their study fo-

cuses on the change in reduction of cation interaction at the interface between halide

perovskite and SnO2 when incorporating the molecular monolayer, however no di-

rect evidence of the reduced cation adsorption or of its effect on the interfacial space

charge was reported.

Surface modification via SAMs is used not only as ion blocking strategy, but also

for improving charge extraction and defect passivation [87–90]. However, to the

best of my knowledge, there has been no systematic study on how the use of surface

modifying molecules impacts the formation of space charges and the resulting charge

carrier redistribution. This is especially true with regard to ionically-generated space

charges.

This study aims to fill this knowledge gap by examining the effects of surface mod-

ification on ionically-generated space charges. The Al2O3/MAPI interface is used

as model system and the scheme outlining the hypothesis of this study is depicted

in Figure 3.1. I employ [2-(3,6-Dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic Acid

(MeO-2PACz) and Benzylphosphonic acid (BPA), organic molecules commonly used

for interface engineering in PSCs [91–95]. These molecules have a phosphonic acid
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group, which is expected to chemisorb on the alumina surface creating a stable

molecular monolayer [96–99]. As discussed in the introduction and in detail be-

low, the observed change in charge carrier behavior in the Al2O3/MAPI interface

can only be caused by an ionic interaction. The hypothesis in this study is there-

fore that changes caused by the surface modification of the oxide with the selected

molecular compounds affects primarily such ionic interaction between MAPI and

alumina. In principle, while these molecules can create a barrier for ion adsorption,

they are not expected to impede electronic charge carrier equilibration with the ox-

ide (electron can tunnel towards to oxide over such short distance). To remove such

uncertainty, the use of electronically insulating alumina allows one to disregard any

electronic effects and to focus solely on ionic interactions.

The first part of this chapter demonstrates the preparation of the surface modified

particles and examines the ionic interactions occurring on the alumina surface with

MAPI’s precursor components. Following this, the results of measurements of both

ionic and electronic conductivities performed on composite films where either Al2O3

or surface modified Al2O3 nanoparticles are embedded in a MAPI film at various

iodine partial pressures and temperatures are presented. Finally, the discussion

centers around the calculation of the space charge potential changes based on the

experimental findings.

Figure 3.1: (a) A sketch illustrating the ionic interaction blocking effect of organic
molecules on alumina, as well as (b) the molecular structures of MeO-2PACz
and BPA.
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3.1.1 Oxide surface modification and modulation of ionic

interactions

Since the composite films based on MAPI are fabricated via solution processing,

it is first of all necessary to determine whether the molecules used in this study

can be effectively anchored onto the alumina surface and withstand the exposure to

the relevant solvent (DMSO). To test this, Fourier-transform infrared spectroscopy

(FTIR) measurements are carried out on the alumina particles coated with the or-

ganic molecule. Alumina particles (< 50 nm) are immersed in a solution of either

MeO-2PACz or BPA in THF with a concentration of 1 mM for 24 hours (see also

Chapter 2). The particles are then washed with THF solvent, and FTIR measure-

ments are taken under Ar atmosphere. Subsequently, the particles are subjected to

an additional washing step using DMSO. This step is used to test the stability of

the molecule towards exposure to the solvent used in the MAPI precursor solution.

A second FTIR measurements on the same particles is then performed and the data

is compared in Figure 3.2. The FTIR spectrum of alumina with MeO-2PACz sur-

face modification exhibits distinct peaks when compared with the baseline referring

to the bare alumina. These include a peak at 1576 cm−1, which corresponds to

the asymmetric stretching of the ring with the methoxy group. Additionally, peaks

within the range of 1493 - 1436 cm−1 indicate the aromatic C=C in-plane stretch.

The stretching vibration of the carbazole ring is represented by peaks in the 1329-

1289 cm−1 range, while a peak at 1246 cm−1 corresponds to C-N stretching in the

carbazole group. Furthermore, absorption peaks at 1130 - 1174 cm−1 and 1040 -

1059 cm−1 can be attributed to the presence of P=O and P-OH functional groups,

respectively, which are associated with the phosphonic acid group. The BPA surface-

modified alumina revealed the presence of peaks at 1496 and 1452 cm−1, indicating

the presence of aromatic C=C bonds. Additionally, in the 1040 - 1250 cm−1 range,

absorption peaks associated with P-OH and P=O functional groups were observed

[100]. These tests confirmed that FTIR peaks from the organic molecules were still
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Figure 3.2: FTIR results of surface modified alumina following THF and DMSO washing

detectable even after DMSO washing, indicating that the molecules remained stably

anchored to the alumina surface.

In order to examine the effect of MeO-2PACz and BPA on the ionic interaction at

the surface of Al2O3 in MAPI precursor solutions, zeta potential measurements are

performed in a DMSO solution containing various salts such as MA+, Pb2+, or I−

(Figure 3.3). The zeta potential value of Al2O3 in the Pb(NO3)2 in DMSO solution

is tested for the different particles. This Pb(NO3)2 solution was previously used to

isolate the interaction of Pb with the alumina surface from more complex adsorption

mechanisms involving Pb-halide complexation [82]. The value of the zeta potential

for the alumina case is on the order of 40 mV, and it was found to decrease in the

case of surface modified oxide compared to bare Al2O3. The data indicate that the

presence of MeO-2PACz and BPA molecules reduces the adsorption of Pb cations

onto the alumina surface in this solution.

Further experiments are carried out with other precursor combinations. The zeta

potential value measured in the presence of PbI2 showed a value close to zero while

a negative zeta potential value is observed in the case of a mixed solution of PbI2
and MAI. As mentioned above, this discrepancy with Pb(NO3)2 can be attributed

to the complexation of Pb and I ions in the polar solvent [82]. As a result, the

zeta potential values in the PbI2, mixed PbI2 and MAI salt solutions are unreliable.

In any case, the use of zeta potential in suspensions of particles to estimate ionic
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Figure 3.3: The zeta potential measurements results that were obtained by dispersing the
oxide particles of alumina, surface modified alumina by MeO-2PACz and BPA
with a 2 wt% concentration within 0.5 M salt in DMSO solutions.

interactions in the solid state should be discussed with caution, given the difference

in the two environments.

Composite thin films were fabricated using spin coating methods. These films

consist of MAPI with embedded oxide particles. The alumina particles, whether

bare or surface-modified, were immersed in a precursor solution of MAPI (1.5 M

MAI and PbI2 in DMSO) with a nominal concentration of 0.8 vol% (see Chapter

2 for details). Such concentration was estimated to be large enough to result in

a measurable effect of the interfacial space charge on the conductivity properties

of the sample, but small enough not to cause significant blocking of mobile charge

carriers (see Appendix, Figure 1).

XPS measurements were conducted to gain further insights into the ionic interac-

tion between MAPI and both bare and surface-modified alumina (Figure 3.4). All

films were fabricated on SiO2 substrates. In the case of the Al2O3:MAPI film (re-

ferred to as A:MAPI below), an Al peak was detected, whereas no such peak was ob-

served for the MeO-2PACz-Alumina:MAPI (MeO:MAPI) and BPA-Alumina:MAPI

films. This striking difference indicates that the organic molecules fully cover the

surfaces of the alumina particles and further corroborates the FTIR results. Also a

shift in the oxygen peak was observed in the A:MAPI film, but not in the MeO:MAPI
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Figure 3.4: XPS measurements of MAPI, A:MAPI, MeO:MAPI and BPA:MAPI on SiO2

substrates. All composite films are fabricated with 0.8 vol% nominal concen-
tration of oxide particles in MAPI.

and BPA:MAPI films. In the MAPI sample, the oxygen peak is detected because of

the oxygen contamination (hydroxides, water etc.). For the A:MAPI case, the oxy-

gen peak is shifted because of the presence of the alumina particles. The MeO:MAPI

and BPA:MAPI samples showed no peak shift compared to MAPI, because organic

molecule are fully covered the oxides particles so that the contribution of alumina
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Figure 3.5: XRD results of MAPI, A:MAPI, MeO:MAPI and BPA:MAPI films. All films
showed MAPI tetragonal crystal structure without PbI2 which is degradated
product.

disappears. As for the C, N, Pb, and I peaks, no significant changes were observed

across the different samples. This is expected given the relatively small ratio of the

oxide particles, resulting in a low surface to MAPI bulk ratio that makes changes in

peak intensities due to interfacial effects difficult to detect.

Composite films were fabricated on alumina substrates with interdigitated Au elec-

trodes for conductivity measurements (see Chapter 2). Three different samples were

prepared: A:MAPI, MeO:MAPI, and BPA:MAPI, as well as a control sample con-

sisting of a MAPI film without any oxide particles. The crystal structure of the

MAPI and composite films on the alumina substrate with Au electrodes was analyzed

using XRD (as shown in Figure 3.5). All films displayed peaks that corresponded

to the tetragonal structure of MAPI, without significant PbI2 peaks, confirming the

absence of significant residue from the fabrication process or degraded MAPI prod-

uct. No peaks associated with oxide particles were detected, possibly due to the

dispersion of small particles (less than 50 nm) with a low volume fraction in films.

ICP measurements confirmed the presence of the particles in these films, indicating

their actual volume fractions of oxide. The estimated volume fraction of oxide was

found to be 1.6 vol% for both the A:MAPI and MeO:MAPI films. The BPA:MAPI
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Figure 3.6: The surface (above) and cross-sectional (below) SEM images of the following
are shown: (a) MAPI, (b) A:MAPI, (c) MeO:MAPI and (d) BPA:MAPI films
with 0.8 vol% nominal volume fraction.

film exhibited a higher volume fraction of oxide, the measured value is 1.8 vol%

which is higher than the nominal concentrations (0.8 vol%) in the precursor state.

The film morphology was checked using SEM (Figure 3.6). All films, including

the MAPI control, showed similarly sized crystals in the range of 180 - 200 nm.

The A:MAPI film showed enhanced roughness compared with the control MAPI

sample. This might be due to the tendency of the alumina particle to aggregate

within the film, giving rise to a slightly less homogeneous morphology. Interestingly,
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the composite films MeO:MAPI and BPA:MAPI exhibited reduced roughness in

comparison to A:MAPI film, which could be attributed to an improved dispersion

of the surface modified particle in the solution and in the film compared to the

bare particles (Figure 2 in appendix). Cross-sectional SEM images revealed that

MeO:MAPI and BPA:MAPI films are thicker an the A:MAPI and MAPI films.

3.1.2 Measurements of electronic and ionic conductivities

of composite films with surface modification

The electronic and ionic conductivities of MAPI, A:MAPI, and surface-modified alu-

mina:MAPI composite films (MeO:MAPI and BPA:MAPI) were investigated under

different conditions. All films are fabricated on alumina substrates with interdig-

itated Au electrodes as described in the previous section. The extraction of the

partial conductivities is described in detail in the Experimental methods section.

Figure 3.7 shows the impedance and the DC polarization measurements performed

in argon atmosphere (O2 < 10 ppm). The total conductivity (including both

electronic and ionic conductivity) of the sample is calculated from high and mid-

frequency features of the impedance spectra. By including the mid-frequency feature

in the estimate of σtot the ionic resistance related to the bulk and also to the grain

boundaries is accounted for in the evaluation [34].

The electronic conductivity of A:MAPI films is more than one order of magnitude

higher than that of MAPI under argon condition (Figure 3.8). This striking result,

i.e. electronic conductivity enhancement on addition of an insulating phase, is

due to heterogeneous doping by alumina and is consistent with previous reports on

these films as well as reports where alumina is embedded in a mixed conducting

host [82, 101]. Both MAPI and A:MAPI films exhibited similar ionic conductivities,

approximately 10−8 S/cm. This result suggests that, while the favorable interfacial

contribution to the electronic conduction is effective at this particle volume fraction,

the conductivity reduction expected from the depression in the ionic charge carrier
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Figure 3.7: The model that is used for AC impedance fitting. (a) standard circuit is used
for MAPI, A:MAPI films. Model (b) is used for MeO:MAPI and BPA:MAPI
films. The DC polarization curve and AC impedance measurement of (c, d)
MAPI (e, f) A:MAPI (g, h) MeO:MAPI and (i, j) BPA:MAPI film in argon
atmosphere.
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Figure 3.8: Electronic and ionic conductivity measurement results in Ar and different io-
dine partial pressure condition of (a) MAPI, (b) A:MAPI, (c) MeO:MAPI and
(d) BPA:MAPI films.

concentration in the space charge region is not evident. This may be due to the pres-

ence of percolating pathways for the ions, also consistent with the possible tendency

of alumina particles to aggregate (see Figure 3.6).

Interestingly, for the cases of MeO:MAPI and BPA:MAPI, the electronic and ionic

conductivities of the films decreased by more than one order of magnitude compared

to both MAPI and the A:MAPI films. This result already indicates that surface

modification of the insulator has significant repercussions on the electrical properties

of interfaces.

Further insights into the cause of such change in response are obtained by measur-

ing the conductivities of the samples at higher iodine partial pressure conditions.

Increasing the iodine partial pressure resulted in increasing of electronic conductiv-

ity for all samples, indicating that they all operate in a p-type electronic conduction
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Figure 3.9: Electronic and ionic conductivity values compared Ar and p(I2) = 17 nbar.

regime as based on their defect chemistry (see Chapter 1.1.2). On the other hand, in

all cases, the ionic conductivity underwent a relatively smaller change with varying

atmosphere. Values of the slope in the range of 0.03 to 0.21 were recorded for the

ionic conductivity of samples with increasing iodine partial pressure.

To extract information on the space charge characteristics of these films, the elec-

tronic and ionic conductivities in both Ar and at a pressure of p(I2) = 17 nbar are

compared (Figure 3.9). In the case of MAPI, the electronic conductivity exhibited a

change of approximately 60 times from Ar to p(I2), attributed to an increase in hole

concentration in the bulk resulting from defect reactions involving the incorporation

of iodine at the expense of an iodide vacancy, which give rise to an electron hole

(see Chapter 1.1.2). Such trend is consistent with previous defect chemical studies

of MAPI [33].

In contrast, for the A:MAPI composite, this change in electronic conductivity was

lower than for the MAPI case by nearly 60 times. Such reduced increase in electronic

conductivity on application of a high iodine partial pressure is due to the presence of

an inversion space charge under argon conditions. This inversion space charge at the

alumina and MAPI interface induces a large concentration of electrons within the

space charge zone compared to the bulk’s primary electronic charge carriers (in this

case, electronic holes) in Ar. However, this inversion effect is expected to disappear

when the iodine partial pressure is increased, increasing the hole concentration and
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Figure 3.10: Electronic and ionic conductivity measurement results in fixed iodine partial
pressure p(I2) = 17 nbar and temparature from 30 to 60 ◦C of (a) MAPI, (b)
A:MAPI, (c) MeO:MAPI and (d) BPA:MAPI films.

decreasing the electron concentration in the whole sample (including the interface).

In the MeO:MAPI and BPA:MAPI films, the electronic conductivity changed by a

factor of approximately 20 and 40, respectively. This change is therefore in between

the one recorded for MAPI and the one recorded for the A:MAPI sample. This ob-

servation can be attributed to a decreased space charge potential at the interface for

the composite films that include surface modification. Therefore, consistently with

the analysis of zeta potential results described above, such effect can be interpreted

in terms of reduced ionic interaction between MAPI and the alumina particles due

to the presence of the SAM. A similar analysis of the change in ionic conductivity

between the argon situation and the measurement under p(I2) = 17 nbar showed

approximately the same value for all samples.

As the iodine partial pressure is increased further in the system, the inversion
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Figure 3.11: The XRD measurements of MAPI, A:MAPI, MeO:MAPI and BPA:MAPI
after conductivity measurements of iodine partial pressure dependence and
Ea (after 326 days from first XRD measurement Figure 3.5). All film showed
clear MAPI tetragonal crystal phase without significant degradations.

regime due to the space charge present in the A:MAPI films is expected to disappear

completely. Further details regarding changes in the space charge potential will be

discussed in the next section (Chapter 3.1.3).

To verify the presence and the modulation of the interfacial space charge further,

the Ea of each film was also measured under a fixed iodine partial pressure, p(I2) = 17

nbar (Figure 3.10). In the case of MAPI, both the electronic and ionic conductivity

exhibited an Ea of approximately 0.3 eV. The A:MAPI film displayed a reduced

activation energy for electronic conductivity. This would be consistent with electrons

being still partially responsible for the electronic conduction in the film even at this

fixed p(I2) condition. On the other hand, the Ea for ionic conductivity remained

relatively similar. This observation could be result of incomplete coverage of the

MAPI grains by the alumina particles, allowing for ions to be transported through.

Regarding the MeO:MAPI and BPA:MAPI, both cases demonstrated an increased

Ea for both electronic and ionic conduction compared to A:MAPI. This suggests

the presence of a depletion layer for holes and iodide vacancies at the interface

between the oxide (with molecules on the surface) and MAPI, and the absence of
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any inversion effect.

All films showed good reversibility when p(I2) is lowered again, even though the

final reversibility test in argon highlighted a conductivity value that was slightly

lower than the original value under Ar. This suggests that there may be a slight

degradation of MAPI after measurement at high temperatures (the range 30 - 60
◦C is used). However, there was no clear PbI2 peak in the XRD obtained after

the measurement (Figure 3.11). Therefore, crystal phase is stable although there is

minor degradation potentially.

3.1.3 Interpretation of conductivities and space charge for-

mation

Based on the conductivity measurements of the films, the space charge potential

at the various interfaces can be calculated considering a simplified model. Figure

3.12 shows a qualitative scheme including space charge formation at the interface

between MAPI and alumina, and in the surface modified alumina case. As shown in

this figure the variation in concentration of all defects in proximity of the alumina

interface is reduced in presence of a molecule on surface.

To evaluate the value of the space charge potentials, different scenarios are consid-

ered based on the results above. According to such analysis, one can write for the

measured electronic conductivity (σm) of accumulated charge carrier as

σm = σ∞ + β`ΨaΩaλ exp
(Fdφ)/RT σn∞√

(Fdφ)/RT
(3.1)

where σ∞ denotes bulk conductivity, Ψa the volume fraction, Ωa surface-to-volume

ratio of oxide particles and λ the space charge width [44, 82]. β` is associated to

be 0.5 to indicating that particles enable partial percolation. Based on equation 3.1

and using measured electronic conductivity in argon condition, the bare alumina

and MAPI interfaces exhibit a space charge potential of approximately 840 ± 90

mV, approximately consistent with previous estimates [82]. However, in the case of
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Figure 3.12: Scheme of charge carrier concentration at the interfaces between alumina
and MAPI (A:MAPI, MeO:MAPI and BPA:MAPI) and MAPI bulk. Only
significantly mobile charge carriers are presented.

MeO:MAPI, the space charge potential is reduced to approximately 740 ± 40 mV

based on a similar analysis using the measured electronic conductivity under argon.

This reduction can be attributed to the presence of organic molecules on the surface,

which decreases the adsorption of Pb cations at the interface between alumina and

MAPI, resulting in a smaller space charge potential.

Since in BPA:MAPI films showed depletion of charge carriers under argon mea-

surement condition, equation 3.2 is applied to calculate space charge conductivity

[82]. In this equation, the σm is evaluated as the series of the bulk (σ∞) and the

interfacial (σSC) contributions.

σm =
1

1/σ∞ + 3Ψa(1/σSC)
(3.2)

The space charge conductivity σSC is calculated to be 2×10−12 S/cm.
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3.1.4 Conclusions

The possibility to modulate the ionically-generated space charge potential at the

interface between alumina and MAPI was investigated. A surface modification strat-

egy was developed where organic molecules containing a phosphoric acid anchoring

group were adsorbed on alumina, forming a chemical bond that is stable towards

exposure to the solvent used for the perovskite precursor solution. Examination

of the ionic interaction between bare alumina, MeO-2PACz, BPA surface-modified

alumina, and MAPI through zeta potential and XPS measurements on the surface

of alumina showed that the molecular sensitization successfully affects the whole

oxide surface. When the alumina surface is covered with MeO-2PACz and BPA, the

interaction between Pb cations and alumina is reduced compared to bare alumina.

The electrical response of composite films of bare and surface-modified alumina

in MAPI, along with a pure MAPI film as control sample was investigated. The

electronic and ionic conductivities were measured as a function of temperature and

for different iodine partial pressures. The inclusion of alumina nanoparticles within

MAPI resulted in an increased electronic conductivity at low iodine partial pressures

consistent with a previous report. It is attributed to Pb cation adsorption on the

surface of alumina and the formation of a space charge region where electronic

conduction dominates the electrical response through the interfaces between MAPI

and alumina. Such deviation from the behavior of MAPI tends to vanish for samples

with surface modified alumina.

Based on these measurements, calculations of the space charge potential at the

interface for the different composite films are carried out. Analysis of the conduc-

tivities using a brick-layer model resulted in an estimated for the space charge po-

tential at the interface between alumina and MAPI of approximately 840 ± 90 mV.

When MeO-2PACz is used to cover the alumina surface, the space charge potential

is reduced to around 740 ± 40 mV (approximately 3 orders of magnitude change in

each defect concentration at the interface compared with unmodified alumina). For
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BPA the calculated space potential is 160 mV. The larger reduction in the space

charge potential for the BPA case compared with MeO-2PACz is attributed to its

smaller molecule size. By creating a more compact monolayer, BPA molecules allow

the surface to be protected from ionic interactions to a larger extent.

The findings of this study suggest new tools for the design of devices that uti-

lize MAPI, particularly in the context of all PSCs where interface engineering is

commonly employed to enhance device performance. When employing surface mod-

ification techniques, it is crucial to consider not only how these molecules can alter

the energy level alignment between materials, but also how they may selectively

block or interact with specific mobile ionic defects, leading to modulation of the

space charge potentials at the interfaces. Furthermore, it has implication for the

design of molecules used as transporting molecular monolayer in that the size of

molecule and density of the monolayer play an important role in determining the

ionic interaction between halide perovskites and contact materials. Mastering such

effects could ultimately contribute to the development of more efficient and stable

halide perovskite based devices.
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3.2 Effect of surface modified mesoporous films

In the previous chapter, the investigation of space charge modulation with organic

molecules between alumina and MAPI has primarily focused on composite film con-

figurations. While composite perovskite structure have been utilized in perovskite-

based optoelectronic devices [102, 103], their application to state-of-the-art devices

is limited.

Within solar cell devices, mesoporous structures are commonly employed. In such

structures, the halide perovskite is infiltrated into a porous scaffold of charge trans-

porting or insulating oxide (e.g. TiO2, SnO2 and ZrO2). Of particular interest is the

case of conductive oxides, such as mesoporous TiO2 (mTiO2). mTiO2 has been ex-

tensively investigated in the field of dye-sensitized solar cells [104]. The utilization of

mTiO2 played a crucial role also in the initial breakthroughs of hybrid perovskite so-

lar cells [105–107], and its continued implementation remains a promising approach

for attaining devices with high PCE.

It is currently unclear whether the incorporation of mesoporous films in perovskite

solar cells leads to high-performance devices primarily due to enhanced interfacial

charge collection by enlarged surface area, or merely due to improved wetting and

optimal film formation when processing the perovskite film from solution [108–110].

To answer this question, improved understanding of the role of interfaces in the

charge carrier distribution and dynamics within halide perovskite in mesoporous

structures is required. In particular, because mesoporous structures have such wide

surface area, space charge formation is expected to have a significant impact on

the behavior of charge carriers and on device performance. Additionally, when the

pore size in these structures is small enough, interfacial effects on charge carrier

redistribution becomes more significant, leading to completely different conduction

properties compared to the bulk (Figure 3.13) [111]. This corresponding field is

known as nanoionics [112]. This is especially likely for cases where Mott-Schottky

situations are present, due to the relatively wide space charge regions forming in
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Figure 3.13: The effect of a space charge with width λ has very different consequences on
the charge carrier redistributions depending on whether such width is (left)
much narrower or (right) of comparable size with the characteristic size of the
system (nanoionics regime) (resued with permission from reference [111]).

this case (see Chapter 1).

As shown in the introduction section, the current understanding of interfaces in

halide perovskite devices, including the mTiO2/halide perovskite structure, primar-

ily revolves around electronic equilibrium [113, 114]. However, recent research con-

ducted by Kim et al. [82] has presented evidence suggesting that, when MAPI is in

contact with TiO2, it exhibits similar interfacial ionic effects as for the case of alu-

mina/MAPI (see Chapter 3.1). This observation implies that, at mTiO2 interfaces,

space charges may not be purely electronically-induced, but also ionic effects could

play a role. The validation of this concept could potentially bring about a "paradigm

shift" in the design of optoelectronic interfaces involving MAPI, and mixed conduc-

tors. By controlling the ionic properties of interfaces, a new parameter set could
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be introduced, thereby enabling device optimization. Therefore, comprehending the

space charge effects within porous structures is essential for revealing and controlling

ionically-generated space charge formation and optimal charge carrier dynamics at

the interfaces of halide perovskites.

In this chapter, the space charge at the MAPI interface with the electron trans-

porting mTiO2 is investigated. Initially, the film structure is optimized to measure

conductivity exclusively in the MAPI infiltrated in the mesoporous region. The use

of horizontal device structures for this electrical characterization requires processing

the perovskite layer in a way that avoids the formation of a capping layer, which

would otherwise affect the measurements.

Based on the electrical characterization of samples where MAPI is infiltrated in

mTiO2, the space charge behavior at the TiO2/MAPI interface is discussed, includ-

ing the possible relevance of nanoionic effects in this mesoscopic system (see Figure

3.13). Next, the surface of TiO2 is modified using the organic molecules MeO-2PACz

and BPA similarly to the previous chapter. This is done with the intention to mod-

ulate the ionic contribution to the space charge formation on the MAPI side of the

interface. In the final part, I discuss the interpretation of the results, based on a

simplified model of the mesoscopic system.

3.2.1 Film fabrication and surface modification

To assess the stability of MeO-2PACz and BPA on the surface of the mTiO2 layer,

FTIR analysis is conducted. The mTiO2 layer is fabricated on a sapphire substrate

using spin coating, based on the procedure outlined in Chapter 2. Following the

fabrication of the mTiO2 layer on the substrate, either of the MeO-2PACz or BPA

molecules are applied onto the TiO2 surface by immersing the substrate in a solution

containing the relevant molecule. Subsequently, the substrates are washed with

THF and DMSO and FTIR measurements are carried out within the glove box

environment (see Methods section for details).

In the case of MeO-2PACz on mTiO2, clear peaks corresponding to the organic
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(a) (b)

Figure 3.14: FTIR results of mTiO2 surface with organic molecule following THF and
DMSO washing.

molecules (C=C aromatic in plane stretching about 1490 cm−1 and C-N stretching

at about 1250 cm−1) are observed in the FTIR spectra after washing with THF and

DMSO (Figure 3.14). In the case of BPA, although there was no significant increase

in the intensity of the peak associated with the aromatic ring, a clear peak within

the range of 900 - 1400 cm−1 related with phosphonic acid group is observed. This

result confirms that the BPA is also successfully anchored to the surface of the TiO2

and is expected to remain stable during the DMSO solution processing.

In order to ascertain that the contribution of MAPI only is detected through elec-

trical conductivity experiments performed on horizontal devices structures, prelim-

inary control experiments without the MAPI phase are conducted and compared

with the electrical response of a MAPI film. To do this, MAPI, mTiO2, and mTiO2

films with surface modifications using MeO-2PACz and BPA are prepared on Au

interdigitated electrodes. The electronic conductivity of these films are measured

using DC galvanostatic polarization under argon at 40 ◦C, dark (appendix, Figure

3). Under argon conditions, the mTiO2, surface-modified mTiO2 layers with MeO-

2PACz, and BPA exhibited electronic conductivities on the order of 10−13 - 10−11

S/cm, while MAPI displayed conductivity on the order of 5×10−10 S/cm (Table

3.1). Under a fixed p(I2), the conductivity of MAPI increases by almost two orders
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Table 3.1: The measured conductivity of MAPI, mTiO2, and mTiO2 films with organic
molecule surface modification (MeO-2PACz and BPA) under dark at 40 ◦C in
Ar and p(I2) = 1.3 µbar (*MAPI in 0.2 µbar).
Film structure σeon (Ar) S/cm σeon p(I2) S/cm
MAPI (5.0 ± 0.4) × 10−10 (1.1 ± 0.2) × 10−8

TiO2 (4.2 ± 0.2) × 10−11 (2.3 ± 0.1) × 10−10

TiO2/MeO-2PACz (2.5 ± 0.1) × 10−12 (3.7 ± 0.1) × 10−11

TiO2/BPA (5.6 ± 0.1) × 10−13 (3.3 ± 0.1) × 10−13

of magnitude. The dependence of the conductivities for the control samples on p(I2)

is consistent with oxidation of the electron conducting oxide (for the mTiO2 case)

or the molecular sensitizer (for the mTiO2/MeO-2PACz case) by iodine. Very low

conductivity and minor dependence on p(I2) is observed for the mTiO2/BPA sam-

ple, possibly due to a lower photoinducex electron concentration due to the very

large Bg of the molecule.

This analysis has two important implications. First, it sets a lower boundary

to the conductivity values measured for the MAPI infiltrated mTiO2 system that

can be ascribed to the MAPI contribution, and for which the contribution of TiO2

or of the molecular monolayer can be safely neglected [115]. Secondly, it shows

that, in the presence of a capping layer of MAPI on top of the infiltrated layer

into mTiO2, the conductivity measurement in a horizontal configuration would be

significantly influenced by transport in the MAPI capping layer. Therefore, it is

necessary to make sure that a minimal capping layer forms during the preparation

step. When adopting a standard MAPI fabrication procedure, however, a capping

layer of significant thickness (in the order of 65 nm, see Figure 3.15) is obtained.

In order to reduce the thickness of the capping layer while maintaining the phase

stability of MAPI, the concentration of the precursor solution is optimized to 0.75

M, and a mixed solvent of DMF/DMSO was used (detailed information is provided

in Chapter 2). The optimized precursor solution was directly fabricated on an

Au electrode and on mTiO2 with and without surface modification (referred to as

mTiO2/MAPI, mTiO2/MeO/MAPI and mTiO2/BPA/MAPI).
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Figure 3.15: SEM cross section images of MAPI film that is infiltrated into mTiO2 scaffold
before film optimization. Approximately 65 nm of MAPI capping layer is
placed on top of mesoporous layer. The film cross section is prepared with
focused ion beam (FIB).

The SEM images in Figure 3.16 demonstrate the structure of the optimized films.

The cross-section image reveals a uniform MAPI layer formed on the Au electrode,

while the mTiO2 films, also with surface-modified by MeO-2PACz and BPA, exhibit

a porous layer of TiO2 infiltrated with MAPI. SEM-EDX analysis is conducted

to verify the penetration of MAPI into the porous TiO2 layer (Figure 3.17). All

samples, regardless of the surface modification of TiO2, exhibited well-penetrated

MAPI within the porous layer. An upper limit to the capping layer thickness of 20

nm is evaluated from the cross-section images. In the top-view SEM images, MAPI

crystals are clearly visible, confirming the presence of a very thin capping layer.

The crystal structure of the samples was examined using XRD (Figure 3.18). The

films exhibited peaks corresponding to the tetragonal structure of MAPI without

significant PbI2 peak. The MAPI film shows a small intensity PbI2 peak beside a

dominant signature from the MAPI tetragonal crystal structure.
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Figure 3.16: SEM images of the cross sections of the optimized mesoporous structure de-
vices fabricated on both Au and ITO substrates. The use of an ITO substrate
was implemented during the optimization process to mitigate the e-beam
charging effect observed in SEM imaging.
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Figure 3.17: SEM-EDX images of the cross sections of the optimized mesoporous structure
devices fabricated on ITO substrates.
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Figure 3.18: XRD spectra of MAPI, mTiO2/MAPI, mTiO2/MeO/MAPI and mTiO2/B-
PA/MAPI films on Au electrode.

3.2.2 Results of electronic and ionic conductivity measure-

ments

In order to investigate changes in the space charge potential of the different mTiO2

surface modified films with MAPI, electronic and ionic conductivity measurements

are conducted under Ar and different p(I2) conditions in the dark, using DC gal-

vanostatic polarization and AC impedance.

Before examining the effects of mTiO2 and surface modifications, it is necessary

to evaluate the conductivity of a control sample (MAPI without mTiO2) fabricated

with the optimized recipe (0.75 M, DMF and DMSO mixed solvents). The mea-

surement of such film is compared with that of a thicker perovskite layer fabricated

using a 1.5 M MAPI in DMSO precursor solution, which is used as control sample

in Chapter 3.1 (Figure 3.19).

In an argon environment, the ionic conductivity is very similar in the two films,

while the electronic conductivity of the optimized MAPI layer is lower by approx-

imately three-fold compared to the MAPI layer fabricated with a 1.5 M precursor

solution. Interestingly, under controlled iodine partial pressure, such difference dis-

appears. The difference observed in argon can therefore be ascribed to a slightly
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Figure 3.19: The results of electronic and ionic conductivity measurements on two types
of MAPI films: (a) MAPI films fabricated using a 1.5 M precursor solution,
as same as in Chapter 3.1 and (b) the optimized MAPI films specifically
prepared for this study. In both cases, the films exhibited electronic and ionic
conductivity in the range of 10−10 and 10−9 S/cm in an argon environment.
Furthermore, both films displayed similar behavior in conductivity changes
with varying iodine partial pressure.

different defect chemical situation under such non-fixed iodine partial pressure envi-

ronments for the two samples. The mismatch could also be due to a slightly different

contribution deriving from an inversion layer at the alumina/MAPI interface (see

Chapter 3.1), possibly caused by changes in ionic interactions with the substrate

for the two different fabrication procedures (e.g. different solvents and deposition

procedures used). In either case, the fact that the conductivity under fixed iodine

environment is similar indicates that the optimized procedure results in a MAPI

film that is comparable with previous studies [82]. This is therefore used as control

sample in the following.

The conductivities of mTiO2/MAPI, mTiO2/MeO/MAPI, and mTiO2/BPA/MAPI

are compared to the MAPI film. Figure 3.20 shows the impedance spectra collected

for these samples under argon. The data indicate significant variations in the spec-

tral shape, depending on the sample composition. When interpreting conductivity

measurements in mesoporous structured devices, the morphology of the films must

be taken into account. This is because the charge carriers flow through the infil-

trated MAPI layer in the pores between oxide particles (Figure 3.21). Structure and

morphology of the samples are of importance also when comparing the results with
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Figure 3.20: Equivalent circuit models,the AC impedance impedance spectra and fitting
results for (a) MAPI and (b) mTiO2/MAPI device. The impedance spectra
of mesoporous structured device are fitted with same model used for (b). The
AC impedance spectra and fitting result of (c) mTiO2/MeO/MAPI and (d)
mTiO2/BPA/MAPI. Their results are obtained under Ar at 40 ◦C.

the composite samples investigated in literature [82] and in the previous chapter.

Specifically, because the mTiO2 film is deposited and sintered before the deposi-

tion of MAPI, the interface between MAPI and the mTiO2 scaffold always presents

percolation paths between the two electrodes. Therefore, the MAPI phase in the

pores is also expected to percolate, connecting the two electrodes (note that this

is not necessarily the case in a composite system). The consequence is that, (i)

any carrier concentration enhancement occurring at the interface should always be

visible in the measured conductivity. Also, it implies that (ii) a depleted carrier

at the interface with mTiO2 would not lead to a significant drop in its measured
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Figure 3.21: The scheme for morphological impacts on charge carrier transporting in the
mesoporous devices.

conductivity, unless the depletion region is on the order of the pore size. Specifically,

within the distribution of pore size in the mTiO2, a large enough concentration of

pores with sizes on the order of the depletion width can lead to a measurable effect

in the samples electrical response. Evidence that this morphology effect may be

relevant to the measured samples is given by the presence of an additional feature

in the impedance measured for the mesoporous samples. Such feature is analyzed

in the AC impedance fitting model using an additional resistor and constant phase

element, referred to as Rbound and CPE (Figure 3.20 (b)). To assess the relationship

between Rbound value and morphological impacts, the capacitance value is compared

for each feature in impedance measurements. In impedance measurement of the

mesoporous structured device, the capacitance from the first semicircle (C1 or Cg)

exhibits an order of magnitude of 10−8 F/cm2, which are associated with the ge-

ometrical capacitance (bulk of MAPI film and substrate). In contrast, the second

feature yields a capacitance of 10−6 F/cm2, which could be attributed to the mor-

phological heterogeneity of the sample (constricting pores). The relevance of this

point to the interpretation of the data is discussed below.

When considering the first feature only for the evaluation of the total conductivity,

the ionic conductivity calculated in the mTiO2/MAPI film is on the order of ×0.4

lower than for the MAPI sample, a result that can be explained based on the volume

fraction of MAPI infiltrated into the pores (appendix, Figure 4). This suggests that

the first impedance feature may be dominated by the ionic conduction in the pores

that are large enough to exhibit a behavior close to the bulk case.

In the case of mTiO2/MAPI film, the electronic conductivity decreased according to

a factor of 0.67 compared with the MAPI-only film. As above, this could potentially
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Figure 3.22: Comparison of electronic and ionic conductivities of MAPI, mTiO2/MAPI,
mTiO2/MeO/MAPI and mTiO2/BPA/MAPI in argon at 40 ◦C.

be explained considering the expected porosity of mesoporous TiO2. However, a

different picture arises if one considers the ionic conductivity evaluated from the

total conductivity including the high frequency and the mid-frequency feature. Such

ionic conductivity decreased by an order of magnitude in the mTiO2/MAPI sample

compared to MAPI under Ar conditions (Figure 3.22). This decrease is interpreted

here as resulting from the large concentration of narrow pores in the sample that

induce either significant current constriction effects, or even depletion of the local

ionic defect concentration. Such resistance is not visible at high frequencies, where

ions mostly migrate within the large pores, but become evident at intermediate

frequencies.

Assuming that the ionic behavior is dominated by positively charged iodide va-

cancies, a similar depletion effect is expected to influence the electron holes in the

pores and should affect the electronic conductivity to a similar extent. As mentioned

above, however, the experimental observation indicates a mild drop in the electronic

conductivity in the mesoporous system. Such a value that is larger than expected

is explained when considering the formation of an inversion space charge on the

MAPI side at the interface between TiO2 and MAPI. Indeed, in such a space charge

situation, the concentration of iodide vacancies and electron holes on the MAPI side
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Figure 3.23: Scheme of charge carrier concentration changes depends on space charge
width (λ∗) in mesoporous structure (color code: grey MAPI; blue TiO2; yel-
low space charge region within MAPI).

decreases, while the electron concentration increases within the space charge zone at

the mTiO2/MAPI interface. As a result, interfacial electron conduction contributes

to the electronic conductivity, leading to a smaller decrease in electronic conductiv-

ity compared to the ionic conductivity when comparing MAPI in mTiO2 with the

MAPI control.

To summarize:

(i) the ionic conductivity drop in the mTiO2/MAPI sample compared with MAPI

could be attribute to the presence of small pores constricting the long range (pore-

to-pore) transport of ionic defects and to potential nanoionic effects.

(ii) the mild electronic conductivity decrease is a combined effect of volume fraction

and (inversion) space charge contributions (see discussion in Chapter 3.3.3).

In order to obtain detailed information on which charge carrier is contributing to

the electronic conductivity and on the region of ionic redistribution within the pores

(see Figure 3.23), the iodine partial pressure dependence of the partial conductivities

is measured (Figure 3.24) in the range of p(I2) between 12 nbar to 2 µbar. The MAPI

film shows increasing electronic conductivity when the atmosphere is changed from

Ar to 12 nbar of iodine gas pressure, with further increase when p(I2) is increased

up to 2 µbar. This is consistent with the electron hole concentration increasing on

iodine incorporation at high p(I2). On the other hand, the ionic conductivity is not

changed significantly by varying the p(I2). Based on this result, it can be concluded
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Figure 3.24: The results of electronic and ionic conductivity measurements on different
films, including (a) MAPI, (b) mTiO2/MAPI, (c) mTiO2/MeO/MAPI, and
(d) mTiO2/BPA/MAPI. Irrespective of the film morphology, all films ex-
hibited electronic conductivities are on orders of 10−10 S/cm in an argon
environment. The p(I2) was varied from 12 nbar to 2 µbar. Additionally, the
reversibility of the conductivity was examined (empty symbols) under both
p(I2) = 12 nbar and argon conditions.

that MAPI shows mainly p-type electronic conduction and that it operates in the

intrinsic regime under the specified conditions. Also, based on the slope of electronic

conductivity in different iodine partial pressure, the iodine partial pressure in Ar

measurement conditions is expected to be in the order of 10 pbar.

In the mTiO2/MAPI sample, a positive slope for the electronic conductivity vs.

p(I2) indicates p-type conduction in this iodine partial pressure regime. Impor-

tantly, under argon conditions, the electronic conductivity is very similar to the

value measured under p(I2)=12 nbar. This observation confirms the above hypoth-

esis, whereby electrons are significantly contributing to the electronic conduction at

very low p(I2) (argon) through an inversion space charge effect (Figure 3.24). Consis-
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tently, a slightly lower slope for the electronic conductivity vs. p(I2) is also observed

for the mTiO2/MAPI sample compared with MAPI. The samples where the mTiO2

is modified with either MeO-2PACz or BPA molecule show similar behavior to the

unmodified samples.

The positive slope for the p(I2) dependence of the ionic conductivity in these sam-

ples is not expected. In MAPI, this can be because of (1) oxygen effects (2) large

error in the conductivity estimate at high iodine partial pressure at p(I2) of 2 µbar.

Regarding (1), MAPI films are fabricated under argon condition, and the samples

were mounted into the measuring cell within glove box environment. Furthermore,

the oxygen partial pressure within cell during the measurement was estimated to

be < 10 ppm in this case. Under these conditions and based on previous studies

on this question, oxygen effects should be negligible. As for (2), since the electronic

conductivity is larger than the ionic conductivity at high iodine partial pressure,

there could be a large calculation error while extracting ionic conductivity from

total conductivity (σtot = σeon + σion). Indeed, at p(I2) lower than 2 µbar, the

ionic conductivity shows almost flat profile. In the device using a mTiO2 scaffold a

positive slope of ionic conduction at fixed iodine partial pressure is also observed.

Besides the above explanations, in this case additional uncertainty due to electronic

contribution to the mid-frequency feature could influence the evaluation and sepa-

ration of the ionic conductivity and lead to potential interference of the electronic

conductivity vs. p(I2) slope in the ionic conductivity trend.

In order to discuss the origin of the observed space charge behavior at the mTiO2/MAPI

interface, the ratio between the ionic or electronic conductivity measured under fixed

p(I2) and measured in argon is evaluated for all samples (Figure 3.25).

The electronic conductivity changes significantly from Ar to p(I2) in the MAPI

case, but not as much in the mesoporous structures. In particular, the sample MeO-

2PACz shows the same change in conductivity (within error) with the mTiO2/MAPI

sample, while for the BPA case, a slightly larger change is observed. These data pro-

vide evidence that: (i) the inversion effect discussed above occurs in mTiO2/MAPI



70 Chapter 3. Results and discussion

Figure 3.25: Comparison of (a) electronic and (b) ionic conductivities of MAPI and meso-
porous structured films measured in p(I2) = 12 nbar and under argon condi-
tion.

sample; (ii) surface modification with molecules of the TiO2 surface does not signifi-

cantly change such behavior. The latter point could be evidence that, because TiO2

is an electronic conductor, electronic equilibration at the mTiO2/MAPI interface is

dominant, compared to ionic adsorption effects. However, it is challenging to prove

that the molecules on the surface of TiO2 do in fact completely block ion adsorption.

The slightly larger value of σp(I2)/σAr observed for the BPA molecule, which might

form a more compact monolayer compared with the MeO-2PACz case, shows a trend

that could be consistent with the varying ability to block ion adsorption depending

on molecule size (see also Chapter 3.1). Also, the negligible change in behavior on

sensitization of the mTiO2 with MeO-2PACz points towards limited influence of the

change in pore size due to the adsorbed molecule. In order to validate the signifi-

cance of the observed change in electronic conductivity across samples, the change

in ionic conductivity is also shown (Figure 3.25), for which the changes among all

films are very small, as expected.

3.2.3 Interpretation of electronic and ionic conductivities

Based on the measured ionic conductivity of MAPI, mTiO2/MAPI, mTiO2/MeO/MAPI

and mTiO2/BPA/MAPI films in argon (Section 3.3.2), the expected space charge
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Figure 3.26: Calculated ionic conductivity of MAPI in mesoporous systems as function of
Wt for different [A′]. The calculation assumes 2Wd=Wt in order to predict the
conductivity value when the nanoionics regime becomes active. The measured
ionic conductivities for mTiO2/MAPI (red dash line), mTiO2/MeO/MAPI
(blue solid line) and mTiO2/BPA/MAPI (gray solid line) are showed as σm.
The yellow area indicates an estimated range of pore size in the mTiO2 film
used in this study.

width in the mesoporous structure is calculated. A very rough evaluation contem-

plates the quantification of the ’bulk’ within the pores that contributes to the ion

conduction with a value of conductivity σbulk,ion (measured for the MAPI case).

By neglecting the contribution of the depletion space charges and by considering a

simplified cylindrical symmetry of the pore, one can write for the measured ionic

conductivity (σm,ion) :

σm,ion = σbulk,ion × Pt ×
(Wt − 2Wd)

2

W 2
t

× 1

δτ
(3.3)

where Pt denotes porosity, Wt diameter of pore, Wd space charge width in the MAPI

on the surface of the TiO2, δτ constrictivity and tortuosity.

Figure 3.26 shows σnano,ion as function of Wt for different [A′] (concentration of ac-

ceptor dopants) compared to measured ionic conductivities in the samples described

above. When a pore size of 25 nm is considered, the measured ionic conductivities

in the mesoporous structure devices are lower than σnano,ion for [A′] = 1018 cm−3
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Figure 3.27: Results of (a) electronic and (b) ionic Ea measurements of MAPI,
mTiO2/MAPI, mTiO2/MeO/MAPI and mTiO2/BPA/MAPI films.

condition. This would indicate that the conductivity of these samples are limited

by regions that operate in the nanoionic regime. When considering higher dopant

concentrations (e.g. [A′] = 1019 cm−3), σnano,ion is smaller than measured ionic

conductivity, suggesting that the latter value can be due to conduction through

percolating pores that are not fully depleted. However, one needs to consider the

distribution of pore sizes in the system. It is possible that, for example, conduction

through larger but also smaller pore size than 25 nm is required for percolation.

Even when considering [A′] = 1019 cm−3, contribution from pores in the nanoionic

regime cannot be excluded.

The measured conductivity, and in particular the presence of a mid-frequency fea-

ture in the impedance spectra of the devices containing mTiO2, is likely to be a

combined effect of constriction and of (partial) nanoionic regime. For the case of

mTiO2/MeO/MAPI and mTiO2/BPA/MAPI samples also showed similar electrical

behavior in this frequency range. The actual pore size in these samples could be

smaller than mTiO2/MAPI sample because of the molecules’ presence on the oxide

surfaces although, as mentioned above, this may not be a significant effect.

Additional insights into the role of nanoionic effects can be obtained from Ea mea-

surement of the conductivities. The electronic and ionic activation energies are

measured under fixed iodine partial pressure (p(I2) = 11.5 nbar) (Figure 3.27). All
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mesoporous structures show an Ea for the electronic conductivity on the order of

0.62-0.64 eV. This value is slightly larger compared with MAPI (0.53 eV). This result

would point to the presence of significant depletion in most percolating pathways,

and therefore to nanoionic effects being of relevance. However, Ea of ionic carriers

in case of mesoporous films are decreased (0.2-0.4 eV) compared with MAPI (0.8

eV), a result that cannot be explained based on the proposed model.

3.2.4 Conclusions

This study investigated the nanoionic effects and the mixed ionic-electronic con-

ducting properties of mesoporous structures as well as the impact of surface mod-

ification on the ionic interaction at the interface between TiO2 and MAPI. The

fabrication of mTiO2 and subsequent surface modification were optimized to obtain

samples where conduction in MAPI within the pores of the mesoporous scaffold is

accessible.

The electrical response of mesoporous films, including bare and surface-modified

mTiO2 with infiltrated MAPI, as well as a control sample of MAPI thin film, was

examined. The electronic and ionic conductivities were measured at various tem-

peratures and under different iodine partial pressures.

The trend in electronic conductivities indicates the presence of a space charge re-

gion at the interface between TiO2 and MAPI that induces an inversion layer where

electrons become majority carriers. The decrease in ionic conductivity observed

upon infiltrating MAPI into the mTiO2 layer, was ascribed to a combined effect of

current constriction and the presence of pores where the nanoionic regime (com-

plete depletion of iodide vacancies) is reached. Assuming a pore size of 25 nm and

[A′] = 1018 cm−3 for mTiO2/MAPI, mTiO2/MeO/MAPI and mTiO2/BPA/MAPI

samples, such regime could be confirmed from a simplified model. Ea of electronic

conductivity seems to support such trend. On the other hand a decrease in the Ea

of the ionic conductivity is observed for the mesoporous samples, which could not be

explained on the basis of the proposed model and requires additional investigations.
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Based on the findings of this study, understanding of nanoionic effects is essential

in order to comprehend the space charge behavior within mesoporous structures of

halide perovskite-based devices. Furthermore, the data showed that heterogeneous

doping due to the oxide is not influenced by surface modification of conductive TiO2

to the same extent as it is for alumina.
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3.3 Impacts of ionically generated space charges

on MAPI in perovskite solar cells

This chapter presents the study of solar cell devices in the context of the interfacial

effects discussed in chapters 3.1 and 3.2. The use of oxide:MAPI composite films

as active layer of solar cells is explored, in order to verify the effect of space charge

regions and, potentially, distributed p-n junctions within the active layer of the

device. Secondly, the role of interfacial effects in MAPI infiltrated in mTiO2 is

studied, in relation to their influence on charge carrier redistribution and nanoionic

effects.

In the previous chapters, electrical measurements on horizontal device structures

have been presented. While such architecture is convenient for a careful character-

ization of mixed conducting properties of hybrid perovskites, most optoelectronic

devices of relevance to the field of this class of materials are based on a vertical

architecture (see Chapter 1). Therefore, the electrical properties in a vertical device

structure need to be discussed, also in order to analyze the performance of solar

cells that include composite and mesoporous structures.

Firstly, the role of the contact layers in the measurement of the electrical response

of vertical structures needs to be addressed. In horizontal devices, metal electrodes

can be deposited on the substrate before the deposition of the perovskite, allowing

one to fabricate devices where highly conductive electrodes are connecting the active

material to the measuring setup. In vertical devices, limitations in the processing

conditions need to be taken into account, implying that at least one of the contacts

is deposited on top of perovskite layer. Such restriction raises questions regarding

the analysis of the conductivity measurement on such devices. It is important to

clarify potential contributions of the contact material to the overall conductivity

of the device. Importantly, the conductivity may differ when the contact material

is investigated separately from the active material, in that space charges at the
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interface due to specific interactions could have a major influence on the vertical re-

sistance of the hole or the electron transport layer. More in general, the contact with

the hybrid perovskite, which is a mixed ionic-electronic conductor, requires under-

standing of the electronic, but also the ionic equilibration between the two phases.

The latter may involve ion adsorption effects, but also ionic exchange between the

materials [116, 117]. Such question is tested here for the most commonly used

hole transport material (HTM), 2,2′,7,7′-Tetrakis[N,N-di(4-methoxyphenyl)amino]-

9,9′-spirobifluorene (Spiro-OMeTAD). The implication of the iodine partial pressure

dependence of this HTM conductivity are discussed.

Next, the electrical characterization of vertical solar cell devices, following a similar

procedure as the one used in the previous chapters, is presented. Here, the focus is

clarifying the interpretation of DC and AC experiments that can be performed on

solar cells, in order to extract estimates of the ionic and electronic conductivities

in the perovskites. The role of the preparation conditions and of the contact layers

choice is discussed.

Based on such analysis of solar cells containing oxide nanoparticles and mTiO2

contact, the space charge effects investigated in the previous chapters are confirmed

also in the vertical structures. Finally, the solar cells’ performance are presented

and the influence of the interfacial effects, based on the comparison between devices

with either surface modified or unmodified oxides, are discussed in detail.

3.3.1 Iodine diffusion into organic contacting layer

This study investigates the nanoionic effects and the mixed ionic-electronic con-

ducting properties of mesoporous structures as well as the impact of surface mod-

ification on the ionic interaction at the interface between TiO2 and MAPI. The

fabrication of mTiO2 and subsequent surface modification were optimized to obtain

samples where conduction can occur in infiltrated MAPI.

The structure of hybrid perovskite solar cells commonly involves the contact of a

halide perovskite layer with one or more organic semiconducting layers. For exam-
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Figure 3.28: The molecular structure of Spiro-OMeTAD which is used in this chapter as
hole transporting organic layer in solar cell devices.

ple Spiro-OMeTAD, poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), and

Poly(2,3-dihydrothieno-1,4-dioxin)-poly(styrenesulfonate) (PEDOT:PSS) are among

the most used HTMs in the field significant. Iodine diffusion into organic layers has

been demonstrated when these materials are exposed to iodine vapor, but also as a

result of illumination of hybrid perovskite layer in contact with the HTM [118, 119].

Such results suggest that: (i) the properties of these organic semiconductors can be

changed on exposure to different iodine partial pressures; (ii) more interestingly, the

effective partial pressure provided by the halide perovskite, such as MAPI, could

modify the property of the contact material, already after deposition.

This section focuses on examining the conductivity of organic layer at varying iodine

partial pressures in order to gain insight into how it influences the conductivity

analysis of MAPI within the solar cell structures. The results will be then discussed

in relation to the expected doping effect of contacting an HTM with MAPI. The

hole transporting material spiro-OMeTAD (Figure 3.28) will be investigated here

and used also in the following sections in the study of vertical devices.

Spiro-OMeTAD layers are prepared with and without doping, as described in Chap-

ter 2. Two commonly used dopants for Spiro-OMeTAD in solar cell fabrication,

namely LiTFSI and tBP, are employed. LiTFSI is added as a p-dopant to enhance

the hole conductivity of Spiro-OMeTAD, while tBP is used to improve the morphol-

ogy [120–122]. The conductivity of these films is assessed under argon and under
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Figure 3.29: AC impedance measurements of (a) doped and (b) undoped spiro-OMeTAD
in Ar. The spectra in different p(I2) are showed in Figure 5 and 6 (Appendix).

different iodine partial pressures by AC impedance measurement. The measured AC

spectra and equivalent circuits used for the analysis are shown in Figure 3.29, 5 and

6 in appendix. Interestingly, the doped spiro-OMeTAD showed two features in the

impedance spectra, while the undoped sample’s response is well approximated by a

single semicircle in the Nyquist plot. One possible explanation for such behavior is

that, due to the strong doping, an interfacial depletion layer close to the Au contacts

is induced. Contribution from ionic species resulting from the dopants could also be

involved in the high frequency response. In the analysis that follows, the electronic

resistance (Reon) measured at low frequencies is extracted.

The electronic conductivity of the film is shown in Figure 3.30 for doped spiro-

OMeTAD (see Figure 7 for undoped spiro-OMeTAD results in appendix). This

film shows approximately an order of magnitude larger conductivity value than the

undoped film within the entire p(I2) range probed in the experiment. Both films

show an increase in conductivity when p(I2) is increased. A slope on this graph close

to 0.5 also suggests iodine doping of the HTM according to
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Figure 3.30: The electronic conductivity of doped spiro-OMeTAD in argon and different
p(I2).

Spiro−OMeTAD +
1

2
I2 → Spiro−OMeTAD+ + I− (3.4)

Interestingly, when the film of doped spiro-OMeTAD is measured under low p(I2)

again after the p(I2) measurement scan, the conductivity showed only partial re-

versibility. This indicates that the oxidation of spiro-OMeTAD by iodine is a very

favorable reaction, also consistent with the relatively high lying HOMO of this

molecule [119]. As a result, when spiro-OMeTAD is in contact with MAPI, the

iodine chemical equilibrium between these material can, depending on the initial

doping of the film, induce further doping and increased conductivity in the HTM

compared to the case before contact. Furthermore, such enhancement, which could

be more pronounced after the device is exposed to light and MAPI may tend to

excorporate iodine [123], is largely irreversible.

Another important observation is that the doped Sprio-OMeTAD shows conduc-

tivities in the order of 10−6 - 10−4 S/cm in the probed range of p(I2). Based on

the values of conductivity expected for MAPI and on the fact that the perovskite

thickness is generally greater the HTM film thickness, one can expect that MAPI

dominates the measured resistance in vertical device configuration (solar cell struc-

ture) under dark and close to equilibrium. This points towards the opportunity to

quantify partial conductivities of the hybrid perovskite within solar cell structures.
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3.3.2 Conductivity measurements: horizontal device vs. so-

lar cell device

This section aims to compare the properties of horizontal devices (MAPI deposited

on interdigitated electrodes on sapphire substrate) and vertical devices (solar cell

structure as well as single carrier devices). The use of different contact layer configu-

rations is explored to emphasize the role of interfacial resistances and recombination

resistances in the evaluation of the electronic conductivity in the perovskite.

Another important point to consider when investigating partial conductivities of

halide perovskites within solar cells, is that such devices are often fabricated under

inert gas conditions, but occasionally also in air or under controlled moisture condi-

tions. Such differences in preparation conditions are expected to have major impact

on the equilibrium defect chemistry of the mixed conductor.

To show the importance of these points, the electrical properties of an horizontal

device with a MAPI film fabricated under argon (MAPI (H)) are compared with

a solar cell device (MAPI (V)) fabricated using a standard procedure under dry

air. The solar cell structure here is FTO/cTiO2/mTiO2 (145 nm)/MAPI/spiro-

OMeTAD/Au. A detailed sample preparation procedure can be found in Chapter 2.

The comparison between these films fabricated with different structures and under

different atmospheres emphasizes the importance of these factors in the determina-

tion of the electrical properties of MAPI-based devices.

In Figure 3.31 (a) the MAPI (H) exhibits a significantly larger electronic conduc-

tivity compared with MAPI (V) (more than two orders of magnitude difference).

Since MAPI (V) is fabricated in dry Air atmosphere, it is expected to have higher

conductivities compared to the device that is fabricated under argon conditions.

This is because oxygen doping affects the concentration of electronic charge carri-

ers. Senocrate et al., showed the role of oxygen doping in MAPI under controlled

oxygen partial pressure. The result clearly shows that oxygen increases electronic

conductivity of MAPI under dark (see Figure 3.31(b)), possibly due to the reaction
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Figure 3.31: (a) The electronic conductivity of MAPI film in horizontal configuration fabri-
cated under argon atmosphere (MAPI (H)) and MAPI solar cell device (MAPI
(V)). (b) Electronic and ionic conductivity changes in different oxygen par-
tial pressure (p(O2)) in horizontal configuration (reproduced from reference
[124]).

V •
I +

1

2
O2 � 2h• +O′

i (3.5)

In the results shown in Figure 3.31 (a), this trend is not visible. Such apparent

contradiction is likely due to the difference in the contact configuration in the two

devices. While in the MAPI (H) device Au contacts allowing for effective hole

injection and extraction are used, in the MAPI (V) device asymmetrical contacts

with either selective hole blocking or electron blocking properties are used. This

means that recombination of electrons and holes is needed in the bulk of MAPI

or at the interfaces with the contacts to maintain a steady-state electronic current

through the device. If the resulting charge recombination resistance is larger than

the electronic transport resistance through the bulk of MAPI, the results in Figure

3.31 (a) can be explained.

To test this hypothesis, hole and electron only devices (HOD and EOD) are fab-

ricated through the same process described above (under dry air conditions). The

device structure of HOD is ITO/PEDOT:PSS/MAPI/spiro-OMeTAD/Au and EOD

is ITO/SnO2/MAPI/PCBM/Au. These devices include contacts that are either

good hole injecting/extracting materials (HOD) or good electron injecting/extract-
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Figure 3.32: The electronic and ionic conductivities of MAPI in unipolar devices (HOD
and EOD) devices that are fabricated (a) under air and (b) nitrogen.

ing materials (EOD). In addition, to verify the effect of oxygen doping, similar

devices fabricated under nitrogen atmosphere are also characterized (Figure 3.32

and Figure 8 in appendix). The hypothesis for such experiment is shown in Figure

3.33. The EF is closer to the valence band in the samples fabricated under dry

air conditions, due to oxygen doping. As a result, the energy barrier for electron

transport gets higher when MAPI is fabricated in air, while hole conduction should

be favored.

The HODs fabricated in air and nitrogen show an electronic conductivity of ap-

proximately 4×10−8 S/cm, regardless of the environmental conditions during prepa-

ration. Interestingly this value is much larger than the value recorded for MAPI (V)

in Figure 3.31, and even larger than the electronic conductivity measured for MAPI

(H). This result clearly indicates the importance of excluding the recombination

reaction between electrons and holes when evaluating the transport properties of

hybrid perovskites. The fact that the conductivity is larger by two orders of magni-

tude compared with the value obtained for MAPI (H) may be ascribed to the effect

of oxygen during the preparation. Because these samples are exposed to air after

the deposition of the hole or electron transport layer on top of MAPI before gold

top contact evaporation, and the preparation and characterization of the samples

were carried out in different laboratories (EPFL in Lausanne and MPI in Stuttgart,

respectively), it is not possible to exclude that, also for the samples in Figure 3.32
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Figure 3.33: The energy diagram of EOD and HOD consist of MAPI active layer fabricated
under (a),(c) air and (b),(d) nigrogen. Band bending of the contact material
is not considered here.

(b), exposure to oxygen of the MAPI layer has occurred.

The EOD devices exhibit a conductivity of approximately 2.4×10−8 and 1.3×10−7

S/cm when prepared under dry air or nitrogen, respectively. Such value would

suggest that, for these devices, the concentrations of electrons and holes are approx-

imately similar (assuming similar mobilities for the two carriers). The larger value

of the conductivity recorded for the EOD sample fabricated in nitrogen compared

with dry air would point to a less p-type character of the MAPI layer in this case.

Importantly, different degrees of permeation of oxygen may occur through the top

contact depending on material properties, explaining the different trends observed

for the HODs and EODs.

The large electronic conductivities in these devices imply a large error in the esti-

mate of the ionic conductivity. The values extracted for such parameter are on the

order of 3×10−9 S/cm for all samples. While the error is very large, this value is the

same order of magnitude as the values extracted from the analysis of MAPI (H) and

MAPI (V). This analysis suggests that, while a systematic analysis of the ionic con-
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ductivity may be easier to carry out for horizontal rather than vertical structures,

the use of the latter configuration still results in reasonable estimates and will be

used further in the analysis below.

3.3.3 Effect of composite film in solar cells

This section aims to compare the properties of horizontal devices (MAPI deposited

on interdigitated electrodes on sapphire substrate) and vertical devices (solar cell

structure as well as single carrier devices). The use of different contact layer configu-

rations is explored to emphasize the role of interfacial resistances and recombination

resistances in the evaluation of the electronic conductivity in the perovskite.

In Chapter 3.1, the study of the ionically-generated space charge forming be-

tween alumina and MAPI is carried out. Modulation of such space charge is pre-

sented through the utilization of organic molecules modifying the alumina surface

in A:MAPI composite films. Here, the focus lies in, first, investigating the effect of

using such composite as the active layer of a perovskite solar cell and comparing

the results to a control MAPI device and, second, verifying the effect of the surface

modification within the solar cell device.

Solar cell devices are fabricated using the procedure described in Chapter 2. Four

different active layer compositions are tested, similarly to the devices investigated

in Chapter 3.1. Based on the findings reported in the previous section, the elec-

tronic and ionic conductivities measured through DC galvanostatic polarization and

AC impedance measurement techniques for the solar cell devices are estimated and

shown in Figure 3.34 (b), where they are compared with the results obtained in

Chapter 3.1 (Figure 3.34 (a)).

In the solar cell configuration, the ionic and electronic conductivities are lower

than the values extracted for the horizontal devices. The two data sets, however,

highlight similar trends. While the overall electronic conductivity is very low for

the solar cells, based on the contribution of the recombination resistance, in both

vertical and horizontal devices, the A:MAPI composite exhibits the highest elec-
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Figure 3.34: Electronic and ionic conductivities of (a) horizontal and (b) solar cell devices
using MAPI, A:MAPI, MeO:MAPI and BPA:MAPI composite film as active
layer.

tronic conductivity. Also, in both data sets, the surface-modified alumina shows

much lower conductivity than the samples using unmodified alumina and slightly

lower conductivity than MAPI. This trend could be attributed to the formation

of a space charge at the interface between alumina and MAPI, which provides an

efficient pathway for electron transport at the interface between the two materials,

while most of the holes flow through the bulk material. Because of such inversion

space charge forming between alumina and MAPI, the electrons, which are major-

ity electronic charge carrier in the space charge zone, are transported close to the

interface with alumina, where they can percolate from one electrode to the other.

This not only increases the recombination of electrons and holes (lowering the re-

combination resistance) but also leads to the formation of a distributed p-n junction

within the bulk of the device.

To verify this picture further, the electronic conductivity of HOD and EOD device

with MAPI and A:MAPI composite active layer are compared (Figure 3.35). In

the pure MAPI active layer, because holes are majority charge carriers, HOD shows

slightly larger conductivities than EOD. However, the A:MAPI composite active

layer device shows the opposite trend. EOD of this active layer shows a factor of

2.3 larger electronic conductivity than HOD. This confirms the presence of electron
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Figure 3.35: Electronic and ionic conductivities of unipolar devices consisting of MAPI
and A:MAPI active layer fabricated in air.

conduction through space charge regions between alumina and MAPI. Based on

this result, it is reasonable to expect that the space charge zones are percolating in

MAPI layer from bottom (mTiO2 interface side) to top (spiro-OMeTAD side) also

in solar cell devices.

Consistently with the results in Chapter 3.1, the use of molecules on the alumina

surface provides a strategy to suppress the formation of such space charge, as indi-

cated by the similar values of conductivity measured for solar cell structures where

surface modified alumina is used in the composite active layer compared to the

MAPI active layer device. In other words, these devices are expected to have a

reduced distributed p-n junction character in the active layer compared to A:MAPI

composite device.

Next, the performance of these solar cell devices is measured under 1 sun equivalent

illumination and the relevant photo-conversion parameters are shown in Figure 3.36

and 3.37. The data associated with the forward and the reverse scan collected

during a current voltage measurements are included in the graphs. Compared with

the MAPI control device, the sample with A:MAPI composite as active layer shows

lower value of JSC , VOC , FF and overall PCE. This result indicate that the presence

of the distributed p-n junction is not beneficial to the working mechanism of the solar

cell. While such space charges could be expected to improve charge separation (holes

being transported in the bulk and electrons close to the interface with alumina) and
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Figure 3.36: JSC , VOC , FF and PCE of solar cells. The active layer of solar cells are MAPI
and composite films as A:MAPI, MeO:MAPI and BPA:MAPI with 0.8 vol%
oxides.

to lower recombination (electrons and holes are far from each other), these data

show that any such charge separation is not necessary, indeed it is detrimental to

the performance of the solar cell.

Interestingly, the surface modified alumina shows improvement of VOC and FF

compared to solar cells with A:MAPI active layer. This result, once again, is consis-

tent with a reduced ionically-generated space charge potential at the MAPI-alumina

interface. Furthermore, because such reduced space charge potential improves the

VOC and solar cell performance it also supports the hypothesis that the low effi-

ciency recorded for the A:MAPI solar cell is due to formation of such distributed

p-n junctions in the active layer, rather than due to the presence of the particles and

the different morphological properties of the active layer. The data suggest that, for

hybrid perovskites such as MAPI, having electrons and holes being uniformly trans-
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Figure 3.37: J-V curve of (a) MAPI, (b) A:MAPI, (c) MeO:MAPI and (d) BPA:MAPI
based solar cell in the 1 sun and dark condition.

ported within the bulk of the active layer is a more favorable strategy to improve

solar cell performance rather than having separated p and n conduction paths.

3.3.4 Effect of surface modified mesoporous oxide layers in

solar cells

In Chapter 3.2, the interfacial situation at the MAPI/mTiO2 interface was stud-

ied. Such study was also conducted for the cases with or without MeO-2PACz and

BPA molecules modifying the oxide surface. In this chapter, such investigation is

applied to solar cells in order to study the influence of the space charge region in

the infiltrated MAPI, as well as of surface modification, on the performance of these

devices.

First, in order to investigate the role of the MAPI infiltrated in the mTiO2 layer,

a mTiO2 thickness dependent study is performed. In this experiment, a device
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Figure 3.38: The cross section SEM images of different mTiO2 thickness devices. The
samples cross sections are prepared by FIB.

structure FTO/cTiO2/mTiO2/MAPI/spiro-OMeTAD/Au is used. The mTiO2 layer

was fabricated with different concentration of the TiO2 paste used. Details on the

procedure are described in Chapter 2. Figure 3.38 shows the SEM cross sectional

images of the devices, indicating the successful variation of the mTiO2 layer thickness

in the range between 0-200 nm. Beside the MAPI phase that is infiltrated in the

oxide pores, an additional capping layer of MAPI is present in all devices, with

thickness in the order of 200-270 nm.

The partial conductivities of these devices are measured using AC and DC mea-

surements and they are displayed in Figure 3.39. The J-V curve of this device is

shown in Figure 3.40. Interestingly, while the ionic conductivity extracted from such

series of devices is approximately unvaried, a decreased electronic conductivity is
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Figure 3.39: Electronic and ionic conductivities of MAPI based device with different thick-
ness of mTiO2 layer.

Figure 3.40: The J-V curve of mTiO2 layer thickness of (a) 0, (b) 100, (c) 145 and (d) 200
nm.

observed for increasing mTiO2 thickness. This result suggests that the presence of

a depletion space charge between MAPI and TiO2 is responsible for a significantly

lower conductivity of MAPI within the pores of the mTiO2 compared with pure

MAPI. This introduces a significant resistance in series with the capping layer resis-
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Figure 3.41: Electronic and ionic conductivities of MAPI based solar cells with, with-
out surface modification on mTiO2. ’mTiO2’ refers to mTiO2/MAPI de-
vice, ’mTiO2/MeO’ mTiO2/MeO2PACz/MAPI device, and ’mTiO2/BPA’
mTiO2/BPA/MAPI device.

Figure 3.42: Device performances of MAPI based devices with, without MeO-2PACz and
BPA on surface of TiO2. In the figures, ’mTiO2’ refers to mTiO2/MAPI de-
vices, ’MeO2PACz’ represents mTiO2/MeO2PACz/MAPI devices, and ’BPA’
denotes mTiO2/BPA/MAPI devices.
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tance and the recombination resistance, reducing the overall electronic conductivity

measured for the device when increasing the mTiO2 layer thickness.

Next, solar cells with unmodified and surface modified mTiO2 layers are compared.

A mTiO2 layer of thickness 145 nm is used for this experiment. The impedance

data collected under dark is used to extract electronic and ionic conductivity of the

devices. These are estimated to be 10−8-10−10 and 10−10-10−8 S/cm, respectively

(Figure 3.41). The high electronic conductivity in the mTiO2/MeO is probably due

to the fact that the molecule is a hole conductor and it is adsorbed on TiO2 that is

an ETM, which is likely to increase the recombination at that interface.

3.3.5 Conclusions

It was shown that vertical device structures can be used in the analysis of par-

tial conductivities of the mixed conducting active layer, provided that appropriate

contacts are explored. The control of the environment where the hybrid perovskite

is fabricated is crucial in the determination of the electronic conductivity due to

oxygen doping, consistent with previous studies.

Regarding the influence of space charge effects at the MAPI/oxide interface on

solar cell behavior, the findings reported in this chapter show that a distributed p-n

junction within a hybrid perovskite active layer is not an effective strategy to improve

photoconversion efficiencies of these devices. Specifically, the use of particles of

alumina, or other insulating materials that induce ionically-generated space charges

within composite films, significantly reduces the performance of devices compared

with the MAPI only control device. Surface modification with BPA molecules does

not affect significantly the electronic properties of the oxide surface that is modified

(electron transfer and equilibration between MAPI and the oxide). In the case of

alumina, BPA blocks (at least partially) the ionic adsorption and reduces the space

charge potential magnitude, with evident effects in the conductivities measured for

horizontal devices and in the solar cell performance.

Regarding the interface between MAPI and mTiO2, mTiO2 thickness dependent
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data show that the space charge forming at such interface may be very important in

reducing the hole concentration close to the ETM of the solar cell. The data show

that BPA modification does not modify significantly the space charge situation.

This could be because, for this oxide, ions are still able to reach the surface of the

oxide, or because the electronic equilibration between MAPI and mTiO2 has a major

contribution to the space charge equilibrium of this interface. Because BPA does

not change such equilibration significantly, the partial conductivities in horizontal

devices are comparable for the mTiO2 and mTiO2/BPA systems and the respective

solar cell efficiencies are also largely unvaried.

In order to clarify this question further, one could examine the electronic and ionic

conductivity changes on BPA surface modification of a charge transporting oxide

that has opposite electronic equilibration properties with MAPI, compared to TiO2.

Also, it would be useful to test molecules with larger size that do not have electron

blocking properties. In this way, the role of molecular size in the ion blocking ability

of the surface modifying molecule and in the photoconversion processes in solar cells

could be verified.
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3.4 Relating surface and electronic properties to

the ionic space charge formation between ox-

ides and hybrid perovskites

In the previous chapters, the influence of ionically-generated space charges was

investigated for composite films, mesoporous films and vertical device configuration

(e.g., solar cell structure), and alumina and titania were used as model contact

materials. The results emphasized the importance of the ionic interaction at the

interface between MAPI and the insulator alumina in the charge carrier redistri-

bution in MAPI close to its surface, an effect that can be modulated via surface

modification strategies. They also suggested that, in the case of an electronically

conducting oxide, such redistribution may result from a combined electronic and

ionic equilibration.

In this chapter, the study of ionic interactions on the formation of space charge at

the interface of MAPI with insulating or semiconducting oxides is extended to other

materials, aiming for a general understanding of these effects based on the contact

phases’ electronic and surface properties. Given the more accessible analysis of

composite films, this configuration will be considered for the investigation of the

electrical properties.

Ion adsorption phenomena in composite films including alumina have been reported

for systems involving several different ionic and mixed conductors [125, 126]. In

order to explore whether the observed ionically-generated space charge effects in

alumina:MAPI films is a phenomenon exclusive to alumina or a more general effect,

other insulators, such as silicon dioxide (SiO2) and magnesium oxide (MgO), are

investigated here. Films of MAPI and of Al2O3:MAPI are used as control samples

in this experiment. These oxide materials are selected based on their distinct surface

ionic interactions compared with Al2O3, as documented in the literature [127, 128].

Table 3.2 reports the points of zero charge measured for these oxides. Note that
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Table 3.2: Point of Zero-charge value of oxides that are used in this study [125, 126].
Oxide PZC Electrolyte
Al2O3 9 NaCl
SiO2 3 NaCl or KCl
MgO 12 MgCl2 + KCl
NiO 10 NaCl

these values are meant as rough estimates as they depend on surface crystallography.

Nevertheless, they show pronounced differences in the tendency of these materials

to interact with cations or anions in aqueous solution. The objective of this work

is to assess whether such difference in surface properties is reflected in their ionic

interactions with MAPI, within composite films. Insulating oxides are particularly

suited to answering this question due to fact that their electronic properties can be

excluded from the data analysis, allowing one to focus solely on ionic effects. In

addition Al2O3, SiO2, and MgO have been previously employed in solar cells, in

order to minimize surface recombination [129, 130], making their study potentially

relevant to device optimization.

A second question, which is of relevance based on the findings reported in the

previous chapters, concerns the interplay between ionic and electronic effects in the

determination of the space charge situation between MAPI and a semiconducting

contact phase. As shown in Figure 3.43, the sign of the space charge potential can

be easily predicted when these two effects are "pointing in the same direction". This

is for example the case of the TiO2/MAPI interface, where both electron transfer

from TiO2 to MAPI and cation adsorption on the surface of TiO2 would lead to a

space charge potential with the same sign (see Chapter 3.2). In situations, where

these two effects contribute in opposite directions, it can be difficult to predict which

effect would dominate.

Here, I focus on the study of the space charge situation at the interface between

MAPI and the hole transporting material nickel oxide (NiO). NiO is a commonly

used hole transporting material in perovskite solar cells [91, 92]. NiO has a work
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Figure 3.43: (a) Diagram of the energy levels of a contacting material and MAPI, before
contact. The difference in work function (φWF ) between the two materials
establishes an electronic contribution to the space charge potential. (b) The
expected sign of such potential, depending on different electronic and ionic
interactions between the materials.

function of about 5.3 eV. This means that its EF , lies at lower energies compared with

MAPIs, whose work function is in the order of 4.7 eV under common preparation

conditions. When NiO is in contact with MAPI, an accumulation of holes in a

space charge within the MAPI side of the interface would be expected (electronic

equilibration). However, the point of zero charge (PZC) of NiO is reported to be 10

(see Table 3.2), suggesting cationic interaction on its surface, similar with alumina.

This would induce the formation of a depletion of holes within a space charge in

the MAPI side. Clarifying the space charge situation at the NiO/MAPI interface

is an important aspect in the optimization of charge extraction and recombination
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performance in devices using such material as HTM.

3.4.1 Interaction of MAPI precursors at the oxides’ surfaces

In order to investigate the interaction between the selected oxides with ions in

MAPI, the zeta potential is measured in a DMSO solution containing various salts

(e.g. MA+, Pb2+, or I− ions). In the Pb(NO3)2/DMSO solution, Al2O3, SiO2 and

NiO shows similar Pb2+ interaction. On the other hand, MgO exhibited a smaller

zeta potential value, suggesting that Pb cations are adsorbed less on the surface

of MgO compared to others. This is in contrast with the very large value of PZC

recorded for MgO, the largest in this series of materials. This result already indicates

how specific interactions may be essential in the investigation of surface properties,

even in the solution case.

The measured zeta potential value in the case of particles immersed in a PbI2
solution decreases close to zero, while in the case of a mixed solution of PbI2 and

MAI, the zeta potential shows a negative value, possibly due to the complexation of

Pb and I (see also zeta potential experiment results in Chapter 3.1.1) [131]. In the

MAI case, a negative value is observed, indicating anion adsorption on the surface

of alumina. However, a previous study has shown that the adsorption of I anion

Figure 3.44: Zeta potential measurements of insulating oxides in the presence of various
salts. Each oxide is dispersed in solution with 2 wt% concentration.



98 Chapter 3. Results and discussion

does not occur when Pb cation is present in the solution using Pb(NO3)2 and KI salts

[82]. Additionally, based on previous studies of high ionic conduction in AgX:alu-

mina [125, 126] which show vacancy concentration enhancement on the surface of

alumina, it can be concluded that these oxides adsorb cations on the surface. These

results differ from the PZC values reported in the literature, likely due to differ-

ences in the salt and solvent used for measurement. However, in this study, DMSO

solvent, which is used for MAPI fabrication, and MAPI-related ion salts were used,

providing a more relevant context for the following conductivity measurement results

obtained.

3.4.2 Ionic interactions at the interfaces between insulating

oxides and MAPI

3.4.2.1 Composite film morphology and crystallinity

The MAPI and oxide:MAPI composite films are deposited on sapphire substrates

patterned with interdigitated Au electrodes using the sample preparation method

described in Chapter 2. The concentration of the oxide in the films are selected

by conducting preliminary conductivity measurements. Concentrations as low as

possible and, at the same time, large enough to ensure a measurable change in

conductivity (Figure 1 in appendix) are selected. The introduction of alumina and

silica particles in MAPI films at a concentration of 0.30 vol% showed an electronic

conductivity change within a factor of 2 compared with the MAPI film. On similar

nominal particle concentration conditions, the MgO:MAPI composite film shows

a more significant change of approximately one order of magnitude. Therefore, a

higher concentration of alumina and silica (0.80 vol%) is used, while MgO is used

with 0.30 vol% in the film fabrication.

The morphology of each film is examined using SEM imaging (Figure 3.45). The

crystal size of all films is between 100-200 nm. The Al2O3 and SiO2 in MAPI com-

posite films exhibited a rougher surface compared to the pure MAPI film, possibly
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due to some oxide aggregation within the film. The cross-sectional SEM images re-

veal that all films are approximately 200 nm thick and have been fabricated without

any noticeable voids or pin-holes.

Figure 3.45: The surface (above) and cross-sectional (below) SEM images of the follow-
ing samples are shown: (a) MAPI, (b) 0.8 vol% Al2O3:MAPI, (c) 0.8 vol%
SiO2:MAPI, (d) 0.3 vol% MgO:MAPI films. The concentration of oxides used
in the composite films is optimized at the nominal concentration.
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Figure 3.46: The XRD results of MAPI and oxide:MAPI composite films indicate that all
the films exhibit the tetragonal phase of MAPI, without PbI2.

The crystal structure is examined using XRD (Figure 3.46), and all the films ex-

hibited peaks corresponding to the tetragonal structure of MAPI without any PbI2
signiture, which could be a residue from the fabrication process or degraded MAPI

product. No peaks associated with the oxide particles are detected, possibly be-

cause the small particles (less than 50 nm) are dispersed in the MAPI film with a

low volume fraction of 0.3 to 0.8 vol%.

3.4.2.2 Results and interpretations of electronic and ionic conductivities

Figure 3.47 and 3.48 show the AC impedance and the DC polarization measure-

ments performed in argon and p(I2) = 3.5 µbar atmosphere, respectively. The total

conductivity (including both electronic and ionic conductivity) of the samples is

calculated from the high frequency features of the impedance spectra, which is as-

sociated with the bulk conductivity properties of MAPI (the capacitance of such

feature is in the order of C ≈ 10−8 F/cm2).

The films are subsequently measured under a fixed p(I2) environment, and their

change in conductivity is discussed here in terms of potential contributions to the

conduction due to the interfacial regions between MAPI and each oxide phase (Fig-
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Figure 3.47: Galvanostatic DC polarization curves (left) and AC impedance measurements
(right) performed on (a) MAPI, (b) Al2O3:MAPI, (c) SiO2:MAPI and (d)
MgO:MAPI films in Ar, dark conditions at 40 ◦C.
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Figure 3.48: Galvanostatic DC polarization curves (left) and AC impedance measurements
(right) performed on (a) MAPI, (b) Al2O3:MAPI, (c) SiO2:MAPI and (d)
MgO:MAPI films in p(I2) = 3.5 µbar, dark conditions at 40 ◦C.



3.4. Relating surface and electronic properties to the ionic space charge formation
between oxides and hybrid perovskites 103

Figure 3.49: Results of conductivity measurement in Ar and p(I2) = 3.5 µbar of (a) MAPI,
(b) Al2O3:MAPI, (c) SiO2:MAPI and (d) MgO:MAPI films.

ure 3.49). The MAPI film shows more than 2 orders of magnitude increase of elec-

tronic conductivity from Ar to p(I2) condition. This is consistent with the literature,

and the data presented in Chapters 3.1 and 3.2, and it is assigned to an increase in

the electron hole concentration. The alumina:MAPI composite film showed a less

pronounced increase in electronic conductivity, confirming the reproducibility of the

data in Chapter 3.1. In particular, under Ar, the electronic conductivity in this

film is an order of magnitude larger than MAPI, consistent with the formation of

an inversion space charge region at the interface between alumina and MAPI (see

Chapter 3.1). By increasing iodine partial pressure, this inversion effect disappears

and the electronic conductivity is increased by one order of magnitude due to the

hole conduction in the bulk of MAPI. The smaller increase of electronic conductiv-

ity from Ar to p(I2) condition compared with MAPI is therefore associated with a
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Figure 3.50: Capacitance results obtained from impedance measurement of (a) MAPI, (b)
Al2O3:MAPI, (c) SiO2:MAPI and (d) MgO:MAPI films. The capacitance
of each films is obtained in Ar and p(I2) = 3.5 µbar condition. When the
films are under p(I2) condition, the mid-frequency capacitance is changed.
This value could be considered as grain boundaries of MAPI or double layer
formation between MAPI and Au electrode layer.

combined effect, whereby electron conduction in the inversion layer decreases and

the hole conduction in the bulk increases when increasing the p(I2).

The electronic conductivity trend recorded for the SiO2:MAPI film shows similar

results compared with the alumina composite film, with an enhancement of a factor

of 5 between the argon and the fixed p(I2) condition. The absolute value of such

conductivity is however significantly lower than for the alumina composite, suggest-

ing that the morphology of the film may be less favorable for transport. This result

already confirms that the ionically-generated space charge effects demonstrated for

the MAPI:alumina system is not unique to the properties of alumina, but they are

a rather general aspect which needs to be considered wherever ionic interactions are
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Figure 3.51: The activation energy for electronic and ionic conductivity of an MgO:MAPI
film. The measurement is performed under iodine partial pressure condition
(p(I2) = 3.5 µbar).

expected.

The estimate of the ionic conductivity of the SiO2:MAPI composite film under ar-

gon leads to a similar value as the one extracted for MAPI. When considering the

high-frequency semicircle of the impedance spectrum to evaluate the total conduc-

tivity of the film also in the fixed p(I2) situation, the extracted ionic conductivity

is larger by 2 orders of magnitude compared with the argon case. This result is not

very likely, in that such change in ionic defect concentration would occur only if

the sample are in the P or N region. If that is the case, the electronic conductivity

would be expected to be much larger than the measured value, given the difference

in charge carrier mobility between the ionic and the electronic defects. The observed

change in impedance may be explained considering that electronic conduction may

dominate the whole response of this composite films (Figure 3.47 and 3.48), whereby

the high-frequency and low frequency features may be associated with conduction

within the grains and the contribution of grain boundaries, respectively. For an

accurate ionic conductivity extraction, further measurements under lower iodine

partial pressure or examination of different oxide particle concentrations would be

required.

The measured electronic conductivity of MgO:MAPI composite is 10−10 S/cm un-
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der argon, significantly lower than for the MAPI case and for the other composite

films. The ionic conductivity of this film is also lower compared with MAPI films,

by a similar factor. This result may be explained based on two non-exclusive hy-

potheses: (i) blocking effect of insulating MgO particles could decrease both partial

conductivities by a similar amount; (ii) the presence of an ionically-generated space

charge at the MAPI/MgO interface, of lower magnitude compared with alumina,

would not result in an inversion layer but rather only to depletion of holes and io-

dide vacancies. When the MgO:MAPI film is measured under fixed p(I2) condition,

the electronic conductivity increased by a similar factor as for the MAPI film, while

the ionic conductivity is not changed compared to the argon condition. These ob-

servations are consistent with both (i) and (ii) above. In order to ascertain which

effect is dominant, the activation energies of the electronic and ionic conductivity are

measured for this sample (Figure 3.51). The Ea of electronic and ionic conductivity

showed values of 0.43 eV and 0.25 eV, respectively. The electronic activation energy

showed a value similar to MAPI (see Chapter 3.1 and 3.2). However, the Ea for ionic

conductivity showed a smaller value compare with the expected value of a MAPI

film. Because the extraction of the electronic conductivity in these systems is more

reliable (it is a direct measurement), we focus on the fact that Ea,eon is unvaried

in the composite film compared to MAPI. This finding points towards hypothesis

(i), whereby blocking effects simply hinder the transport of charge carriers, with no

evident contribution from space charge effects. It is important to note that, if ionic

and electronic charge carriers are able to percolate through the film, without having

to travel close to the particles, the presence of a depletion layer in proximity of MgO,

which is however less pronounced than for the alumina or silica case, cannot be fully

ruled out.
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3.4.3 Ionic vs Electronic contributions to space charge for-

mation - NiO:MAPI composite films

3.4.3.1 Film morphology and crystallinity

Films of MAPI and NiO:MAPI composites are fabricated on Au patterned sapphire

substrates following the procedure described in Chapter 2. The SEM images depict

the MAPI film and the NiO:MAPI composite film with a NiO concentration of 0.30

vol% (Figure 3.52). The NiO:MAPI film exhibits relatively smaller crystal sizes

compared to the MAPI film. However, the surface morphology and film thickness

appear to be similar in both films.

The crystallinity of the films is examined using XRD (Figure 3.53). The XRD

analysis confirmed that the MAPI film exhibited a tetragonal phase without any

clear PbI2 peak. Similarly, the NiO:MAPI film showed the tetragonal MAPI phase.

However, the NiO peak is not visibly detected in this film, which is attributed to

the low concentration of small particle NiO (approximately 18 nm), which may be

below the detection limit of the XRD technique.

Figure 3.52: Surface (above) and cross-section (bottom) SEM images of (a) MAPI film,
(b) NiO:MAPI with 0.30 vol% nominal concentration composite film.
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Figure 3.53: XRD of NiO nanoparticle powder, MAPI and NiO:MAPI composite films.

3.4.3.2 Results and interpretation of electronic and ionic conductivity

measurements.

First, the electronic and the ionic conductivity under argon for different (nominal)

volume fraction of NiO in MAPI composite films are measured (Figure 3.54). The

NiO volume fraction was varied in the range between 0.02 to 3 vol%. The electronic

conductivity results show an increase of about one order of magnitude (from 2×10−9

to 2×10−8 S/cm) in this volume fraction range. Interestingly, such increase is visible

already in the low NiO concentration range (0.02 vol%), and it is approximately

linear up to the maximum concentration explored here (3 vol%). Because NiO has

a large conductivity, these data cannot simply be interpreted in terms of interfacial

effects on the MAPI side, as it has been done for the insulating oxide and also the

mTiO2 case in the previous chapters. Understanding whether its origin is related

with space charge effects at the interface between MAPI and NiO, rather than simply

being due to the contribution of highly conductive path of NiO in the film, requires

a careful analysis of the data.

In Figure 3.55 five possible scenarios are illustrated: (a) shows a situation where

electronic equilibration dominates the charge carrier distribution between NiO and

MAPI. This equilibrium will induce an accumulation space charge large at this
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Figure 3.54: Ionic and electronic conductivities measured for NiO:MAPI composite films
under argon at 40 ◦C as a function of the NiO particles nominal volume
fraction.

interfaces, resulting in an enhanced conduction of holes and iodide vacancies through

this space charge zone (hole conduction through the NiO particles is also possible

here); (b) is similar to (a) but the space charge regions induced by the particles

do not form percolating pathways; (c) shows the case where an ionically-generated

space charge forms due to cation adsorption on the surface of NiO, leading to the

formation of an inversion layer (at p(I2)) where electrons can percolate; (d) shows

the case where no significant space charge is formed and NiO is simply contributing

to the electronic conductivity of the film through percolating paths; (e) is similar to

(d) but without percolation of the particles.

The linear increase in electronic conductivity with particle content shown in Figure

3.54 is potentially consistent with all five scenarios discussed above. However, one

important observation is that the ionic conductivity does not change when the NiO

particles are included in the film and their volume fraction is increased. This obser-

vation implies that ionic charge carriers (iodide vacancies) are transported predom-

inantly by MAPI, rather than in NiO or at NiO/MAPI interfaces. This observation

excludes scenario (a).

To test whether and what kind of a space charge forms at the interface between

MAPI and NiO, the conductivities of a MAPI film and a NiO:MAPI film are mea-
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Figure 3.55: Hypothesis about charge carrier conduction in NiO:MAPI composite films.
(a) The accumulation space charge is formed at the interface between
NiO/MAPI. (b) Same as (a) but without percolation of NiO in MAPI. (c)
Inversion space charge formation between NiO and MAPI. (d) Only percolat-
ing of NiO for electronic transfer. (e) Same as (d) but without percolation.

sured under different iodine partial pressure conditions. Under Ar conditions (very

low iodine partial pressure), NiO:MAPI exhibited a factor of 8 higher electronic con-

ductivity compared to MAPI, while both films showed similar ionic conductivity.

At high iodine partial pressure (p(I2) = 4.6 µbar), both films exhibited similar ionic

conductivities compared to the Ar conditions (approximately 10−8 S/cm), while both

electronic conductivities increased by approximately a factor of ×100. This result

indicates that both films are operating in the p-type conducting regime, suggest-

ing that no inversion is present in proximity of the oxide’s surface, hence excluding

scenario (c). Although the NiO:MAPI film still showed slightly higher electronic

conductivity, the difference between the two values decreased (approximately a fac-

tor of 2). Based on this analysis, such larger conductivity could be due to a direct

contribution of the oxide particles to the conduction of holes in the films (Figure 3.55

(d) or (e)), or to a non-percolating accumulation space charge largeat the MAPI:NiO

interface (Figure 3.55 (b)) .

Upon increasing the iodine partial pressure to p(I2) = 17 µbar, a slight decrease in

ionic conductivity and an increase in electronic conductivity are observed for MAPI

compared to the measurement at lower iodine partial pressures. Note that there is

a large error in the estimate of the ionic conductivity under such conditions, where

electronic conduction dominates the electrical response of the sample.

Interestingly, the NiO:MAPI case exhibited slightly higher ionic conductivities com-
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Figure 3.56: Ionic and electronic conductivities measured for MAPI and NiO:MAPI thin
films in argon and at different iodine partial pressures.

pared to MAPI, while its electronic conductivity is lower than for MAPI under these

conditions. The results seem to suggest that, the factor allowing for the NiO:MAPI

film to possess a larger electronic conductivity than MAPI at low p(I2) is no longer

active when the films are measured at high values of p(I2). Below, I discuss this result

further, based on measurements of pure NiO. Upon returning to an Ar atmosphere,

both films demonstrated reversibility in their conductivity behavior, confirming that

the films are measured within their reversibility window.

The Ea of both films is measured at a fixed p(I2). It is found that NiO:MAPI

film exhibited a lower Ea for electronic conductivity than MAPI, while the ionic

conductivity showed the opposite trend. If these changes were solely caused by

space charge effects (as per scenario (a)), a similar change would be expected for

both ionic and electronic conductivity upon inclusion of the NiO particles, because

holes and iodide vacancies would be similarly affected by an interfacial space charge.

However, based on these results, it is clear that NiO facilitates the transport of

electronic charge carriers within the composite and no percolating accumulation

space charge is present for the ionic charge carriers.

In terms of ionic conductivity at low temperatures, both MAPI and NiO:MAPI

films showed similar values (4×10−6 S/cm). However, at high temperatures (e.g.,

60 ◦C), NiO:MAPI exhibited a higher ionic conductivity compared to MAPI by a

factor of 2. When measuring the sample at the lowest temperature again, irreversible

behavior is observed, indicating possible irreversible reaction with iodine at high
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Figure 3.57: Activation energy measurement result of (a) MAPI and (b) NiO:MAPI at
p(I2) = 0.7 µbar

temperatures. This reaction increases the hole concentration in the NiO under high

temperature exposure to iodine containing gas. While there is no clear explanation

for the ionic conductivity increase in the sample, this observation may be the result

of the formation of a hole and iodide vacancy accumulation layer at the NiO:MAPI

interface on increase of the NiO work function (based on electronic equilibration at

the interface). Such increase in work function should however occur in MAPI too,

making this hypothesis not definitive. Note that when considering this irreversible

behavior, the activation energy associated with the electronic conductivity is reduced

further, while the one related with the ionic conductivity becomes similar (within

error) to the value extracted for MAPI.

To clarify the conductivity changes of NiO under higher iodine pressure and tem-

perature, a NiO pellet is pressed and its conductivity is measured under varying

iodine partial pressure and temperature conditions, following the same protocol as

the one described above. The conductivity of NiO remained relatively unchanged

up to a certain iodine partial pressure of p(I2) = 0.3 µbar. However, when the io-

dine partial pressure is increased to p(I2) = 5 µbar, the conductivity increased by a

factor of 4. Upon returning the sample to an argon condition, no reversible behavior

is observed. Furthermore, significant conductivity changes were observed when the

sample is subjected to multiple temperature scans while maintaining the same iodine
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Figure 3.58: (a) NiO pellet conductivity measurement in different iodine partial pressure.
(b) Ea measurement of NiO pellet at p(I2) = 0.7 µbar

partial pressure. The conductivity exhibited an activation energy of 1.74 eV during

the first transition from low to high temperature. Interestingly, when the sample is

returned to a low temperature, the increased conductivity is maintained, but with a

decreased activation energy ranging from 0.10 to 0.38 eV. This result confirms that

iodine gas can p-dope NiO at high iodine partial pressure and temperature, resulting

in increased conductivity, a process that is largely irreversible when returning to low

p(I2) values.

Finally, the product of the conductivity measured for the NiO pellet (approximately

10−7 S/cm) and the volume fraction of NiO particles used to collect the data in

Figure 3.58 supports the hypothesis that the NiO particles are largely responsible

for the conductivity observed in the composite films investigated here, while MAPI

may still assist in connecting the individual particles within the composite. Because

of the unchanged ionic conductivity up to 3 vol% of NiO in MAPI, scenario (d)

or (e) is the most likely. Furthermore, Figure 3.58 shows that when the composite

films electronic conductivity reaches the same order of magnitude as measured for

pure NiO at high p(I2), its value does not change as much. This indicates that

the particles may have a significant blocking effect once their conductivity is lower

than the MAPI host phase, pointing towards (d), as the most likely scenario (also

consistent with Ea measurements). Under this condition, a space charge potential
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on the NiO side is still possible to compensate for the difference in the materials’

work functions. Notably, the small size of the NiO particles could mean that these

are fully depleted from holes, assuming not too high background acceptor dopant

concentration.

3.4.4 Conclusions

In this chapter, space charge effects are investigated at selected MAPI:oxide inter-

faces, including insulating oxides (SiO2 and MgO) and p-type semiconducting NiO.

The electrical response of composite films was measured, in order to gain a gen-

eralized understanding of ionically-induced space charge formation in MAPI based

systems.

In the first part of the chapter, ionically-generated space charges are demonstrated

for SiO2:MAPI and MgO:MAPI composite films showing that such phenomenon

is not exclusive to alumina, but it is rather a general effect. SiO2:MAPI films

shows rougher morphology compared with MAPI, similar to alumina:MAPI com-

posite films. MgO:MAPI films show a smooth surface and smaller crystal size

compared with MAPI. The electronic and ionic conductivity measurements on alu-

mina:MAPI composite films reproduce the results presented in Chapter 3.1. The

electronic conductivity trend in the SiO2:MAPI film case follows similar behavior

as the alumina:MAPI, suggesting a similar cation adsorption process inducing an

ionically-generated space charge at this interface. The analysis of ionic conductivity

is more challenging due to the presence of multiple features in impedance spectra.

While when considering the high frequency feature for the total conductivity at high

p(I2) leads to an increased ionic conductivity in the SiO2:MAPI film with respect

to the argon case, it is possible that electronic conduction may dominate the whole

response, whereby the high-frequency and low frequency features may be associated

with conduction within the grains and the contribution of grain boundaries, respec-

tively. For an accurate ionic conductivity extraction, further measurements under

lower iodine partial pressure or examination of different oxide particle concentrations
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would be required.

In the MgO:MAPI film case, both electronic and ionic conductivity under argon are

decreased compared with MAPI. The electronic conductivity is increased by iodine

partial pressure increase in the system by a similar factor as for the MAPI case. This

suggests that, in this composite film, conduction occurs in the bulk of MAPI, and

some blocking effect by the insulating particles (MgO) partially hinders electronic

and ionic transport. No evidence for significant space charges at the MgO:MAPI

interface is recorded.

These results are more consistent with the zeta potential investigation carried out

in some of the electrolytes with similar compositions as the MAPI precursor solution,

while they show a very different trend compared with the literature point of zero

charge. This emphasizes the importance of specific interactions between surface and

ionic species at play when predicting anion or cation adsorption trends.

In the second part of this chapter, I examined the NiO:MAPI interface, as an

example where electronic and ionic equilibrium of the two contacting phase would

result in opposite signs of the interfacial space charge potential. Based on the work

function difference between NiO and MAPI, an accumulation of holes in the MAPI

side is expected when the two materials are put in contact, while based on the

oxides point of zero charge and zeta potential, depletion of iodide vacancies (and

therefore holes) would be expected. By increasing the NiO particle concentration

in the composite film, the electronic conductivity is increased compared with pure

MAPI, suggesting a major contribution of the oxide to the measured response. This

contribution becomes less evident and the opposite trend is observed when high

p(I2) are considered. Under such conditions, the conductivity in MAPI within the

composite is expected to be larger than in NiO. These results suggest good coverage

of the NiO particles around the MAPI grains. The Ea associated with the electronic

conduction in the NiO:MAPI film was lower than the same quantity measured for

MAPI, confirming that NiO forms percolating pathways for electronic charge carriers

in the film. Since the measured ionic conductivity is relatively constant across
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the investigated NiO vol% range, the absence of a significant space charge at the

MAPI:NiO interface is inferred. Finally, conductivity measurements performed on

a NiO pellet showed oxidation of the oxide under high temperature and high iodine

partial pressure condition, which could at least partially explain the irreversible

behavior observed for temperature dependent measurements of NiO:MAPI films.

These results show that no significant space charge at the NiO/MAPI interface

forms on the MAPI side within the investigated composite films. This could be due

to the contribution of electronic effects reducing ionic interactions (e.g. hole con-

centration in NiO may be comparable with iodide vacancy concentration in MAPI).

Possible hole depletion of the NiO particles would reduce such contribution, which

would suggest that no significant ionic adsorption occurs at this interface, despite

the large and positive zeta potential value in Pb(NO3)2 electrolytes.



4 Conclusions

This thesis represents a systematic study of ion redistribution at the interface of

MAPI with different contacting materials and its impact on space charge formation.

Composite films and mesoporous structures with direct relevance to optoelectronic

devices have been investigated, with special focus on the role of the contact material

surface properties and on the development of strategies to modulate the interfacial

interactions via surface modification using organic molecules. Testing of solar cells

was carried out to correlate the results on the ionic contribution to space charge for-

mation with device behavior and performance. The following main findings resulted

from my work:

• Embedding of alumina nanoparticles within MAPI results in enhancement of

electronic conductivity under low iodine partial pressures, which is interpreted

in terms of ionically-generated space charge effects at the interface between the

two materials, consistent with previous report from our group. The effect is

attributed to Pb cation adsorption on the surface of alumina and the formation

of an inversion space charge region.

• I have demonstrated that such effect can be reduced by modifying alumina

with organic molecules that bind chemically on the surface of the oxide. Re-

duction of the space charge potential from 840 mV for bare alumina to 740

mV for MeO-2PACz modified alumina and 160 mV for BPA modified alumina.

The trend between the two molecules is explained based on their relative size:

the smaller BPA forms a more closely packed monolayer on the oxide, pre-

117
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venting the adsorption of cation to a larger extent than MeO-2PACz. These

findings are supported by activation energy and zeta potential measurements.

The results show that controlling surface interactions with mobile ionic defects

is an effective strategy to modulate space charge potentials at interfaces.

• The presence of a space charge region at the interface between TiO2 and

MAPI was demonstrated for the case of mesoporous films infiltrated with

the perovskite. An inversion layer within the pores determines the electronic

conductivity under low iodine partial pressures. By assuming a pore size of 25

nm in mesoporous structure and an acceptor dopant concentration of [A′] =

1018 cm−3 for the MAPI samples, the results point towards nanoionics effects

being important in the analysis of these mesoscopic structures.

• Measurements of activation energy of transport support this results. These

results imply that accounting for nanoionics effects is essential in order to

comprehend the space charge behavior within mesoporous structures of halide

perovskite-based devices. Such space charge effects are less affected by surface

modification compared with the alumina case. This can be related with a

different adsorption mechanism of the molecules on the two oxides, or to a

dominant electronic equilibration contribution determining the space charge

equilibrium of MAPI with TiO2.

• The use of oxide:MAPI composite active layers in solar cell, also for the case of

surface modified oxides was tested. First, guidelines on the characterization of

mixed conductivity in vertical device architecture are established. The use of

spiro-OMeTAD as hole transporting material does not pose any limitation in

the measurement of the electronic conductivity of MAPI. Interestingly, from

the iodine partial pressure dependence of the conductivity of this hole trans-

porter, it is clear that equilibration with MAPI within common devices is ex-

pected with a possible increase in the doping level even in already doped films.

The study of conductivity and solar cell performance for solar cells including
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composite films confirms the presence of a distributed p-n junction within the

active layer. This is proven detrimental to the solar cell performance, possibly

because of the already sufficiently long diffusion length for charge carriers in

MAPI, making additional strategies for charge separation ineffective. Such

reduction in performance is partially mitigated when surface modification is

used, consistent with the conclusion above. Finally, mesoporous structure and

surface modification is studied. This result shows largely unvaried behavior of

the MAPI/TiO2 interface with or without the BPA modification, consistent

with the similar space charge expected for this material combination.

• The picture of ionically-generated space charge is generalized to SiO2 insulat-

ing particles, while MgO did not show any pronounced interfacial effect. These

results are in contrast with literature point of zero charge values emphasizing

the importance of specific interactions and possibly other effects related to film

formation and differences between solid and liquid state surface chemistry. In

addition to this, to extend knowledge to ionic space charge at the interfaces

between electronic conducting oxide and MAPI, hole transporting oxide NiO

is used. In NiO:MAPI composite films, the electronic conductivity is increased

compared with pure MAPI, while the ionic conductivity is largely unvaried.

This suggests a major contribution of the oxide to the measured response and

a negligible space charge forming at this interface. It was also found that high

iodine partial pressure may induce the oxidation of NiO, also contributing to

changes in the measured conductivity.

This thesis suggests new parameters for designing devices that utilize MAPI, possi-

bly applicable to other hybrid perovskite compositions. Especially, when employing

surface modification techniques, it is crucial to consider how surface modifiers block

ions or interact with specific mobile ionic defects, which could change the space

charge formation at the interface with MAPI. Understanding ionic space charge

effect could ultimately contribute to the development of more efficient and stable



120 Chapter 4. Conclusions

halide perovskite based devices.
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Appendix

Figure 1: Results of electronic and ionic conductivity measurements of MAPI,
Al2O3:MAPI, SiO2:MAPI and MgO:MAPI films. The composite films here are
fabricated with 0.3 vol% nominal concentration of oxides.
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Figure 2: Proposed morphology effects on conductivity of mobile charge carriers in MAPI,
A:MAPI, SAM surface modified A:MAPI.
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Figure 3: DC polarization measurement results of mTiO2 (a,b), mTiO2 with MeO-2PACz
(c,d), and BPA (e,f) surface modifications under Ar and p(I2) = 1.3 µbar. Mea-
surements were taken in the dark at 40 ◦C, with the respective current displayed
in each panel.
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Figure 4: Electronic and ionic conductivities in MAPI and mTiO2/MAPI films analyzed
by DC polarization and using the high frequency response of the AC impedance
measurement to evaluate the ionic conductivity. The changes in conductivities
between the two samples approximately match the porosity of the mesoporous
films.
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Figure 5: The AC impedance measurements of a doped spiro-OMeTAD horizontal device
in different p(I2).
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Figure 6: The AC impedance measurement of an undoped spiro-OMeTAD horizontal de-
vice in different p(I2).
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Figure 7: The electronic conductivity of undoped Spiro-OMeTAD in Ar and at different
p(I2). The conductivity is increased by increasing iodine partial pressure.
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Figure 8: The AC impedance measurements of HOD and EOD fabricated in air and ni-
trogen.
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Figure 9: The AC impedance measurement of HOD and EOD consisting of A:MAPI com-
posite active layer fabricated in air.
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