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Résumé

Les Pérovskites hybrides organique-inorganique (PHOIs) ont suscité d’intenses recherches au cours
des dernicres années. Dans cette thése, nous avons dans un premier temps mis au point les différents
processus de préparation des échantillons et réalisé une caractérisation compléte des films par
microscopie a force atomique, spectroscopie photo-¢électronique par rayons X, mesure du potentiel de
surface par sonde de Kelvin et mesure de la mobilité des charges par temps de vol. La distribution des
pieges a l'interface PHOI/Au a été étudiée via des mesure J-V-L en fonction de la température
combinées avec des simulations numériques. Les relaxations diélectriques dans les PHOIs, tels que la
migration des ions et [’orientation du dipdle du cation organique, ont été étudiés par spectroscopie
d’impédance en fonction de la température. Dans la derniére partie de cette thése, nous présentons une
étude originale qui démontre un mouvement des protons du groupement ammonium des cations
organiques a |’interface avec le PEDOT : PSS.

Mots clés : semi-conducteurs hybrides, effet d'interface, piéges, relaxations diélectriques,

spectroscopie d’impédance

Abstract

Hybrid-organic-inorganic perovskites (HOIPs) have provoked intense research over the recent years.
In this thesis, we contribute to this investigation by first examining the results of different solution
preparation processes, followed by characterizing the films using atomic force microscopy, X-ray
diffraction, ultra-violet photoelectron spectroscopy, X-ray photoelectron spectroscopy, Kelvin probe
surface potential measurement, and time-of-flight mobility measurement. The state distribution of the
HOIP/Au interface was then studied by low temperature J-V—L measurement combined with
numerical simulation. In the process of these characterizations, it became clear that the dielectric
relaxations in HOIPs, such as ion migration and organic cation dipole orientation, play an important
role in the material, and the next part of the thesis presents an analysis of these mechanisms with the
help of temperature dependent impedance spectroscopy measurement. These studies built the
foundations for the final part of the thesis, where we investigated a so far elusive subject in HOIPs, the
migration of protons.

Keywords « Hybrid semiconductors, interface effects, trap states, dielectric relaxation,

impedance spectroscopy

Unité de recherche : Laboratoire de I’intégration du matériau au systéme (IMS) — UMR
5218, et l'institut des Sciences Moléculaires (ISM) — UMR 5255
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Introduction

Hybrid organic-inorganic perovskite (HOIP) materials have drawn immense interest due to
the recent rise in their applications found in optoelectronic devices. Their use in solar cells
started in 2009 with a photoconversion efficiency of a few %, advancing to more than 20% in
less than 10 years.! The rate of increase is unprecedented amongst photovoltaic technologies,
making HOIP materials one of the most promising candidates for the next generation of solar
cells to solve the earth’s energy crisis (Fig. 1-1). Besides photovoltaics, applications in

3,45

photodetectors,” light emitting diodes, and lasers,”” have also been explored and shown

promising results.
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Fig. 1-1 NERL solar cell efficiency chart. The increase rate of HOIP solar cell efficiency is
remarkable compared to other materials and technologies. Figure adapted from ref 1.

HOIPs process a crystal structure belonging to the mineral group of perovskites, formed by an
inorganic framework and organic cations. The perovskite crystal structure, named after the
Russian mineralogist Lev Perovski, has the formula ABX3;, with A and B denoting two
different species of cations, and X an anion (Fig. 1-2 left). The A sites are 12-coordinated
while the B sites 6-coordinated, and the size of A is larger than that of B. With the A sites in
the interstices, the BX, forms a corner-sharing octahedral network,® which becomes distorted
from the cubic structure when the crystal assumes other crystalline phases, e. g., tetragonal,
orthorhombic, or thombohedral. For HOIPs, the A sites are occupied by organic cations such

as methylammonium (MA) or formamidinium (FA) ions, while the B sites are either lead (II),
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Introduction

tin (II), or germanium ions, and the X sites are generally halides (Fig. 1-2 right).

B= Pb?*, Sn?*, Ge?*

Fig. 1-2 Illustration of the perovskite crystal structure (left) and compositions of
commonly used HOIPs (right). For simplicity, the crystal structure is in the cubic
phase, while tetragonal, orthorhombic or rhombohedral distortions are also frequent in
perovskites.

HOIPs combine the advantages of both organic and inorganic semiconductors. The long
carrier diffusion length, low exciton binding energy, and low trap state formation in HOIPs
are desirable properties that are more typically found in traditional inorganic semiconductors.
On the other hand, low temperature (< 150 °C) solution processing of HOIPs is characteristic
of organic semiconductors. Admittedly, the jump-start of HOIP device fabrication is greatly
indebted to the existing technology of organic semiconductor fabrication processes. Examples
of the preparation of polycrystalline HOIP thin films are shown in Fig. 1-3. In the thermal
evaporation preparation of HOIPs, methylammonium halide and lead halide are evaporated on
top of the substrate simultaneously,” or sequentially.'’ Other evaporation methods such as
flash evaporation are also reported and show good film quality.'' Likewise, the solution
process of HOIP has improved in order to reproducibly achieve high quality films, from one
step spin-coating to stacking layer interdiffusion, and other advanced methods.'> The sample
fabrication procedure used in this thesis (Chapter 2) is a solution process due to its advantage

of low cost, fast processing, and easier extension towards large area production.



Introduction

Vacuum
Chamber

.

Sensor 1 Sensor 2

(! <

Substrates

Electrodes

Valve

~~
~—s
~,
~~.
~~.
~—
~~.
~~.
~~
~~.
~.

I
Organic Inorganic I
source source Power supply Vacuum pump

(c)

\ \ IEI
L3 -

—

. 2t «A jmm— 100 °C
AL
Perovskite solution Spinning Toluene Intermediate Dense and uniform
spreading dripping phase film perovskite film
4

«Pb
ecC Solvent % % % % %
N Hhladx 4
ol i, e T L TR, Y §T QR R PN

Substrate
Substrate

odg

Heat

Fig. 1-3 Examples of polycrystalline HOIP thin film preparation: (a), (b) Thermal
evaporation. (c), (d) Solution process. Figures adapted with permission form refs 9,
11, 13, and 14, respectively. Copyright 2013, 2014,2015 Nature Publishing Group,
2015 The Royal Chemical Society.

The above-mentioned preparation processes have been applied to the fabrication of HOIP
solar cells since Kojima et al. used a thin layer of CH3;NH;Pbl; to replace the dyes in
dye-sensitized solar cells (DSCs) in 2009." The so-called extremely-thin-layer (ETA) cells
achieved photo conversion efficiency of 3.8% but with poor stability due to the dissolution of
the HOIPs in the liquid electrolyte. Afterwards, the study by Lee ef al. showed that the
operation of HOIP solar cell is different from that of DSCs.'® They showed that the HOIPs
can conduct electrons to the anode without the help of TiO,, which is instead essential for a
functional DSC. Further study by Etgar et al. showed that CH3;NH;Pbl; can itself conduct
holes.!”” These discoveries paved the way to the construction of “mesoscopic” HOIP solar
cells, in which the hole transport material is not infiltrated into the TiO, scaffold or is

eliminated completely.'® Later developments showed that planar heterojunction HOIP solar
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. . . . . . 1
cells can also achieve comparable efficiency to mesoscopic devices, whether in the direct,"

20,21

or inverted structure. The structure evolution of HOIP solar cell is shown in Fig. 1-4.

(@) (b)

Direct

HTM
ETM

HOIP
absorber

Inverted

ETM

Mesoscopic TiO, HTM
scaffold

Fig. 1-4 Evolution of HOIP solar cell device architecture. From (a) extremely thin
absorber (ETA) cells, (b) mesoscopic structure, to (c) planar heterojunction. The planar
heterojunction can be further divided into direct (bottom electron transport layer), and
inverted (top electron transport layer) structure. Both mesoscopic structure and planar
heterojunction HOIP solar cells have been shown to exhibit high photo conversion
efficiencies.

Despite the apparent success in solar cell applications, some issues still beset HOIP solar cells.
HOIP solar cells are known to exhibit /-V curve hysteresis (dependence of characteristics on
scanning rate and direction), which hinders the correct estimate of the power output under
defined conditions.”” Also, the lack of stability is a major drawback for commercialization.
Improvements on these issues have been made over the years,”***>*® but they are far from

being resolved yet.

In terms of device physics, many aspects of the photo conversion mechanism remain unclear.
Generally, the operation of a solar cell can be classified into either excitonic or non-excitonic
(Fig. 1-5). One example of the former is the organic bulk heterojunction solar cell, with
exciton binding energy at the order of 1 eV. Silicon photovoltaic belongs to the latter, where
photogenerated electron—hole pair can be considered as free charges because the exciton
binding energy is less than the thermal energy at room temperature. The low exciton binding

energy of HOIPs suggests that the electron—hole pair should be akin to be free from each
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other.”” However, the simple dichotomy doesn’t seem to apply in this case, as D’Innocenzo
et al.® provided simulation results showing that at high photoexcitation, excitons become the
dominant species, and Zhu et al.*’ suggested that the formation of large polarons might play

a role in the charge separation.

(a) (b) (c)

Charge selective contact ETM

Cathode Cathode
N\ n-doped Si
Acceptor -
phase
’ Donor .\
EEED S p-doped Si
Anode Anode Charge selective contact HTM

Fig. 1-5 Charge separation in different kinds of solar cells. (a) Organic bulk
heterojunction solar cells. (b) Silicon p-n junction. (¢) HOIP solar cell. In (a),
electron—hole pairs from excitons, the separation of which is achieved by charge
selective contacts. In (b), the electron—hole pairs are considered as free carriers and
drift to cathodes and anodes. The charge separation mechanism for (c) is still under
debate.

Studies of traditional perovskites, starting as early as 1950, provide information about the
phenomenon involved in HOIPs. For example, CaTiOs and BaZrO; have been known to form
oxide defects, which serve as pathways for ion conduction.”’ Spontaneous formation of
domains of aligning electric dipole moments is also observed in perovskite crystals. This
property is called ferroelectricity as it is analogous to ferromagnetism, but the aligned dipoles

are electric ones.”> BaTiO; and PdZrO; are known to be representative ferroelectric materials.

In HOIPs, ferroelectric behavior and ion migration have been considered extensively in the
literature,** but discrepancies persist and the general consensus has not been reached yet. In
this thesis, it is our intention to clarify some aspects of these issues. In particular, trap state
formation, ion conduction, and dipole orientation in HOIPs are approached by examining the

existing literature along with experiments designed to investigate them.

In chapter 2, the different solution processes of HOIPs are reviewed and tested in order to
identify a reproducible fabrication technique for high quality films. Chapter 3 includes

various electrical and spectroscopic characterizations of the HOIP films. In particular, the
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combination of low temperature J—V—L measurements and simulation results enables us to
investigate the energetics of the HOIP/Au interface quantitatively. In chapters 4 and 5, the
dielectric properties of the bulk and the interfaces of HOIP layers are examined using
impedance spectroscopy. The dipole orientation and ion migration are studied in chapter 4,

and in chapter 5 an observation of the proton migration behavior in HOIPs is presented.
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Chapter 2

Preparation of polycrystalline
methylammonium lead triiodide perovskite thin
films for photovoltaic application by solution

process
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As discussed in the introduction, further studies and characterization are necessary to
elucidate the basic properties and mechanisms of the processes occurring within HOIPs. A
uniform and pinhole-free film of HOIP is desirable for the studies envisaged because
roughness and incomplete surface coverage may complicate data analysis for, e. g., absorption
spectra,' current—voltage characterization,” or impedance spectroscopy. >** On the other
hand, while some interesting investigations have been carried out on HOIP pellets,™® it is
preferable to study films similar to those used in solar cell applications, as this is the main
reason for the recent surge of interest in HOIPs. With this in mind, this chapter introduces the

various solution preparation procedures.

Of all the commonly used HOIPs, methylammonium lead triiodide perovskite (MAPbI;, Fig.
2-1) shows high performance in photovoltaic applications (for example, refs 7,8,9,10).
Generally speaking, the efficiencies of MAPDbI; based solar cells are better than those of
MAPbBr;,'"'? due to the smaller band gap of MAPbI; (~1.6 eV compared to ~2.3 eV for
MAPbBr3)."> The addition of chloride ions into MAPbI; (forming MAPbI;_,Cl,) was shown
to improve the charge carrier transport properties.” However, the exact proportion of Cl” (the x
in the formula) is unclear, as is the role played by CI” in the charge transport in HOIP.'*"> On
the other hand, some success has been shown by replacing the lead (II) in the crystal structure
with tin (I1),'*'""® or germanium (II)," but these materials are still in the early stages of
development. Due to these considerations, MAPbI; was selected as the starting point for the

study of HOIPs (Fig. 2-1).

Fig. 2-1 Crystal structure of methylammonium lead triiodide perovskite. Red balls
are iodide ions, gray balls are lead (II) ions, and the organic methylammonium
(MA") ion located in the center.
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2.1 General solution process procedure of MAPbDI;

Fig. 2-2 shows the different stages of HOIP formation from solution. Specifically, 3 different
strategies can be employed to locate the methylammonium ions in the right position in the
inorganic framework. The first is by mixing the 2 precursors, lead (II) iodide and
methylammonium iodide, in solution, followed by spin-coating the mixture. This is often
referred to as the one-step method.”**' The second method consists in dipping a lead (II)
iodide film into an MATI solution (the dipping method).?*** The third approach relies on first
spin-coating lead (II) iodide, followed by spin-coating MAI. After this, MAPbI; is formed by
24,25

the interdiffusion of the 2 layers at elevated temperatures (the stacking layer method).

These 3 methods were tested and evaluated in the following section.

Fig. 2-2 Schematic representation of the different stages of the constitution of
MAPDI; perovskite formed from solution: (a) The solution state, (b) incorporation of
organic ions in the inorganic crystal framework, (c) crystal formation.

One-step method

The one-step method of MAPbI; film formation is illustrated in Fig. 2-3. The precursors lead
(IT) iodide (Pbl,) and methylammonium iodide (MAI) are dissolved in y-butyrolactone (GBL)
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or dimethylformamide (DMF) at a high concentration in equimolar proportion (a). The
solution is then spread onto the substrate by spin-coating (b), after which an intermediate
phase of the film is formed (c). During annealing (d), the film turns dark brown indicating the
crystallization of MAPbIs. High concentrations (~1 M) and high spinning speed (> 3000 rpm)

are employed to ensure adequate crystal growth.

(a) (b) I Pb2  MA*
< 7 / ‘g
Pbl, + MAI (~ 1M)
) (]
°

GBL DMF N d
\N/
(O\RO o | '

Annealing

Fig. 2-3 Illustration of the one-step method for MAPbI; thin film preparation.
The properties of the film prepared by this method are shown in Fig. 2-4. Details of the

experimental procedure and AFM characterization can be found in Appendix 7.1.2, and 7.2.1,

respectively.
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Fig. 2-4 Characterization of the film prepared by the one step method. (a) Absorption
spectra (inset: optical microscopy image), (b) AFM topography, (¢) 3D AFM
topography processed from (b).

The formation of MAPbI; was suggested from the UV—vis absorption spectra. The increase of

26,27,28
However, from

absorption at around 750 nm and 500 nm is characteristic for MAPbI;.
the optical microscopy image and AFM data, it is evident that the film was not uniform and
consisted of isolated aggregated domains. This explains the light scattering observed in the
UV—vis spectrum above 750 nm. More attempts in tuning the experimental conditions were
made to improve the film morphology, which can be found in the Appendix 7.1.2, but the

general features remained the same.

The inhomogeneity and pinhole formation in the film would not only reduce the solar cell

efficiency,”” but also complicate the analysis of the electronic properties as explained at the
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beginning of this chapter. This morphology seems to occur frequently in the one-step

1,201
d.

preparation metho Before turning to the improvement of this method, which is

introduced in 2.2, the other 2 basic solution processes are tested below:

The dipping method and the stacking layer method both start with a Pbl, film and are
promising since obtaining a smooth film of Pbl, by spin-coating is less difficult. As shown in
Fig. 2-5, a 100-nm-thick Pbl, film spin-coated on an ITO/PEDOT:PSS substrate from a

dimethylformamide solution (0.8 M) showed a smooth surface.

(a) 1.0

0.8 1

0.6 1

ABS

0.4

0.2 1

0.0 . T . T . T . . T
300 400 500 600 700 800
Wavelength (nm)

1.0 um

Fig. 2-5 Characterization of the spin-coated Pbl, film (a) absorption spectra, (inset:
optical microscopy image), (b) AFM topography, (c) 3D AFM topography
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Dipping method

MALI/ IPA

(b)
o.‘:. o0 ®
"thrord

Diffusion\ ‘
\ -

Fig. 2-6 Illustration of the dipping method for MAPbI; thin film preparation.

The dipping method process is shown in Fig. 2-6. A 100-nm-thick Pbl; film is dipped in a 10
mg/mL methlammionium iodide (MAI) solution in isopropyl alcohol (IPA), which does not
dissolve Pbl,. The MAI then starts to diffuse into the film, forming MAPDI;. (Details of the
procedure can be found in Appendix 7.1.3)

1.6
1.4 1
1.2 1

1.0 1

0.8

ABS

0.6
0.4

0.2

0.0

300 I 4(I)0 I 5(I)0 I 6(I)0 I 7(I)0 I 8(I)O

Wavelength (nm)
Fig. 2-7 Characterization of the film prepared by the dipping method: absorption
spectra (main plot) and optical microscopy (inset).
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Typical absorption and optical microscopy images of the films prepared by this technique are
shown in Fig. 2-7. Again, the absorption showed the formation of MAPbI;. However, a closer
inspection of the UV—vis spectra in the long wavelength region shows that it tends to a value
of ~0.3, instead of approaching 0. This indicates that the surface scatters a significant amount
of light. This is confirmed by the significant features in the optical microscopy image. In fact,
the roughness exceeded the limit of the AFM z range (~2 pm), so obtaining AFM topography

in this case was not feasible.

Stacking layer method

(b) MALI/ IPA

Interdiffusion

~

Annealing ' '

Fig. 2-8 Illustration of the stacking layer method for MAPbI; thin film preparation.

This process also begins with a Pbl, layer onto which a layer of MAI is subsequently
deposited. The process of the stacking layer method is illustrated in Fig. 2-8. An MAI
solution in IPA is spin-coated on top of the Pbl, film, forming a stacked layer of MAI and
Pbl, (Fig. 2-8(b), (c)). The two materials then start to inter-diffuse and form MAPDI;
perovskite, a process facilitated by thermal annealing (Fig. 2-8 (d)).
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Following the parameters detailed in Appendix 7.1.4, the MAPbI; film shown in Fig. 2-9 is
obtained. It may appear that an important issue in this method is to ensure the correct
stoichiometry between Pbl, and MAI. However, excess MAI is likely to sublime during
annealing and it would therefore be optimal to use an excess of MAL’’ Experiments
investigating the concentration dependence of MAI are shown in Appendix 7.1.4. In our

hands, the issue with this method was still the rough film morphology that is obtained.

(a)

ABS

0.0 T T T T T T T T T T
300 400 500 600 700 800
Wavelength (nm)

(b) (©)

1.0 ym
Fig. 2-9 Characterization of the film prepared by the stacking layer method. (a)
absorption spectra, (inset: optical microscopy image), (b) AFM topography, (c) 3D
AFM topography processed from (b)

The preliminary experiments with these three basic solution processes have the merit of
demonstrating the general film formation of MAPDI; perovskite. However, our experimental

results showed that to reproducibly obtain a film suitable for further electronic studies using
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these methods is challenging. More advanced preparation methods based on a better

understanding of the film formation process are therefore necessary.

2.2 Advanced solution process method

Since its first publication as promising photovoltaic material,’' the preparation method of
HOIPs has evolved with the aim to improve the film quality and reproducibility. In particular,
the basic solution process method as described in 2.1 has been modified by many techniques,

33,34,35

. . .. . . . 36
such as solvent engineering,*** additives in solution, solvent annealing,”™ change of

#1937 and hot-casting.”® We found that two of the techniques,

precursor materials and ratio,
solvent engineering and change in precursor material, significantly improve the film

morphology and can be used to build efficient planar HOIP solar cells.
2.2.1 Solvent engineering with orthogonal solvent washing

As first introduced by Jeon et al,® the method involves the dissolution of the two precursor
compounds (Pbl, and methylammonium iodide) in a mixed solvent of y-butyrolactone (GBL)
and dimethyl sulfoxide (DMSO) instead of a single composition solvent. During spin-coating,
a drop of an “orthogonal solvent” (i.e., that doesn’t dissolve either precursor, such as toluene
or chlorobenzene),” is added onto the substrate. The solution composition and the process

scheme can be seen in Fig. 2-10.

The inclusion of DMSO in the solvent has the advantage of forming a MAI-Pbl,-DMSO
intermediate phase before annealing. The drop of solvent added during spin-coating washes
off some of the solution, rearranging the ions (See Fig. 2-10 (c)—(d)), and enhancing the
crystallization dynamics. To achieve optimal rearrangement for smooth film surface, the

addition of the orthogonal solvent must be carefully timed.®
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(a)

Pbl, :MAI=0.8M:0.8M

n

. ..‘;.Z\ S <
o’ ; )
\

' Spin-coating

/

Toluene drop

Fig. 2-10 Illustration of the solvent washing process. The precursor solution
composition is shown in (a) and then drop cast onto the substrate (b). After
spin-coating for a few seconds, the solution forms a disordered intermediary state (c).
A drop of orthogonal solvent (toluene) is then applied to the surface while the
substrate is still spinning, which washes out most of the remaining DMSO and locates
the MA" ions into the correct positions to be crystalized (d). The MAPbI;
polycrystalline film is obtained after annealing at 100 °C for 10 minutes (e).

The resulting smooth film that can be obtained according to this method can be seen in Fig.
2-11. For comparison, the right of Fig. 2-11(b) shows the coarser film when the drop was
applied out of the optimal time window for smooth film formation, which is typically around
2 seconds. Details of the preparation and more experiments on this method can be found in

Appendix 7.1.7.
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(a) Optimal time zone for
smooth film formation

v

L [1
| R

Spin speed

v

Spin coat time

Fig. 2-11 (a) The sinning speed profile of the spin-coating procedure in the solvent

engineering method. (b) the resulting film with the drop in (left) and out (right) of the
optimal time zone.

The AFM topography of the film (Fig. 2-12) further shows that the surface is smooth and
consists of tens-of-nanometer-sized grains. The film thickness measured using a stylus

profiler is ca.150 nm. This method is also applicable to other substrate surfaces, such as

ITO/MoO3, ITO/Csp, or ITO/TiOx (see Appendix 7.1.5).

(a)
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0.0
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(b) (©)

756 nm

RMS=12.2 nm &

1.0 um
Fig. 2-12 Characterization of the film prepared by the stacking layer method. (a)
absorption spectra, (inset: optical microscopy image), (b) AFM topography, (c) 3D
AFM topography processed from (b).

The smooth film obtained is useful for planar solar cell applications. Here, we demonstrate an
example of the preparation of a direct solar cell [ITO/TiOx (30 nm)/MAPbI; (150
nm)/spiro-OMeTAD (80 nm)/MoOs (5 nm)/Ag]. The device architecture and energy levels
are shown in Fig. 2-13 (a) and (b). The solar cell was constructed following the preparation
procedure in Appendix 7.1.6, and the device characteristics are collected in Fig. 2-13 (c), (d).

Details of device characterization can be found in Appendix 7.2.2.
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Fig. 2-13 Performance of the directed planar MAPbI; solar cells prepared using the
solvent washing techniques. (a) Device architecture. (b) Energy levels. (¢) Current—
voltage characteristics under dark and light (AM 1.5G) conditions. Black lines indicate
forward scanning, and red lines indicate backward scanning. In both cases, the voltage
sweeping rate was ~0.2 V/s. (d) Incident photon-to-electron conversion efficiency
(IPCE) spectrum. The energy levels of MAPbI; and spiro-OMeTAD are from ref. 39.

The difference between the forward and backward scanning shows significant hysteresis,

40,41,42

which is common with this kind of architecture. The efficiency was somewhat lower

than expected and the cell showed poor stability over time.

To understand the issue of stability, further characterization was carried out using X-ray
diffraction (XRD). The spectra can be used to determine the crystalline structure,” and the
MAPDI; perovskites exhibit a tetragonal crystal structure with 3 perpendicular symmetry axes

and lattice constants a = b # ¢ at room temperature.
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The XRD spectra of the film prepared according to the solvent engineering method can be
seen in Fig. 2-14 (For more details, see Appendix 7.2.3). The tetragonal structure of MAPDI;
can be clearly distinguished from the peaks at 12.67°, 19.99° and 24.52°, as indicated in the
Miller indices above the peaks. The lattice constants calculated from the spectrum are a = b =
8.87 A and c = 12.70 A, which are in agreement with MAPbI; indices from the literature (see,
for example, ref 44). The position of the peak at 26 = 12.5° is the same as the (0 0 3) peak in
hexagonal Pbl,.*> We thus conclude that this peak indicates incomplete formation of the

MAPDI; crystal, resulting in the presence of residual Pbl,.

Pb,

| (003)
MAPbI,

- @10

:‘é’

5

_8. -

&

>

D

C f—

Q

=
10

20()
Fig. 2-14 XRD spectra of the film prepared by the solvent engineering method. The

presence of Pbl, is clearly seen.

The presence of residual Pbl, in solution-processed MAPbI; was previously reported in the
literature,” and its effect on the material properties is ambiguous. Some reports suggested that
residual Pbl, preserves the interfaces and reduces trap formation, improving solar cell
performance as a result.***”*® On the other hand, other reports argued that the formation of

49,50

Pbl, is unfavorable for electron extraction,’® or subject to light degradation. In the above

experiment, the poor stability of the solar cells supports the latter argument.
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In short, this method yielded a good film morphology that is smooth and pinhole free.
However, the initial attempts at solar cell fabrication reveal some shortcomings. As discussed
above, the modest efficiency and poor stability showed that the processing condition results in
residual Pbl, in the MAPbI; layer. Under these conditions, the study of the basic properties
and mechanisms would be unnecessarily complicated. Therefore, further effort was put in to

the preparation of MAPbI; films.

2.2.2  Lead acetate as the precursor for ultrasmooth film formation

The possibility of forming MAPbI; perovskite from different precursors has been tested since
the initial interest in the material. The general strategy was to replace Pbl, with other lead
salts, such as acetate or nitrate.’” In this case, the amount of MAI must be increased 3 times to
compensate the loss of iodide from these salts. Moreover, the MA" ions are presumed to
combine with acetate (or nitrate) and dissipate during annealing, a process that might play an

important role in the formation of the MAPbI; perovskite.”'

An important breakthrough in this line of methods was achieved by Zhang et al,” who used
lead acetate (PbAc,) as the lead source for the formation of ultrasmooth MAPDI; thin films.
According to the first report, the surface of the solution-processed film is even more flat than
thermally evaporated MAPbI;. The authors conjectured that the removal of MA(Ac) during

annealing is relatively quick, causing favorable conditions for MAPbI; crystallization.

This method is illustrated in Fig. 2-15, where a solution of lead acetate (PbAc,) and
methylammonium iodide is dissolved in DMF and the solution spin-coated onto substrates,
after which the film is annealed. During the annealing process, excess MA" and Ac™ ions are

removed and the MAPbI; crystalizes, and the film turns dark brown.
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Fig. 2-15 Illustration of MAPDI; formation from lead acetate

Following the conditions specified in Appendix 7.1.6, we prepared MAPbI; films on top of
ITO/PEDOT:PSS as shown in Fig. 2-16." The resulting films showed superior smoothness
and homogeneity compared to previous results. Besides the AFM topography, the total
coverage of the film can also be inferred from the absorption spectra, where the features from
MAPDI; perovskite are clear and the features arising from scattering and insufficient surface

. 1
coverage were minimal.

"The experimental procedure was performed with the guidance of Mr. David Forgacs and Dr.
Henk Bolink at Instituto de Ciencia Molecular (ICMol), Universidad de Valencia.
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Fig. 2-16 Characterization of the film prepared with lead acetate as precursor. (a)
absorption spectra, (inset: optical microscopy image), (b) AFM topography, (c) 3D
AFM topography processed from (b).

The XRD spectra (Fig. 2-17) of the films showed the clean formation MAPDI; in the

tetragonal structure with lattice constants @ = b = 8.89 A and ¢ = 12.63 A, again in close

agreement with the values reported in the literature. No residual signal attributed to Pbl, was

observed. The peaks are clear and the lack of signal from the underlying substrate

(ITO/PEDOT:PSS) further testifies the total coverage of the film.
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Fig. 2-17 XRD spectra of the film prepared with lead acetate as precursor

After checking the film quality with all the commonly used characterization techniques, we
fabricated planar inverted solar cells based on these films. The hole transport layer used was
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) and the electron
transport layer was phenyl-Cg;-butyric acid methyl ester (PCs;BM). This device architecture
is known for its low hysteresis and relative easiness in fabrication. The detail procedure of the

device fabrication can be found in Appendix 7.1.8.
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Fig. 2-18 Performance of inverted MAPbI; solar cells preparing from PbAc,. (a) Device
architecture. (b) Energy levels. (¢) Current—voltage characteristics under dark and light
(AM 1.5G) conditions. Black lines indicate forward scanning, and red lines indicate
backward scanning. In both cases, the voltage sweeping rate was ~0.2 V/s. (d) incident
photon-to-electron conversion efficiency (IPCE) spectrum. The energy levels of MAPbI3
are obtained from ultraviolet photoelectron spectroscopy measurement (see chapter 3).

The LUMO and HOMO of PC¢;BM are from ref. 52.

Fig. 2-18 shows a typical device performance prepared according this procedure. The voltage

scanning rate is 0.2 V/s and the hysteresis as shown in the forward scan (black) and backward

scan (red) is minimal. Satisfactory device performance was obtained (PCE = 12.5%). The

statistics of the efficiency over 90 devices are shown in Fig. 2-19, with the best performing

device achieving 15%. As discussed in Chapter 1, state of the art HOIP solar cells have been

demonstrated to have power conversion efficiency over 20%. However, the optimization of

the device depends on the device architecture (direct, inverted, planar, with or without

scaffold, etc.). Our main purpose here is to demonstrate that the quality of the MAPbI; film

obtained is comparable to that in the literature. Therefore, the performance should be
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compared to devices using the same device architecture. To the best of our knowledge, the
best performing solar cell with the same structure achieves ca. 16-18%,”*>* and our best
performing device is not far from this value. Furthermore, the average values are in agreement
with most publications studying MAPbI; properties.”>~*>" Our active layer is about 100 nm
thinner than the optimal HOIP solar cells in other reports and the device open circuit voltage
somewhat lower.”® Besides increased thickness, other procedures like optimizing the
properties of the PEDOT:PSS layer, such as work function and conductivity, modifying the
top electrode composition (LiF/Al for example), and changing the composition of electron
transport layer would further optimize the solar cell performances. These results demonstrate

the usefulness of the lead acetate preparation process with respect to its use in further studies.

In conclusion, several methods have been tested and an optimal process to reliably obtain
smooth and pinhole-free MAPDI; perovskite film was established. The morphology and
composition of the film show that it is suitable for further characterization aimed at
elucidating the underlying processes within hybrid perovskites. Solar cells with good
efficiency were fabricated, which can be used for further studies connecting the underlying

process and devices performance.
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Fig. 2-19 The statistics of the regular solar cell device efficiency (left) and the
current—voltage characteristics of the best performing device (right).
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The availability of high-quality films with good reproducibility is a prerequisite for advanced
characterization of planar structure-based devices. The process outlined in the last chapter led
us to select the use of lead acetate (PbAc,) as a precursor to obtain good quality films, and we
can now turn to the study of the fundamental device properties of with the aim to better
understand the working mechanisms. In this chapter, several concepts and parameters derived
from traditional semiconductor physics are discussed and measured. In particular, the energy
levels of MAPbI; were studied using photoelectron spectroscopy and Kelvin probe, the
temperature-dependent mobility was measured using the time-of-flight technique, and the
tunneling current injection was investigated using low temperature current—voltage—
luminance (J-V-L) measurements. An introduction to the basic concepts of optoelectronic
parameters in photovoltaic materials and their relationships with each is presented below,

followed by the details of experiments and their discussion in sections 3.1-3.3.

The concept of energy levels in a crystalline material can be pictured in a simplified form
according to general solid-state theory as shown in Fig. 3-1. The energy states available for
the electrons form the conduction band (red cone) while holes form the valence band (yellow
cone). The difference between the conduction band minimum (CBM) and the valence band
maximum (VBM) represents the electrical band gap E,. Furthermore, the near band edge
region can generally be approximated using a parabolic function:

E ~ % , Eq. 3-1
where 7 is the reduced Planck’s constant and & is the magnitude of the wave vector. The
parabolic coefficient of the E—k relationship is arranged so that its form is the same as the
kinetic energy of electrons in vacuum with the mass replaced by m*. Therefore, m* is the
termed the effective mass. This value is extensively used in semi-classical descriptions of the
material. Because the band structure can be simulated from the crystal structure using density
functional theory, m* provides a crucial connection between theoretical calculations and
experimental results. One example of the simulated band structure of MAPDI; perovskite is

shown in Fig. 3-1 (b).
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Fig. 3-1 (a) Simplified band structure of a general crystalline material in the
reciprocal space and (b) calculated MAPbI; perovskite band structure. (b) Adapted
with permission from ref 1. Copyright 2014 Nature Publishing Group.

The basic processes in optoelectronic materials are shown in Fig. 3-2. After generation of an

electron—hole pair by light absorption, the charge carriers drift towards the selective contacts,

a process characterized by the drift mobility, u, given by:
vq = uE, Eq. 3-2

where vq is the drift velocity and E is the electric field. The drift mobility thus denotes the

velocity of the carriers under the influence of an electric field and is limited by scattering

processes such as defects and/or phonon scattering. With a scattering time of 7z, the

relationship between carrier mobility u and the effective mass m* is given by:

Ilzm*

according to the classical scattering model (Debye model).
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Drift and diffusion of photogenerated carrier Radiative and non-radiative recombination

Excitation

p

HTM Active layer ETM HTM Active layer ETM

Fig. 3-2 Schematic diagram of the processes in optoelectronic materials. Left:
Following the electron—hole pair generation by photoexcitation, the electrons and hole
diffuse in the active layer with diffusion constant D, and D,, respectively. When an
electric field is present, the charge carriers also drift according to Eq. 3-2 with drift
mobility u, and g, Right: The electrons and holes recombine radiatively or
non-radiatively with recombination constants Ry, and Rponrad, both of which
contribute to the finite average life time of the carrier, denoted by 7. Before
recombination, the average distance the charge carriers travel is denoted by L, and Lp
for electrons and holes, respectively.

The diffusion of charge carriers can be described by Fick’s second law:

oc 9%C

—=D—, Eq. 3-4
ot = o 1
where C is the carrier concentration, D is the diffusivity, and (x, ¢) are the space time

parameters.

Also, the mobility u is related to the diffusivity D by Einstein’s relation:

_ b Eq.3-5
K et 4>

where ¢ is the elementary charge, kg is the Boltzmann constant, and 7 is the absolute

temperature.

The electrostatic attraction between electrons and holes makes the formation of
spatially-bound electron—hole pairs favored. The latter are termed excitons, and are
characterized by an exciton binding energy (£g) which, in traditional semiconductors, is

usually smaller than thermal energy at room temperature. Therefore, the photogenerated
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charges can be considered to be free carriers. On the other hand, the large exciton binding
energy in organic semiconductors forms localized excitons, and the dissociation is achieved
only in the vicinity of a charge selective contact. Otherwise, recombination is the dominant
process. The recombination, characterized by the carrier lifetime (z;), can be radiative and/or
non-radiative,. The parameter denoting the average distance travelled before the carriers
recombine is the carrier diffusion length (L), which is related to the diffusivity and carrier

lifetime by:

L =,Dt,. Eq. 3-6

As discussed in Chapter 1, HOIPs have been shown to process a low trap density, long carrier
diffusion lengths and lifetimes, and low exciton binding energy, all of which contribute to
their outstanding photovoltaic performances. While these parameters have been calculated or
measured experimentally, some ambiguity and discrepancies still remain between reports,
possibly due to the sensitivity to processing conditions and/or differences in data

interpretation.

3.1 MAPDI; energy levels

In the previous chapter, we characterized the MAPbI; thin films using various spectroscopic
and microscopy techniques. The spectroscopic techniques (absorption, photoluminescence,
electroluminescence) provided information about the band gap of the HOIP films. From XRD,
we were able to determine the crystalline phase and the lattice constants. Optical microscopy
and AFM provided information on the HOIP surface. However, to better understand the
operation of solar cells and the interface properties, other data such as electron affinity,

ionization potential, and Fermi level are also important.

The electron affinity (EA) is defined by the energy released during the addition of an electron
to a neutral material:

Material + e~ — Material™ + EA.
In semiconductors, this energy corresponds to the difference between the vacuum level and

the valence band maximum.

The ionization potential (IP) is the energy required to remove one electron from the material:
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Material + IP —» Material® + e~ .

This corresponds to the conduction band maximum in the band structure of semiconductors.

The Fermi level indicates the energy level up to which electrons are filled according to the

Fermi—Dirac distribution:

n(E) « Eq. 3-7

1+ eE-H’
where 7 is the density of states, u is the Fermi level. The Fermi level lies in the conduction

band in metals, and in the optical gap for semiconductors or insulators.

Photoelectron spectroscopy is a powerful technique in determining the energy of these levels.
The concept originates from Einstein’s photoelectron experiment, in which the energy of
photoelectrons is analyzed to obtain the energy levels in a sample. Different excitation
sources give different photoelectron energy ranges and resolution due to changes in the
absorption cross sections. For example, using X-rays excites the high-energy core electrons of
the elements so that the core energy levels can be determined. On the other hand, using the
emission line of helium (for example, Hel, with a photon energy of 21.22 eV) as a light
source allows the work function and valence band edge to be more accurately determined
because of the larger absorption cross section at this excitation region. The working principles

of photoelectron spectroscopy are shown in Fig. 3-3.

X-ray and Hel are the two most commonly used light sources in photoelectron spectroscopy.
These specific techniques are termed X-ray photoelectron spectroscopy (XPS) and ultraviolet

photoelectron spectroscopy (UPS), respectively.

A general survey of photoelectron spectroscopy studies of MAPbI; in the literature shows
significant discrepancies in surface energy levels between reports.>*>®” For example, the
work function reported range from 4.0 eV to 4.9 eV. This gives evidence that the properties of
HOIP strongly depend on processing conditions and that the characterization of a given

preparation recipe is important.
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Photon source

Energy analyzer

Fig. 3-3 Illustration of the operation of photoelectron spectroscopy

The X-ray photoelectron spectra of MAPbI; films (thickness 300 nm, prepared according to
the procedure described in section 2.2.2) with the index of the core electron levels is shown in
Fig. 3-4 (a)." The peaks from the elements (carbon, nitrogen, iodine, and lead) are readily
observed. From the peak heights, the stoichiometry can be roughly estimated to be C : N : Pb :
I~1:03:1:2.5. Considering the 30% error range of this data analysis intrinsic to XPS
measurements, the lead and iodide ratio are consistent with the chemical formula
(CH3;NH;3PbI;), while the deviation of the nitrogen ration might be from enviromental

contanmination and/or X-ray induced surface damages.

" The XPS and UPS measurement were performed with the help of Mr. Michael Wussler and
Dr. Mayer at Darmstadt University of Technology. Details can be found in Appendix 7.2.4.
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Fig. 3-4 (a) XPS and (b) UPS spectra of the MAPbI; surface. The sample structure
was ITO/PEDOT:PSS/MAPDI; (200 nm) with the photons incident from the MAPbI;
side. The valence band region is plotted in logarithmic scale as the valence band edge
is determined more accurately in the log scale due to the intra-bandgap trap states of
MAPDI; according to a recent report.®

The energetics of the MAPbI; film is derived from the Hel spectra (Fig. 3-4 (b)) according to:
Er = (the incident photon energy) — (the intercept on the cut-off region) = 21.22 — 16.57 =
4.65 (eV), and IP = Er + (the intercept on the valence band region) = 4.65 + 0.80 = 5.45 (eV).
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To obtain the energy level diagram of the MAPbI; film, the only information missing is the
electrical band gap, which we obtained from -electroluminescence of an
ITO/PEDOT:PSS/MAPbI; (200 nm)/PC;BM (50 nm)/Ca/Al (Fig. 3-5). The center of the
peak (760 nm) can be used to calculate the optical band gap = 1240/760 = 1.63 (eV). Due to
the low exciton binding energy of this system (< 10 meV, see refs 9, 10, 11), we can equate

the electrical and optical band gap as they are very close to each other.

(b)

760 nm

Current density (mA/cm®)
(nun “que) Ayisusul 13
Intensity (arb. unit)

L L T T T T T
0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 600 650 700 750 800 850 900
Voltage (V) Wavelength (nm)

Fig. 3-5 Electroluminescence of an ITO/PEDOT:PSS/MAPbI;/PCsBM /Ca/Al device.
(a) Current—voltage—luminance characteristic, and (b) electroluminescence spectra.
The details of the measurement can be found in Appendix 7.2.5.

The energy levels of MAPbI; as determined from the above experiments are summarized in

Fig. 3-6.
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0 Evac

E (eV)
Fig. 3-6 Experimentally determined energy level diagram of MAPbI; (EA: electron
affinity, IE: ionization energy, Evac: vacuum level, Er: Fermi level)

For comparison, the energy levels of MAPbI; found in the literature are summuarized in
Table 2-1. There are significant discrepancy between reports, as noted above, and our results

lie within the its range.

Table 2-1 Summary of solution processed MAPDI; electron affinity and
ionization potential reported in the literature

ref. EA (eV) IP (eV)
2 4.0 5.7
3 3.9 5.6
4 4.53 6.23
5 3.97 5.52
6 3.83 5.53

Different thicknesses (200, 300, and 400 nm) of the MAPDbI; film were measured and the
same procedure was applied to determined the energy levels of the surfaces. Additionally, the
work function was also measured under ambient atmosphere using a Kelvin probe to provide
additional confirmation of the energy levels. (Details of the Kelvin probe measurements can
be found in Appendix 7.2.6). The results are summarized in Table 3- 1. The similiarity of the
energy levels over different thicknesses indicates that band bending effect occurs at depths

less than 200 nm. Unforunately, the measurement of films less than 200 nm in thickness,
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although likely to provide valuable information concerning band bending, is challenging since
the solution process of HOIP film has a limited range of thickness over which the film
morphology remains similar. The energy of the Fermi level measured under ambient
atmosphere is in good agreement with the values in ultra high vacuum, considering the

difference in experimental conditions and calibration of equipment.

Table 3- 1 Surface energy levels of different thicknesses of MAPbI;

MAPDI; thickness (nm)  Er (eV)  EA (eV) IE (eV) Er in atmosphere (eV)

200 4.60 3.84 5.47 4.72
300 4.65 3.82 5.45 4.73
400 4.67 3.83 5.46 4.77

3.2 Time-of-flight mobility measurements

As discussed in the introduction, the mobility of a material strongly depends on the scattering
processes impeding charge movement. Therefore, the mobility depends strongly on each
material studied as well as on the processing conditions. To measure the mobility of a
material, several methods can be employed, such as time-of-flight (TOF) measurements,
charge extraction by linearly increasing voltage (CELIV), field effect transistor configuration
(FET), and space charge limited conduction (SCLC) (for a review of theses techniques, see

ref 12). Some measured mobility values of commonly used semiconductors are list as below:

Table 3- 2 Carrier mobility (¢) of commonly used material

u (cm*/Vs)

material electron hole

Si crystal® 1500 500
CdTe crystal® <~1000 <~100

GaAs crystal® ~8000 ~400
PbTe crystal” ~6000 ~4000

Naphthalene crystal® ~1 ~1

MAPbI; crystal® <~100 <~100

*Data from ref 13. °Data from ref 14.
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In Table 3- 2, the carrier mobility of single crystal MAPDI; is also listed for comparison. In
the literature, the mobility of HOIP is usually considered to be “high,” compared to organic
semiconductors. However, Brenner et al. recently argued that because HOIPs have crystal
structures resembling those of an inorganic crystals and their carrier effective mass is small,
the mobility of HOIP should be compared with that of inorganic semiconductors.” In this
context, the question arose as to why the carrier mobility of HOIP is generally smaller than

that of traditional inorganic semiconductors.

On the other hand, while the reported carrier mobility of single crystal HOIPs are more or less
consistent, those for polycrystalline thin films show large variations from ~10 cm*/Vs,'>'®
~107" em?/ Vs, ~107 ecm?/Vs,'® to ~10* cm?*Vs." Such variations might be due to
differences in sample configuration, interfacial effects, processing conditions, or measurement
methods. For example, the highest reported carrier mobility values of MAPDI; polycrystalline
thin films (~10 cm?/Vs) are generally estimated using THz spectroscopy, whose wave pulses
extend only a few unit cells within the material. These only detect the conductivity behavior
over short time and length scales,” ignoring the larger scale effects which might play

important roles in polycrystalline materials.*'**

To estimate large-scale effects, we measured the carrier mobility using the time-of-flight
configuration (Fig. 3-7). A 532-nm laser (Continuum Minilite) with pulses less than 7 ns
generated photocarriers from the transparent side of a sample. A bias voltage of a few volts
was applied to separate the photogenerated electron—hole pairs. The photocurrent was then
monitored using a digital oscilloscope (Tektronix). To ensure minimum oxygen and humidity
exposure, the samples were transferred directly from a nitrogen-filled glove box to a cryostat
without exposure to the atmosphere. The cryostat was then placed under vacuum (~10> mbar)

before measurement.
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Oscilloscope

ITO/PEDOT

Fig. 3-7 Schematics of time-of-flight (TOF) measurement

The sample structure chosen to evaluate the hole mobility of the material was
ITO/PEDOT:PSS/MAPDbIs/Au. Electrodes with better electron extraction, such as silver and
calcium, were also tested but without success. These electrodes seem to react with MAPbI;
and the samples became unusable soon after preparation. Aluminum showed better stability

but its work function is too high for efficient electron extraction.

The sample thickness for TOF measurements needs to generally be around a few pm.
However, to obtain MAPDI; films in this thickness using a solution process is likely to change
the film morphology significantly, and therefore defeat the original purpose of the
experiments. As a tradeoff, a film thickness of 300 nm was chosen in order to be similar to
that of a working solar cell device. The absorption depth of MAPbI; at 532 nm is ca. 150 nm,
as estimated from the absorption spectra,” showing that the majority of the incident laser

energy is absorbed in the 300-nm-thick sample.

The photocurrent measured at room temperature at various applied biases is shown in Fig. 3-8.
Some abnormalities can be readily observed: the photocurrent is negative with an applied bias
as high as 1.5 V and no clear plateau can be observed at higher voltages. As a matter of fact,
the sample broke down at an applied voltage of 5 V, as evidenced by the decrease in

photocurrent.
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Photocurrent (arb. unit)
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Fig. 3-8 Time-of-flight photocurrent of an ITO/PEDOT:PSS/MAPbI; (300 nm)/Au
device at room temperature with applied voltage from 1 Vto 5 V.

To explain such abnormal behavior, the material properties of HOIP have to be taken into
account. As discussed in Chapter 1, perovskite materials are known for their ionic
conductivity. In HOIP, it has been shown that ion accumulations have a significant effect on
solar cell performance and are therefore not negligible.*** Other reports suggest that ions
accumulate at the interface and cause a built-in voltage.’® Mobile ions are likely to
compensate the applied voltage and prevent photocurrent generation. However, ion movement
is highly temperature dependent (estimated activation energy ~1 eV). It is therefore
reasonable to infer that if ionic displacement plays an important role in the TOF results, the
photocurrent pattern would be strongly dependent on the sample temperature. Specifically, at
lower temperatures ion movement should be less significant and the TOF might provide

reasonable results for estimating the carrier mobility.

The TOF photocurrent measured at 180 K and 80 K are shown in Fig. 3-9. At these low
temperatures, the negative photocurrent disappeared and plateaus can be clearly observed in
the photocurrent patterns. MAPDbI; undergoes a orthorhombic—to—tetragonal phase transition
at 162 K,*’ which means that at 80 K the material is actually in the orthorhombic phase

instead of the room temperature tetragonal phase.
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Fig. 3-9 Time-of-flight photocurrent of an ITO/PEDOT:PSS/MAPbI; (300 nm)/Au
device at 180 K (left) and 80 K (right) with applied voltage from 1 Vto 5 V.

The transit time (¢r) is estimated from the intercept of the 2 slopes on the normalized
photocurrent plot (Fig. 3-10). Ideally, the carrier mobility u is related to ¢r by:
d2

-2 Eq. 3-8
= q

U

where d is sample thickness and V' is the applied voltage.

20

1.8 4

1.6+

ERREEE

Normalized photocurrent

Time (us) Voltage (V)

Fig. 3-10 Normalized photocurrent (left) and voltage dependence of the transit time
(tr) (right) of the time-of flight measurement of an ITO/PEDOT:PSS/MAPbI; (300
nm)/Au device at 80 K. The error bars were estimated from the standard deviations of
the fitted lines.

The hole mobility of polycrystalline MAPbI; is therefore calculated to be ca. 10 cm*/Vs,
which is consistent with a previous literature report of TOF measurement,'” although being
surprisingly low compared to the results from other measurement methods. The low mobility
appears to be contradictory to the outstanding photovoltaic performance of HOIP solar cells,

but it has been suggested that the low diffusion length might increase the recombination
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lifetime in polycrystalline materials (provided the main recombination process occurs at grain
boundaries).'” The relative independence of 77 on the applied voltage suggests that some
voltage compensating effect might still be occurring at temperatures as low as 80 K. This may

indicate that the TOF mobility value obtained is a rough estimate.

To gain more insight into the scattering process of the MAPDI; material, temperature
dependent mobility measurements were carried out. In the literature, the temperature

3 2 consistent with a

dependence of MAPbI; mobility has been shown to be proportional to 7
phonon scattering mechanism. These studies are either performed on single crystal,”® or using
THz spectroscopy.”’ Here, TOF measurements were carried out on the polycrystalline films
at temperatures ranging from 80 to 300 K. The applied bias was 3 V for all temperatures to
get a clear plateau on the photocurrent patterns while not too high to damage the sample. The
temperature dependence of the photocurrent and carrier mobility (calculated using Eq. 3-8))

are shown in Fig. 3-11.
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Fig. 3-11 Temperature dependence of the normalized photocurrent (left) and the hole
mobility  (right) from  the  time-of-flight  measurements of  an
ITO/PEDOT:PSS/MAPbI; (300 nm)/Au device from 80 to 280 K. The error bars were
estimated from the standard deviations of the fitted lines.

The TOF mobility increases with temperature (Fig. 3-11 right), in contradiction with
measurements performed on single crystal MAPbl; or THz measurements.”®” This
thermally-activated behavior is in agreement with a trapping—detrapping conduction
mechanism, which is common in polycrystalline materials.® A jump is observed at ca. 160 K,
which may be due to the orthorhombic-to-tetragonal phase transition in the material. One way

of quantifying this type of conduction is through the variable range hopping (VRH) model, in
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which the temperature dependence of the mobility is given by:>'*

_(To\*
e (7) Eq. 3-9
T )

where T is a constant, o can be either 1/4, 1/3, or 1/2 depending on the material.

JTRS

The plot of In (uT) versus 1/T"% is shown in Fig. 3-12. The linear behavior provides strong
evidence that the scattering process is dominated by trapping effect in polycrystalline MAPbI;
film (likely located at grain boundaries), contrary to phonon scattering in single crystal
MAPDI;. This difference, has so far not been recognized in the literature to the best of out

knowledge, and has important implications in the operation of the thin film HOIP solar cells.
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Fig. 3-12 VRH model fitting of the mobility temperature dependence

In conclusion, the hole mobility in HOIP thin films was characterized using the TOF
technique. The temperature-dependence and voltage-dependence of the TOF photocurrent
were studied. We propose that some voltage compensating mechanism is present in the
MAPDI; films and that the trap effect is dominating the scattering process. The peculiar
behavior of the TOF measurement at room temperature motivated us to further investigate the
low temperature charge transport behavior of an ITO/PEDOT:PSS/MAPbIs/Au device by
analyzing its current—voltage—luminance (J—V—-L) characteristics. The results are shown in the

next section.

3.3 Low temperature J-V-L measurement

-53-



Investigation of the optoelectronic parameters of solution-processed MAPbI; perovskites

As mentioned above, we have reason to suspect that ion migration might still have an effect
on charge conduction in MAPDI; perovskite at temperatures as low as 80K. To eliminate this
complexity, we employed a helium compressor in connection with a cryostat (Advanced
research systems, Fig. 3-13), which has the capacity to lower the sample temperature to <
10K. Instead of cooling from the substrate side, this setup cools the sample by the heat
conduction of the helium filling the sample chamber. This configuration therefore minimizes
the problem of sample temperature gradient and ensures accurate temperature control. The
device current was then measured using a Keithley 4200 source meter and the
electroluminescence (EL) intensity monitored using a silicon photodetector (Hamamatsu
$2281-01, area 1 cm’, coupled to a Hamamatsu C9329 preamplifier set in the high resolution

mode).

Fig. 3-13 Experimental setup for low temperature J—V—L measurement: Cryostat
(upper left), helium compressor (upper right) and sampling rod (down).
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The high work function of ITO/PEDOT:PSS and gold makes the sample investigated
(ITO/PEDOT:PSS/MAPDI3/Au) a “hole-only” device. The large barrier for electron injection
(> 1 eV) allows us to assume that the current observed is thus mostly contributed by holes.
The EL intensity should therefore be proportional to the minority carrier current (electron
current in this case). The possibility of transient current is eliminated by the slow scanning

rate employed during measurement (~0.03 V/s), which makes the measurement quasi-static.

To illustrate the necessity of the low temperature measurements, the current—voltage in an
ITO/PEDOT:PSS/MAPbI; (200 nm)/Au device was repeatedly measured at room temperature
and at 10 K, shown in Fig. 3-14. At room temperature, the curves changed with consecutive

measurement, a phenomenon that disappeared completely at 10 K.

1st
2nd

1st
2nd

Current density (mA/cmZ)
Current density (mAIcmz)

T T
-0.5 0.0 0.5 1.0 1.5 2.0 25 3.0 00 05 10 15 20 25 30 35 40 45
Voltage (V) Voltage (V)

Fig. 3-14 Repeated current—voltage measurement of an ITO/PEDOT:PSS/MAPbI; (200
nm)/Au device. Left: at room temperature, right: at 10 K.

The J-V-L characteristics of an ITO/PEDOT:PSS/MAPDbI; (200 nm)/Au device are shown in
Fig. 3-15 (a). EL intensity was observed when the applied voltage bias was higher than 3.5 V.
Based on the discussion above, it is reasonable to assume that EL intensity is proportional to

the current resulting from the injected electrons (Fig. 3-15 (b)).
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Fig. 3-15 (a) Current—voltage—luminance characteristics of an ITO/PEDOT:PSS
/MAPbI; (200 nm)/Au device measured at 10 K. (b) Illustration of the current and
injection process in this sample.

The high barrier for electron injection and the low temperature environment renders
thermionic emission from gold to MAPbI; impossible. This leaves us with tunneling as the
main mechanism for electron injection. The tunneling injection current is given by the

Fowler-Nordheim equation:™

hZ

4 ;2m*\ /2 p3/?
Jen & EZexp ——< ) | Eq. 3-10

3

where FE is the electrical field, m* is the carrier effective mass, @ is the injection barrier, and
q is the elementary charge. The tunneling injection is not thermally activated and therefore the

injection current should not change with temperature.

To check the validity of tunneling injection mechanism, the J-V-L characteristics were
measured at temperatures from 10 K to 100 K, as shown in Fig. 3-16. The magnitude of EL
intensity remains the same in this temperature range, thus validating the tunneling injection

mechanism.
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Fig. 3-16 Temperature dependence of J-V-L characteristics of an
ITO/PEDOT:PSS/MAPbI; (200 nm)/Au device. (a) Current density and (b) EL
intensity as a function of applied voltage from 10 K to 100 K.

Further analysis was carried out by plotting In (J/E?) vs. 1/E, the so-called Flower—Nordheim
34,35

plot. Here we assume uniform distribution of the electrical field within the active layer, i.

e., E = V/d, and plot In (EL/V ?) versus 1/V is shown in Fig. 3-17.
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Fig. 3-17 Fowler—Nordheim plot of the EL intensity of an ITO/PEDOT:PSS /MAPbI;

(200 nm)/Au device at 10 K.

According to Eq. 3-10, the slope of the Fowler—Nordheim plot (S) is given by:

Eq. 3-11

4 (Zm*)l/Z cbg/zd

3\ A2 q

Generally, the lower the slope, the easier the tunneling injection.
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The theoretical value of the slope in Eq. 3-11 can be calculated by assuming a triangular
barrier for electron injection. The electron effective mass of MAPDbI; is around 0.2 m, (where

36,37

my is the electron mass), determined using magneto-absorption technique, and from

"% The injection barrier = gold work function — MAPbI; electron

theoretical calculations.
affinity = 1.28 eV. With these parameters, the slope is found to be ca. 360, much larger than

the experimental value of 33.5 (Fig. 3-17).

The discrepancy in calculated versus experimental slope indicates enhanced electron injection
under the experimental conditions. Two possibilities may contribute to this effect (Fig. 3-18).
The first possibility is that the injection barrier may deviate significantly from the simple
difference in energy levels (the gold work function and MAPbI; electron affinity) due to the

. . . 39,4041
interaction between surfaces at the interface.””™™

The formation of an “interface dipole”
might reduce the injection barrier and enhance electron injection. The second possibility is
that the electric field is not uniform. The closeness of Fermi level with the middle of the band
gap, as demonstrated by the UPS measurement in section 3.1, indicates that the free carrier
concentration of MAPbI; is low and is therefore unlikely to cause significant band bending.
However, it is possible that other mechanisms might contribute to the charge balance and

cause band bending within the material. The ensuing increase in the electric field near the

interface would enhance charge injection.

(a) (b)
Interface dipole

&3

(i Tunneling injection

PEDOT:PSS MAPbI, Au PEDOT:PSS MAPbI, Au
Fig. 3-18 Possible origins of the enhanced electron injection: (a) Interface dipole, (b)
band-bending.

For the first hypothesis to account for the enhanced injection, the injection barrier would need
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to be about 0.26 eV, which implies an interface dipole of 1.02 eV. In the HOIP literature, Liu
et al. has studied the Au/MAPbI; interfacial effect using UPS,” and their results showed an
interface dipole of 0.1 eV.

To test the two hypotheses, we measured the J-V—L characteristics with different sample
thicknesses at 10 K (Fig. 3-19). The EL intensities are similar for all 3 thicknesses as are the
onset at ca. 3.5 V. The thickness independence of these properties indicates that the electron

injection is interface limited.

Current density (mA/cm?)

Electroluminance (arb. unit)

T T T T T T
0 1 2 3 4 5 6 7 4 7

Voltage (V) Voltage (V)

Fig. 3-19 Thickness-dependent current—voltage—luminance characteristics of an
ITO/PEDOT:PSS/MAPbIs/Au device measured at 10 K. Three thicknesses of the
MAPDI; layer (200, 300, 450 nm) were measured.

The band bending effect can usually be studied using capacitance—voltage measurements or,
more specifically, by plotting the square inverse of the capacitance versus voltage (Mott—
Schottky plot).”> The Mott—Schottky plot of an ITO/PEDOT:PSS/MAPbI; (200 nm)/Au
device measured at 15 K using a Bio-logic impedance analyzer is shown in Fig. 3-20. No
band bending was observed near zero applied voltage as evidenced by the independence of
the capacitance on the voltage in this region. This result is in accordance with the previous

energy level diagrams, which show that the free carrier concentration is low in MAPDI;

perovskites.
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Fig. 3-20 Mott—Schottky plot of an ITO/PEDOT:PSS/MAPDbI; (200 nm)/Au device at
15 K (recorded at frequency 10 kHz).

We are therefore led to conclude that the observed band bending is voltage induced, i. e., it
happens when there is an applied voltage. As the possibility of ionic redistribution under an
applied bias is unlikely under the low temperature condition of the measurements, the
working hypothesis of the origin of the induced band bend effect is that trap states at the
MAPDI3/ Au interface are being filled by holes as the bias voltage is applied. To quantify the
trap states involved,  numerical simulation was carried out assuming that the trap

concentration as a function of the distance from the gold electrode (x) obeys

t—x
Nt(x) = Npq + Npy exp( p ), Eq. 3-12

where N is the volume trap concentration, N, the interface trap concentration, 4 the typical
distance, ¢ the active layer thickness. The electrostatic potential V(x) can then be deduced

from the trap concentration by solving the Poisson equation, leading to:

eNt,
2¢&

eNp,A? t—x t X\ X
+ e[ (- ) e (-3) - -3

where V, is the applied voltage, ¢ is the dielectric constant (assumed to be 30 in this

V) =V, (% —1) + S (2 — )

Eq. 3-13

simulation).

Once the band curvature is known, the electron tunneling current can be numerically

"The simulation was performed by Prof. Raphael Clerc of the Institut d'optique, site Rhone
Alpes, Laboratoire Hubert Curien.
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calculated using the injection transparency 7(E, V,) from the Wentzel-Kramers—Brillouin

(WKB) approximation:
a(E) 12m(¢p — eV (x) — E
T(E,V,) = exp —Zf \[ (@ hz( ) )dx , Eq. 3-14
0
and then the injection current J(V,) is given by:
4mtme?kT [ E — Eg
J(V) :Tf T(E,Vy) In (1 + exp ( T ) dE, Eq. 3-15
0

The fitted results are shown in Fig. 3-21. Compared with the triangular barrier injection
model (Fig. 3-21 (a)), this model including bulk and surface trapping (Fig. 3-21 (b)) shows

much better fitting with experimental emission rates.
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Fig. 3-21 Numerical simulation of the normalized emission rate (dots: experimental,
lines: simulated). Fowler—Nordheim tunneling (a) trough an ideal triangular barrier
and (b) with the effects of bulk and surface traps.

The simulated J—V characteristics of models with/without interface trap and with/without
interface injection are shown in Fig. 3-22. Without traps, the space charge limited current
(SCLC) model delivered unsatisfactory fitting results. With volume traps, the fitting improved
significantly when the interface traps are taken into account, demonstrating the necessity of
introducing interface traps. The fitting parameters of the complete models are shown in Table

3-3.
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Fig. 3-22 Comparison of simulation models. (a) Full model including volume and
interface traps. (b) Model with volume trap only. Models are the solid lines,
experimental data filled circles. Dotted lines represent the pure SCLC model with no
traps. Three thickness of the active layer (200, 300, and 450 nm) are presented.

Table 3-3 Fitting parameters of the complete fitting model including bulk and interface traps.

Sample thickness (nm) 200 300 450
Mobility (cm?/Vs) 107
N (cm™) 5.5x 10"
A (nm) 6.5
Nri (em™) 1.6 x 10" 5.0 x10'° 2.3 %10
p1(em™) 2% 10" 8 x 10" 8 x 10"
Er(meV) 3.7 6.0 6.0

The fitted mobility ~10* ¢cm?/V s is in agreement with the previously determined charge
carrier mobility derived from TOF. Also, the surface defect density can be estimated to be ¢
Nk ~ 6.5 uC/em®. Also, the trap state energy lie within the typical Urbach energy of samples

at room temperature, which is around 10 meV,** suggesting that these states might play a role
p gg g gnt play

at operation conditions.
3.4 Conclusion
In this chapter, the properties of a typical polycrystalline MAPbI; layer used in the fabrication
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of solar cell has been investigated by means of physical (XPS, UPS, X-ray diffraction) and
electrical (J-V-L, EL, TOF) experiments at low temperature and simulations. Combining the
results from these studies, the presence of strong band bending at the Au/MAPDbI; interface at
temperatures as low as 10 K was found. As this band bending cannot be the consequence of
residual doping or ion accumulation, it is attributed to an excess of hole acceptor traps
localized at this interface. Further comparison between SCLC simulations including both
volume and interface traps have confirmed this assumption, allowing us to extract both hole
mobility ~ 10™* cm” /Vs (in agreement with the TOF experiments), volume shallow trap
density ~ 10'® cm™ and interface traps (in concentration up to 5.5 x 10" ¢cm™). These results
provide essential information regarding the role of volume and interface defects in
MAPDI3/Au interfaces. The occurrence of trapping has to be taken into account for the

conception and simulation of perovskite based devices.
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4.1 Permittivity of HOIPs and its measurement

As discussed in the previous chapter, special care must be taken during the study of the
electrical properties of HOIPs. Based on a broad review of the literature, several points
were taken into account in order to interpret the experimental data. These points generally
include the slow electrical response of HOIP materials, where “slow” implies long time
scales (> 10 ps) of the processes involved in the study. The electron clouds, the inorganic
crystal scaffold, and the rotating organic ions each strongly impact on the electrical
properties of HOIP materials. The studies of electrical responses are generally termed
dielectric spectroscopy.! The dielectric response of HOIP can be summarized in Fig. 4-1,
where the real part of the dielectric constant (¢°) is plotted versus the response frequency.
The fastest response is the displacement of the electron cloud, which can respond nearly
instantaneously, hence generally termed &... A step increase in &’ happens around 10" Hz,
when the lattice vibration (phonon) effect sets in. The effect of rotating dipoles gives rise
to the dielectric response with frequencies less than ~10° Hz. Then, finally, the relaxation

frequency of defect migration is generally observed at the frequency range of 1 kHz.

EA Defect migration

MA®ion rotation Lattice vibration

Electronic cloud
displacement

> > > >
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Fig. 4-1 Dielectric spectra of HOIP material
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Different measurement techniques can be used to probe different frequency ranges. For
example, for frequencies higher than 10'° Hz, Fourier transform infrared spectroscopy can
be use to detect the dielectric response, while network analysis is applicable in the range of

10°~10"2 Hz. For lower frequencies, impedance spectroscopy (IS) is suitable.

The principle of impedance spectroscopy is shown in Fig. 4-2. A sinusoidal voltage is
applied to the sample and the current response is analyzed in both amplitude and phase.

The complex impedance is given by:

Vo
7=272(w) = 7efqb . Eq. 4-1

According to Fourier transform theory, if the function of Z(w) is known, the temporal

response of the system can be completely characterized.

Im(2)

z Re(2)

Fig. 4-2 Principle of IS measurement

Alternatively, the impedance function Z(w) can also be represented by other complex
functions, including admittance ¥ = 1/Z, modulus M = jwC.Z, or dielectric permittivity & =
I/M (Cc is the capacitance of the empty cell). The relationships between the different
experssions are summarized in Table 4-1." With the assumption of homogeneity, ¢ can be

readily interpreted as the dielectric permittivity (relative dielectric constant) of the material.

t Following the convention in the literature, the complex function F(w) is denoted by F(w)
= F'(w) —jF”’(®), where F is the real part of F, F'” is the imaginary part of F.
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Table 4-1 Relationships between representations of impedance analysis (4 = joC; is
the impedance of the empty cell).

Z Y M €
1 -1 -1 -1
Z V4 Y u M U e
Y z! Y uM! e
M uZ He M g
g ,u_lZ_ ! ,u_lY M g

Although IS is a powerful tool to characterize the electrical process of electrode—material—
electrode systems, data analysis can be a far from trivial task. Generally, it fares better
when a series of samples is investigated so that a coherent picture can be obtained. A
simplified work flow of the data analysis process to reach an interpretation is shown in Fig.
4-3. First, the impedance measurement is carried out on the system and an adequate theory
of the process constructed or conjectured. The theory is then used to build a physical model
from which the mathematical form of the impedance function can be calculated. Numerical
curve fitting between the experimental curve and the mathematical model is made by
varying some or all of the parameters. When a satisfactory fitting is obtained, the physical

parameters can be extracted and interpreted accordingly.

Equivalent
circuit
Zeo(w) -
~
Material- SO
-1 Impedance ~o _ Sy
electrode |« measurement Z(w) S~ Curve fitting o tem
system -
~
Plausible -
Theory physical | Mathematical
model Z(w)
model

Fig. 4-3 Flow diagram for the measurement and characterization of a material—
electrode system. Figure adapted with permission from ref 2. Copyright 2005 John
Wiley & Sons, Inc.

Besides the motivation from the last chapter, the study of the dielectric properties of HOIP
materials is of interest because it is also relevant for explaining charge separation in HOIP
solar cells, an issue that is still under much debate.>*>®’ The high dielectric constant of

HOIP has been conjectured to serve as the screening mechanism contributing to the low
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exciton binding energy (Fig. 4-4). While the dielectric properties of most-commonly used
semiconductors have been generally agreed upon (Table 4-2), the reported dielectric
properties of HOIP vary significantly between one another. Due to its highly dispersive
nature and the lack of general consensus in data interpretation, the analysis of HOIP
dielectric properties still presents disagreement in the literature. For example, Juarez-Perez,
et al. reported the occurrence of photoinduced giant dielectric effect in HOIP,® a result

being later considered as of no physical importance by Almond & Bowen.’

C : electron ‘ : hole : Induced dipole
(% RS RS B I RS RS TS S

S TS T SRS RS S NS S
NI OOV VJIO
J‘Wo\)’dd
JUVWOWY YO
QOVOVOWLVYV O
DVOVVOVVVLOLO

Fig. 4-4 Screening of electron—hole pair in dielectrics

C
Ll € ¢

¢ ¢
© R

Table 4-2 Dielectric constants of commonly used semiconductors
Si GaAs CdTe P3HT PCBM MAPDI;

P 12¢ 13¢ 10¢ 3.5 3.9 35970, 500/

“Data from ref 10, °data from ref 11, “data from ref 12, “data from ref 13, “data from ref 3, data from ref 14.

In the remaining part of this chapter, the dielectric spectroscopy of several devices were
measured with a Biologic SP-300 impedance analyzer under controlled experimental
sample conditions, including temperature, thickness and illumination. By doing so, we
were able to clarify some ambiguities in the data interpretation and demonstrate that IS is a
suitable technique in obtaining information that can be used to gain valuable insight into

the operation of HOIP optoelectronic process.
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4.2 High frequency dielectric constant of MAPDbI; and its origin

Because of the impedance of the connecting cables, the upper frequency limit of IS
technique is between 100 kHz and 1 MHz. Therefore, in the IS characterization of the
dielectric properties, the higher frequency components, i. e., the response of electronic
cloud, the vibration of lattice, and the rotation of the organic dipoles, can only be inferred
from the absolute value of the dielectric constant. Previous studies have shown that at the
~100 kHz range, the dielectric response of HOIP is dominated by dipole rotation.'>"
These studies were carried out on HOIP single crystals or pellets. Therefore, a comparison

with solution-processed film is of interest and could help us to determine the applicability

of the experimental setup.

To measure the dielectric properties of MAPbI; films, the sample structure of ITO/ALO;
(45 nm)/MAPbI3/ALLO; (45 nm)/Al was used. The aluminum oxide layer serves as a
blocking electrode to minimize the electrode polarization effect.”'®!” Both aluminum
oxide and aluminum top electrode were deposited with an e-beam evaporator under a
vacuum of ~10°® mbar at a rate of 0.2 nm/s. The MAPbI; film was prepared according to
the procedure described in section 2.3, with a thickness of 280 nm as measured using a
stylus profiler. In this device architecture, the aluminum oxide layer contributes to the total
capacitance. Therefore, the sample without the active layer, i. e., ITO/Al,O3 (90 nm)/Al,

was also measured.

The results are shown in Fig. 4-5, where the capacitance C is related to the admittance Y

by:
C=—=C+jC Eq. 4-2
7 JL, q. 4-

where Y= 1/Z= Y’ + jY” is the complex admittance, and w is the angular frequency.
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Fig. 4-5 Frequency dependent admittance of (a) ITO/Al,O3 (45 nm)/MAPbI; (280
nm)/Al,O; (45 nm)/Al and (b) ITO/Al,0O5 (90 nm)/Al devices. The capacitance C is
calculated from the admittance Y in Eq. 4-2 and plotted in (b) and (d).

At the frequency regime of 1 kHz to 100 kHz, the imaginary part of capacitance is much
less than the real part, i. e., the system exhibits a purely capacitive behavior; while at lower
frequencies, interfacial effects are likely to set in." Therefore, in the high frequency region,
the impedance of ITO/Al,O3/MAPbI3/Al,O3 /Al can be approximated as 2 capacitors in
series, one from the dielectric response of Al,O3; (C’a10), the other from MAPDI; (C 'gor):

1 1 1 C'AHC'AIO A
— + , C’ = ! -, E . 4'3
Can Cao ' Crow HOIP = ¢ 0 1

where C’sj is the measured capacitance of ITO/ALO;/MAPDI:/ALL,O5/Al, ¢’ is the

= ¢
! !
alo — C'an

permittivity of MAPbI;, gy= 8.85 x 10™'* F/m is the vacuum permittivity, 4 is the device
area, and d is the MAPbI; thickness. The capacitance and permittivity of the 280-nm
solution processed MAPDI; layer obtained is shown in Fig. 4-6. The measured relative
permittivity of MAPbI; remains at the same value of 65 over 2 orders of magnitude of the
frequency range. The result is in good agreement with the report by Young and Fredericske

on MAPbI; pellets.”
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Fig. 4-6 (a) Equivalent circuit of an ITO/AL,O3 (45 nm)/MAPbI; (280 nm)/ Al,O3 (45
nm)/Al device. Frequency dependence of (b) capacitance and (c) MAPbI; relative
permittivity.
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Temperature dependent measurement of the dielectric constant can be used to gain more

insight into the nature of the dielectric process. Here, the low temperature cryostat

described in section 3.4 and the same data analysis procedure as described above was used

for the measurements. The temperature dependent permittivity of solution-processed

MAPDI; film is shown in Fig. 4-7.
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Fig. 4-7 Temperature dependent relative permittitivity of solution-processed MAPbI;

thin film with thickness of 280 nm. The blue dotted line is a guide to the eye.

The measured relative permittivity shows a clear discontinuity at temperatures around 150

K, roughly corresponding to the tetragonal-to-orthorhombic phase transition known for

MAPDI; perovskites. The exact temperature of the phase transition is generally located at

162 K."*"” However, it is not unusual for thin films to exhibit a delayed phase transition
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due to strain, as observed in other reports on HOIPs.***!

In the tetragonal phase, the permittivity exhibits a roughly 1/7 (or 1/(T — T¢)) behavior,
which is a strong indication of the existence of disordered dipole moments. This
explanation is in line with the general agreement that the tetragonal-to-orthorhombic phase
transition in HOIP restricts the rotation of the organic cations.'®**** As can be seen in Fig.
4-7, in the orthorhombic phase the 1/(T — T¢) trend is broken, which can be attributed to

the fixed directions of the methylammonium (MA™") cations in this phase.
y p

Based on the above discussion, further analysis of the temperature dependent permittivity
in the tetragonal phase can be carried out by the application of the Kirkwood—Frohlich—
Onsager equation, which is a simple but powerful model to characterize the relationship

between dipole moment and dielectric constant, first developed to describe polar

solutions."** The Kirkwood—Frohlich—Onsager equation is written as:
g —&,)R2e+ ¢, 1 Nu?
(¢ =€) )1, e b, 44
(e +2)2 9¢y 7 k(T — T¢)

where ¢’ is the low frequency permittivity, ¢’ is the high frequency permittivity limit, &=
8.85 x 107"? F/m is the vacuum permittivity, g is the Kirkwood correlation factor, N is the
dipole density, u is the magnitude of the dipole moment, & is the Boltzmann constant, 7 is
the absolute temperature of the sample, and 7¢ is a constant called the Curie—Weiss
temperature. The 1/(T — 7¢) behavior is a generalized form of the equation, which is in

accordance with the phase transition of perovskite materials.”>*°

The correlation factor g is a measure of the interaction between individual dipoles:""

_ (X my Zj Mj) — 14+ <Zi2i<j L llj> _ nuiznteract
9 NMZ N’uz 'u2

Eq. 4-5

)

where p; represents individual dipoles. The value of g is larger than 1 when there is a
tendency for parallel orientation, while smaller than 1 for anti-parallel orientation of the

dipoles.

The elegance of this equation lies in the fact that the permittivity is given implicitly, and
that the high frequency limit permittivity ¢, and Curie—Weiss temperature 7¢ can be fitted

through the temperature dependence of ¢’. The best linear fit of (¢’ — &’x) (26’ + €’x)/e’ (¢’
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+ 2)* versus 1/(T — T¢) in tetragonal phase is shown in Fig. 4-8, giving optimized

parameters of ¢ 'x=32.4 and 7= 34.4 K.
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Fig. 4-8 Fitting of the MAPDI; pemittivity to Kirkwood—Frohlich—-Onsager equation
in the tetragonal phase. Best-fit values of ¢'x = 32.4, Tc = 34.4 K are used.

The obtained high frequency limit permittivity &', is somewhat higher (32.4 versus 23.3
and ~7) than the results from experiments on MAPbI; pellets,” and first-principle DFT
calculations.”” The Curie-Weiss temperature also differs with the result from ref 13. These
might be due to the difference in crystallinity of the material and some of the assumptions

made in the DFT calculations, such as the anisotropy of the unity crystals.

Important information can be obtained with the knowledge of the correlation factor g,
whose calculation from the fitted line is as follows: the dipole density N is calculated from
XRD data in section 2.2.2 to be 4.01 x 10" m >, ' and the dipole moment of MA" ions u
has been calculated from density functional theory to be 2 D (1 Debye = 10" esu A = 3.34
x 107" C m).*"*** Therefore, the correlation factor g can be calculated from the fitted

slope on Fig. 4-8. The slope gNu*/9¢ok = (17.6 + 0.1) K, giving g to be 0.11 + 0.1.

The observation that the correlation factor g < 1 provides experimental evidence of the
anti-parallel arrangement of the MA" ions in MAPbI; (Fig. 4-9), which has long been

conjectured in the literature (“antiferroelectric”) by theoretical calculation at room
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30313233 This ordering might come from the interaction of the MA " ions with

temperature.
the inorganic cage,”® or be due to hydrogen bonding,” and is related to the tetragonal

crystal structure of MAPbI; present at room temperature.

(a)

k‘?a %k ﬂgu % .,g&
% e 22 J‘ %

Fig. 4-9 Dipole arrangement in MAPbI3 perovsklte. (a) The difference in electron
affinity between the carbon and positively charged nitrogen atoms causes a dipole
moment p orientated along the C-N axis of the MA" ion. (b) Anti-parallel
arrangememnt of the MA" ions in MAPbI; deduced from the temperature dependece
of the permittivity.

Dipole moment

The problem of dipole orientation in HOIP is a much debated topic, which so far has been
studied using theoretical simulations,’'~*****%*7 ultrafast 2D vibration spectroscopy,’’ or
neutron scattering technique.”” Here the problem is experimentally elucidated by the
relatively simple IS technique and a straightforward conclusion is made. In the next section,

we will examine the low frequency component of the dielectric spectra as measured using

IS.

4.3 Analysis of ion migration in MAPbI;

The electrode polarization effect, which has been minimized in the previous section by the
use of two blocking electrodes, is of interest because it can be used to study the interfacial
effects which have significant implications in the performance of solar cells, and the
observation of the giant dielectric constant.® As a starting point of this study, this section
presents the IS measurement of an ITO/PEDOT:PSS/MAPbI3/Au device, where both
interfaces, i. e., PEDOT:PSS/MAPbI; and MAPbIs/Au have significance in solar cell
applications. As mentioned in the introduction of this chapter, the ambiguities in IS data

interpretation must be carefully taken into account and it would be helpful to see the data
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in different ways. With temperature dependent measurement and equivalent circuit fitting,
it can be shown that the low frequency component of the capacitance spectra is closely
related to the ion migration within the HOIP layer. From the fitting model, the ion
diffusivity and activation energy can be obtained and compared to theoretical simulations

found in the literature.

The complex permittivity (¢ = ¢’ — j¢”’) and conductivity (¢ = & "gow) of a 250-nm-thick
MAPDI; film sandwiched between PEDOT:PSS and gold electrodes are shown in Fig. 4-10.
The drop in ¢’ at around 1 MHz is caused by the series resistance of the contact layers and
the connection cables. At around 100 kHz, ¢’ is around the value of the intrinsic
permittivity as measured in the last section. The real and imaginary parts of the
permittivity further increase with decreasing frequency over several orders of magnitude.
At low frequencies, the imaginary part is larger than the real part, meaning that the sample
should not be considered as a capacitor and that the conduction effect must be taken into

account. The slope is close to 1, corresponding to a constant AC electrical conductivity o ~

10~ S/m (Fig. 4-10 (b)).

10° =" Slope = 0.004

10" 10° 10’ 10° 10° 10 10° 10° 10" 10° 10' 10° 10° 10 10° 10°

Frequency (Hz Frequency (Hz)
q y

Fig. 4-10 Frequency dependent complex permittivity (a) and conductivity (b) of
an ITO/PEDOT:PSS/MAPbI; (250 nm)/Au device at room temperature.

The low frequency component is likely to be dominated by ion migration in the material.

In HOIP, the existence of ion migration has been generally recognized using theoretical

38 , 39 40 , 41

simulations, transient photocurrent measurements, current—voltage

43 , 44 6

hysteresis, ** - local photoluminescence, ** electroabsorption spectroscopy, *
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photothermal induced resonance (PTIR) microscopy and Kelvin probe force microscopy.*’
IS measurements have also been employed,*****~%°! but these studies, except for ref 51,
are carried out on complete solar cell devices with hole or electron transport layers (TiOs,
spiro-OMeTAD, or PCs;BM), which inevitably complicates the data analysis. For example,
the low intrinsic permittivity derived in ref 8 (¢’ ~ 7) might be due to non-compensated

capacitance of the spiro-OMeTAD layer.

It should be noted that Almond and Bowen have suggested that the low frequency
component in the IS of HOIP might be due to the porous nature of the material and not
from physical mechanisms like ion migration.” However, their referencing data comes
from a device constructed using a mesoporous TiO, interface to maximize surface area,’
and shows significantly larger low frequency dispersions than the planar devices studied
here (slope of 0.066 in ref 9 compared with 0.004 in Fig. 4-10 (b)). This means that the

. . . . 52.53
“universal dielectric response” effect is much weaker,””

if not absent, in the planar
device. Therefore, it is possible that the explanation given in ref 9 is not complete and that
the studies of a planar device architecture would provide additional information. In the
remaining part of this section, the analysis of the temperature-dependent and
illumination-dependent IS data of a planar ITO/PEDOT:PSS/MAPbI3/Au device is

presented.

The temperature dependent dielectric measurement of an ITO/PEDOT:PSS/MAPbDI; (250
nm)/Au device is shown in Fig. 4-11. The MAPbI; undergoes a tetragonal-to-cubic phase

19,54

transition at 327 K. Therefore, this measurement covers the phase transition region and

some changes in electrical properties due to the change in crystalline phase are expected.
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Fig. 4-11 Temperature dependent dielectric measurement of a nPEDOT:PSS /MAPbI;
(250 nm)/Au device. (a) Real part of the permittivity ¢’. (b) Imaginary part of the
permittivity ¢”. (c) Conductivity (¢ = &”gw). (d) Conductivity at 0.1 Hz versus
temperature.

As shown in Fig. 4-11 (a), ¢’ increases with increasing temperature and even at
temperatures as high as 350 K, no clear plateau is observed over the measured frequency
range, indicating that the relaxation process is not Debye-like. The increase in ¢” (Fig.
4-11 (b)) with temperature indicates the increase of conductivity with elevating
temperature (Fig. 4-11 (c)). The change of slope around 330 K on the conductivity at 0.1
Hz (Fig. 4-11 (d)) is related to the tetragonal-to-cubic phase transition.

The non-Debye like relaxation behavior renders data analysis more complicated. The
general approach is to assume a distribution function of relaxation times to fit the
experimental data,' but this complex fitting is out of our capacity. The other approach to

quantify the experimental data is thorough equivalent circuit fitting, where the specific
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nature of each process has to be assumed. As discussed above, the assumption of ion
migration dominating the low frequency component is reasonable. Therefore, an ionic
diffusion process should be included in the equivalent circuit, which is usually done by
.2,55

introducing a Warburg element, the impedance of which is given by:

tanh./jwT;
Zy = Ry 0w Eq. 4-6

w ,—]wTW )
where Zy is called the Warburg impedance, Rw the Warburg resistance, 7w the Warburg
time constant. The equation was first derived by E. Warburg in 1899 solving the diffusion

equation with oscillating ion concentration at a boundary (Fig. 4-12).>°

(@) (

O
~
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Fig. 4-12 Representation of the ion diffusion process in HOIP by a Warburg element.
(a) Hlustration of the ion diffusion in a HOIP layer. (b) Oscillating ion concentration
profile during IS measurement (inset: the electrical symbol of the Warburg element).

lon concentration

Y

[ [P —

The Warburg time constant Ty is related to the diffusivity D and is generally expressed
by_50,57,58,59

t2
Ty = o Eq. 4-7

where ¢ is the thickness of the active layer.

To fit the experimental data, we take advantage of an existing model which has been used
to describe HOIP solar cells.”’ In this model, the carrier conduction (electrons and holes) is
modeled by a resistance Rearier, While the intrinsic capacitive effect is modeled by a
capacitor Cyyx. The low frequency component is introduced by a Randle circuit with a
Warburg element (Ca/(R« + Wy)). With an additional series resistance R and trace

resistance Ry, the total equivalent circuit is shown in Fig. 4-13. This model has been shown
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to fit the IS data of inverted planar HOIP solar cell satisfactorily, and there is no specific
term to account for the effect of the PCsBM layer. Therefore, we employ the same model
on the data shown in Fig. 4-11. Simpler models were also tested but resulted in the loss of

the goodness of fit.

R

carrier

Fig. 4-13 Equivalent circuit used to fit the data shown in Fig. 4-11. The total
impedance Z is given by: Z = Rs+ Rearrier/ Cout/ (Rir + Cat/(Ret + Wa)).

With the fitting parameters of the curve at 350 K given in Table 4-3, the comparison
between the calculated and measured impedance are shown in the Bode and Cole—Cole
presentation (Fig. 4-14 (a), (b), respectively). The closeness of the model and experimental

data and the physically reasonable fitted parameter concur to support the applicability of

the model.
Table 4-3 Fitting parameters of the curve at 350 K
RS (Q) Cbulk (HF) Rtr (Q) Rct (Q) Rcarrier (Q)
54.7 8.52 1010 1880 5520
Cq (nF) Rw (Q) Tw (s) D (cm?/s)
15.5 13500 0.308 1.30 x 107
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Fig. 4-14 Comparison of measured (dots) and calculated (lines) impedance spectra.
(a) Bode presentation (abs(Z) and phase versus frequency). (b) Cole—Cole
presentation (—Z versus Z’). The fitted parameters are given in Table 4-3.

At 350 K, the ion diffusivity is found to be 1.3 x 10 cm®/s. To obtain the temperature
dependence of the diffusivity, the same fitting procedure was applied to the IS data
between 300 K and 350 K using a global fitting protocol to ensure the continuity of the
parameters. The fitted diffusivity as a function of temperature and its Arrhenius plot are
shown in Fig. 4-15. At room temperature, the fitted ion diffusivity is 2 x 10™'> cm?/s, which
is not far from other reports in the literature in terms of orders of magnitude: ref 50
estimated ion diffusivity to be 2.4 x 10°® cm?/s for MAPbI; pellets, ref 47 measured ion
mobility and estimated the diffusivity to be 3.9 x 10" cm?s, and ref 60 estimated ion

diffusivity to be ~10~'> cm?/s.
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Fig. 4-15 Temperature dependence of ion diffusion constant measured by IS. (a)
Fitted diffusivity versus temperature in linear scale. (b) Arrhenius plot and activation
energy.

The activation energy of the ion migration is 2.3 eV in the tetragonal phase and 0.67 eV in
the cubic phase. A clear difference between the 2 phases was found, which is generally not

57, 61, 62

observed in previous reports. The reason for this might be because the

19,63,60
2227 and not

tetragonal-cubic phase transition in HOIP is classified as second order,
abrupt. However, one might expect that the ionic conduction is closely related to the
spacing in the crystals and therefore more sensitive to the crystalline phase change than

electron or hole conduction.

The cubic phase activation energy is in good agreement with the theoretical prediction of
the activation energy of ion migration (0.2 — 0.9 eV).******%* A general survey of the
literature shows that of all the possible mobile species, iodide ions have the smallest

o . 65,66
activation energy and lowest formation energy, ™

and therefore usually assumed to be
the dominating mobile species. However, the specific activation energy value varies from
report to report and it is therefore difficult to identify a single mobile species. Besides, the
low formation energy of Schottky defects in HOIP,®” which create stoichiometric amounts
of anion and cation vacancies, suggests that multiple species may be involved

simultaneously.

The tetragonal phase activation energy (2.3 eV) is high compared to most simulation
results and seems counterintuitive. It is likely that, at the interfaces, the ions falls into traps

formed at imperfect crystal planes. At lower temperatures, these ions would be harder to
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activate and therefore lead to the high apparent activation energy. The occurrence of

interfacial pile-up of ions has also been suggested in other literature reports, **>*%%

Ample amount of evidence of the structural change of HOIP under illumination has been
provided in the literature:® Gottesman er al.”® suggested that dipoles reorient during
illumination and induce slow lattice distortion. Quilettes et al.* provided experimental
evidence of halide redistribution in HOIP under illumination. Deng ef al.”' proposed that
the hysteresis of HOIP solar cells may come from light-induced self poling effect. As
discussed above, ion migration is closely related to the crystal arrangement and the trap
states. Therefore, the above experimental method has the potential gaining more insight

into the structural change under illumination in HOIP.
The illumination-dependent dielectric measurement of an ITO/PEDOT:PSS/MAPDbI; (250

nm)/Au sample is shown in Fig. 4-16. The illumination was provided by a fiber illuminator

and the power estimated using a radiometer (/L /400 BL).
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Fig.  4-16  Illumiation  dependent  dielectric  measurement of an
ITO/PEDOT:PSS/MAPbI; (250 nm)/Au sample. (a) Experimental setup. (b) Real part
of the permittivity ¢’. (c) Imaginary part of the permittivity ¢”. (d) Conductivity (¢ =
& gow). (e) Conductivity at 0.1 Hz versus illumination intensity. The dashed line is a
guide to the eye.

With increasing illumination intensity, the low frequency permittivity increased by up to 2
orders of magnitude at 100 mW/cm®. The corresponding increase in conductivity is shown

in Fig. 4-16 (c), which seems to saturate at high illumination intensity (d). A similar
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photoinduced giant dielectric constant effect has been reported in the literature and was

attributed to the structural change of MAPbI;,® or to charge accumulation at interfaces.*’

One pronounced feature of the illumination effect is the apparent decrease of ¢’ over the
100-1000 kHz frequency range (Fig. 4-16 (a)), which is different from the previous results
(Fig. 4-11). The effective dielectric constant actually becomes negative at 100 mW/cm?
(Fig. 4-17 (a) inset). In the Cole—Cole plot, the effect presents itself as an inductive loop at
middle frequencies (Fig. 4-17 (b), (c)). The “negative capacitance” or inductive
phenomenon indicates a releasing of previously stored energy, and has already been

7273 and observed in HOIP interfaces.”* It is generally associated

reported in the literature,
with charge injection and recombination through interfacial states,” or electrochemical
reactions.”’ In this case these states seem to be photogenerated. Closer examination is
necessary at this point to elucidate this observation of light-induced negative capacitance

effect in the HOIP layer.
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Fig. 4-17 Negative capacitance effect under 100 mW/cm?® illumination. (a) Real part
of the permittivity (inset: zoom in around 100 Hz, showing negative effective
dielectric constant). (b) Cole—Cole presentation of the whole frequency range (100
kHz to 0.1 Hz). (c) Zoom in on the Cole—Cole presentation near the intercept. The
inductive loop is clearly observed.

The photoinduced change of the HOIP crystals is of special interest in the literature:
Several reports suggested that, under illumination, MA" ions in HOIPs are more ordered
and the lattice less distorted, hence reducing the bonding between MA" ions and the

inorganic frame.”””>’® As a result, the release and diffusion of ionic species are facilitated
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under illumination (“softening” of the lattice, Fig. 4-18).°* This is consistent with another
recent report demonstrating that defect density decreases by one order of magnitude under
illumination,* which demonstrated that illumination has certain effect on the structure of

crystals.

Softened Iattlce by |IIum|nat|on

+++;»

gﬁ%
_ﬁd—

Fig. 4-18 Illustration of HOIP lattice softening under illumination. Adapted with
permission from ref 64. Copyright 2016 American Chemical Society.

To evaluate the diffusivity under illumination, the temperature dependent dielectric
measurements were conducted under 25 mW/cm® illumination on the same sample
structure as before. The light intensity was chosen to avoid the inductive effect as
discussed above and a green light LED (532 nm) was used as the light source due to its

stable output. The dielectric data obtained is shown in Fig. 4-19.

The temperature dependent phenomenon under illumination is quite distinct from the dark
condition: it is less thermally activated (Fig. 4-19 (a), (b)), has a larger low frequency
dispersion (Fig. 4-19 (c)), and the low frequency conductivity actually decreases with
increasing temperature (Fig. 4-19 (d)). All these observations point to an underlying

change in the MAPbI; crystal structure.
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Fig. 4-19 Temperature dependent dielectric measurement of an ITO/PEDOT:PSS
/MAPDI; (250 nm)/Au device under 25 mW/cm?® illumination. (a) Real part of the
permittivity ¢’. (b) Imaginary part of the permittivity ¢”. (¢) Conductivity (6= & "gyw).
(d) Conductivity at 0.1 Hz versus temperature.

The effect of this change can be quantified by applying the same equivalent circuit analysis

in Fig. 4-13 to the variable temperature data under illumination. The fitted diffusivity

versus temperature and ensuing Arrhenius plot are shown in Fig. 4-20. Compared to the

dark condition in Fig. 4-15, the ion diffusivity is higher and the activation energies in both
phases are lower, especially in the tetragonal phase. Both observations are consistent with

the photoinduced structural change in HOIP as explained above, i. e., enhancement of ion

diffusion. It is noted that at 350K, the diffusivity under illumination and dark condition are

comparable.
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Fig. 4-20 Temperature dependent ion diffusion constant measured by IS under 25
mW/cm? illumination (532 nm). (a) Fitted diffusivity versus temperature in linear
scale. (b) Arrhenius plot and calculated activation energies.

In summary, this section presented an experimental analysis of ion migration in MAPDI;
perovskites using impedance spectroscopy. It was argued that the low frequency (~< 100
Hz) permittivity is dominated by ion migration, the effect of which is analyzed under
various experimental conditions by equivalent circuit fitting. By comparing with available
studies in the literature, satisfactory and consistent explanations of the observed effect
were presented. Specifically, the hypothesis of photogenerated structural change of

MAPDI; is supported.

4.4 Conclusion

In this chapter, we systematically studied the dielectric response of the HOIP layer in
planar devices. The simple layer structure allows more straightforward analysis of the IS
data and several insights into the dielectric response were obtained. Specifically, the high
frequency permittivity was found to be of dipole origin. Equivalent circuit fitting was
successfully applied to the temperature dependent data to obtain the ion diffusivity and
activation energy, which were found to be consistent with simulation results in the
literature. Possible mechanisms responsible for the illumination-induced effects were

discussed.
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5.1 “Intermediate relaxation” and its temperature dependence

The dielectric response of sandwiched devices (ITO/PEDOT:PSS/MAPbI3/Au) has been
analyzed in the previous chapter. The high (> 50 kHz) and low frequency (< 100 Hz) part of
the spectra have been attributed to dipole rotation and ion migration, respectively, while the
frequency range between (0.1-30 kHz) has not been explored. Zooming in on one typical
dielectric spectrum of an ITO/PEDOT:PSS/MAPbIs/Au device in this regime shows one
curious feature (Fig. 5-1): Besides the monotonous increase of permittivity with decreasing
frequency, an inflection point is observed near 10 kHz. This indicates an additional relaxation
process responding in this frequency region.' To show this more clearly, the normalized
derivative of the real part of permittivity (—f de /df) is also plotted. The normalized derivative
plot is a common approach to determine the relaxation frequency in the dielectric spectra of
high conductivity samples,”> which obscure the peak that should otherwise appear on the &”

spectra of insulating samples.' The relaxation frequency is then determined to be 8 kHz.

The unexplained relaxation process in the ITO/PEDOT:PSS/MAPbI;/Au device will be
referred to as the “intermediate relaxation™ as its response frequency lies between the 2

mechanisms discussed in the last chapter, i. e., I or MA" migration and dipole reorientation.
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Fig. 5-1 Observation of intermediate relaxation in an ITO/PEDOT:PSS/MAPbIs/Au
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device. Data taken from the room temperature curve in Fig. 4-11.

Note that this response is not included in the equivalent circuit simulation presented in section
4.2, designed to focus on the low frequency part. Therefore, the effect of the intermediate
relaxation is mixed with the carrier resistance (Rcamier), bulk capacitance (Cpux), and trace
resistance (Ry) (Fig. 4-13). Actually, as the effect is small compared to that of the low

frequency ion migration, it is likely to be lost in the fitting process.

As shown in the previous chapter, the temperature dependence of a relaxation process
provides important information concerning its nature. The re-plotting of the variable
temperature measurement in Fig. 4-11 focusing on the intermediate frequency region is
shown in Fig. 5-2. At higher temperatures, the effect of low frequency ion migration moved
into this region, causing the relaxation peak to become increasingly difficult to distinguish.
However, up to 350 K, reasonable relaxation frequency and peak height can be determined.
The relaxation frequency increases with temperature while its peak height decreased. Effects
of the tetragonal-to-cubic phase transition can be seen clearly by the different activation

energies (115 meV and 58 meV in the cubic phase and tetragonal phase, respectively).
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Fig. 5-2 Temperature dependence of the intermediate relaxation from 300 K to 350 K.
(a) Real part of permittivity versus frequency (1-100 kHz). (b) Normalized derivative
of the permittivity versus frequency to determine the relaxation peak position and
height. (c¢) Peak position and height versus temperature. (d) Arrhenius plot of the
relaxation frequency and the fitting of activation energies in the cubic and tetragonal
phase.
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The temperature range 300-350 K is not enough to clearly analyze the temperature
dependence of the relaxation process. For example, the apparent Arrhenius behavior might
change when looking at a larger temperature range. As MAPDI; degrades at temperature as
low as 360 K, it is not possible to obtain the data of higher temperatures. Therefore, further
study was carried out on sample temperatures lower than room temperature, with the

equipment described in section 3.3.

The result of the dielectric measurements from 270 K to 90 K are shown in Fig. 5-3. Over this
temperature and frequency region, the interference from the low frequency ion migration is
minimal, allowing clear view on the intermediate relaxation. The effect of

tetragonal-to-orthorhombic phase transition occurring at 162 K for MAPDbI; can also be
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observed: On the ¢’ graph (Fig. 5-3 (a)), the spectra of temperature higher than 160 K are
separated from the ones lower than 160 K. On the ¢” graph (Fig. 5-3 (b)), the difference
between the 2 phases is also observable but less apparent, possibly due to the less impact of

the phase transition on electronic conduction.
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Fig. 5-3  Temperature  dependent  dielectric = measurement of an
ITO/PEDOT:PSS/MAPbI; (200 nm)/Au device from 270 K to 90K. (a) real and (b)

imaginary part of the permittivity.

At temperatures below room temperature, the plateau caused by the intermediate relaxation
can be observed clearly. Therefore, the relaxation frequency can be determined more
reasonably by finding the edge of the plateau using 2 tangential lines, as shown in Fig. 5-4 (a).
Mathematically, this point corresponds to the lowest point on the plot of the second derivative

of the permittivity (Fig. 5-4 (b)). Same frequency was found by the 2 methods.
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Fig. 5-4 (a) Determination of relaxation frequency by the edge of the relaxation
plateau. (b) Second derivative of the permittivity. The relaxation frequency
corresponds to the lowest point, as indicated by the blue arrow.

The method employing second derivative suffers from low signal-to-noise ratio at lower
frequencies. Therefore, the relaxation frequencies of Fig. 5-3 (a) were determined by the

tangential line method, and are represented in Arrhenius form in Fig. 5-5.
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Fig. 5-5 Temperature dependence of the frequency of intermediate relaxation
determined by the tangential line method.

In both phases, the relaxation frequency exhibited Arrhenius behavior. The activation
energies (£,) were fitted to be 50 meV and 27 meV in the tetragonal and orthorhombic phases,
respectively, while the pre-exponential factors (4) were 7 kHz and 5.1 kHz. These activation
energies are low compared to that of ion migration mechanism, which are typically on the

order of hundreds of meV.*>° On the other hand, the activation energies for the rotation of
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789 While the exact value varies (from

organic cations in MAPbI; are similar to these values.
a few meV up to 100 meV), all reports agree that, as the rotation is restricted in the low
temperature phase, the activation energy in the orthorhombic phase is smaller than in the

tetragonal phase. The same is observed for the intermediate relaxation process.

It is unlikely that the organic cation rotation is the direct cause of the intermediate relaxation
as the relaxation time of cation rotation in HOIPs is on the range of ps, i. e., 10'* Hz.*'"°
Therefore, the observations above indicate that the intermediate relaxation is strongly affected
by the phase transition in a way that is similar to organic cation rotation, but that it is of

different origin.

5.2  Origin of the intermediate relaxation

5.2.1 Discussion on the possible origins

To formulate a hypothesis on the origin of the intermediate relaxation process, a general
survey of the HOIP literature was carried out, which suggests that three mechanisms are

possible: ion migration, dipole domain alignment, or trap state filling (Fig. 5-6, see the

references of chapter 4, in particular, a recent review by A. M. Frost & A. Walsh)."'

-103 -



The missing link: Observation and analysis of proton migration in MAPbI;

(a) (b)

Electrode

-4
. 1
Vo H Interstitial
1+ 1 - ---"---‘defect e
- a ! / .

Electrode

Domain wall
motion

8
*-0--6
| o000

Conduction band Interface traps

Valence band

Fig. 5-6 Possible mechanisms responsible for the intermediate relaxation. (a) Ion
migration, where vacancies or interstitial defects would facilitate the migration. (b)
Dipole domain alignment, where the domains aligns with external electrical field
successively (domain wall motion). (c) Trap filling. The traps are considered as
electronic in this case. Both interface and bulk traps might present. Figure (c) adapted
with permission from ref. 3. Copyright 2014 Royal Society of Chemistry.

From the discussion in section 4.3, the typical time scale of ion migration (attribute to I or
MA") in a 250-nm-thick HOIP film is of the order < 0.1 second at room temperature.
Therefore, if ion migration is to account for the intermediate relaxation process, a more
mobile species must be involved. The time scale for intermediate relaxation is around 10 sec,
meaning a diffusivity of ~10™* cm?/s, considerably higher than that of I, MA", or Pb*"." The

high diffusivity suggests a low energy barrier and a small mass of the moving species.

" This value is estimated from the general relationship between relaxation time and ion
diffusion through a 250-nm-thick film, introduced in section 4.3. More discussion on this
point is presented in section 5.3.
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Considering the composition of MAPbI3, the most likely candidate for this fast ion migration
is protons, which might come from the dissociation of the ammonium group of the MA™ ions

CH;NH; " — CH;NH, + H") or residual water content from processing.
p g

For the possibility of dipole domain alignment, when no external field is applied, the domains
order themselves based on the thermal entropy at the given temperature, and are present in a
more or less random state. The applied field deviates the system from thermal equilibrium and
aligns the domain in its direction. The dynamics of the domains is determined by the domain

1,'* has

wall motion, which, according to the Kolmogorov—Avrami—Ishibashi (KAI) mode
time scales that depend on the applied voltage and film thickness. In ferroelectric perovskite
oxides, the relaxation time of the domain switching is typically 10 seconds (for film
thickness ~100 nm and an applied voltage ~1 V)."*'* In HOIPs, such an relaxation has been
proposed to explain the hysteresis effect, and the estimated relaxation time over a
200-nm-thick MAPbI; film with applied voltage ~1 V is 10*~10 seconds,” which lies in the

same time scale as the intermediate relaxation.

The third and final possibility is the general trap state filling. In this case, the bulk and
interface traps near the Fermi level contribute to the dielectric response by the filling of

electrons or holes during the application of an AC voltage.'>'°

The trap states can be either
on the interfaces, or in the bulk of the material.'” This model has been used to determine the
trap state distribution of MAPDIL;.*" Note that in this context, the trap states are specifically

electronic traps, i. e., from electronic defects.

5.2.2  Identifying the mechanism: Kinetic isotope effects

To distinguish between the three possibilities, measurement of isotope effects would be
helpful. Kinetic isotope effects (KIEs) measure the change of reaction/transition rate when
part of the chemical composition is replaced with its isotope, a technique having long been

used in chemistry to identify reaction pathways. When the isotope is directly involved in the

" In this study, Duan er al.’ determined the trap state distribution from a relaxation peak
around 10° Hz at room temperature and the activation energy of this trap states was found to
be around 200 meV. The difference suggests that the phenomenon they observed is different
from the intermediate relaxation.
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reaction/transition, it is termed a primary isotope effect, while secondary isotope effect
designates the case when the isotope exchange affects the process indirectly. Generally
speaking, primary isotope effects have a bigger influence on the rate constants than secondary

isotope effects.

To understand how isotopes influence reaction rates, the concept of the transition state theory
is useful. The principle of KIE according to transition state theory is shown in Fig. 5-7, where
the process is pictured as going from an initial state, through a maximum energy saddle point
transition state, to a final state. The simplest treatment of KIEs is that the difference in mass
between the two isotopes of the same element results in a difference in the zero point energy
of the initial state. This then modifies the activation energy, i. e., the energy required for the
reaction to occur. Provided that the potential energy well and the saddle point energy are
independent of the isotopic composition, the zero point motion of the heavy isotope would be
of smaller amplitude, as suggested by a simple harmonic oscillator model. This means that the
heavy isotope lies deeper in the initial state, and therefore would have a higher activation
energy and lower reaction rate. The tendency of lower rates for the heavy isotope is called the

normal isotope effect.

Final state

Saddle point

Initial state
Fig. 5-7 Illustration of normal kinetic isotope effect according to transition state
theory

On the other hand, “inverse” isotope effects, where the rates are higher for the heavy isotope,
have also been observed. They can be explained by the fact that in these cases the saddle point
energy is lower for the heavy isotope, as illustrated in Fig. 5-8 (a). When the curvature in

coordinates other than the reaction coordinates dominate the zero point motion, the saddle
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point energy would depend on the atomic mass. If the curvature at the saddle point is higher
than that of the initial state, the activation energy of the heavy isotope is actually lower

compared to the lighter isotope (Fig. 5-8 (b)). This concept has been used to explain the

inverse isotope effect observed in the ionic hydrogen bond formed in HO++H"++-OH,."*

Light
E s

7+
DSA
(L7 "/// /A"

Potential energy

Final state

Saddle point

Initial state
Fig. 5-8 Illustration of inverse isotope effect caused by the curvature at the saddle
point. (a) Energy profile including coordinates other than the reaction coordinate. (b)
Transition state diagram taking into account the energy profile. The higher curvature

at the saddle point compared to the initial state would result in an inverse isotope
effect.

For more complex systems, other mechanisms would also set in to affect the outcome of KIE.
Some of these mechanisms and their resulting effect on the KIE are listed in Table 5- 1.

Therefore, to interpret the outcome of a KIE on a process, some idea of the nature of the

process must be known beforehand.

Table 5- 1 Examples of mechanisms contributing to the KIE and their effect on the
pre-exponential factors and activation energies. + means tendency for a normal
isotope effect, and — indicates an inverse isotope effect. No symbol means that the
effect cannot be specified a priori. Table adapted from ref.19.

Mechanisms A E;
Probability of successful jump — nil
Zero-point energy polaron effect —
Tunneling matrix overlap + nil
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Delocalized excited states +

Local tunneling states (reduce isotope dependence)

5.2.3 KIE measurement of the intermediate relaxation process

Based on the above discussion, we can begin to formulate a hypothesis concerning the effect
of the KIE on the intermediate relaxation process. As shown in section 5.1, the intermediate
relaxation appears to be related to the rotation of organic cations. Though at this point this
relation is not clear, it is reasonable to assume that the intermediate relaxation would be
affected by the rotor properties of the MA" ions, which can be modified by replacing their
hydrogen atoms by deuterium. Four possible isotopic MA" ions can be obtained by
deuterating the hydrogen in the methyl and/or the ammonium group, as listed in Table 5-2.
The rotor properties are quantified by their momentum of inertia, which are practically
identical for the deuteration of either the methyl or the ammonium group (CH3;ND; or
CD;NH;"). Compared with undeuterated MA" ions (CH3NH;"), the deuteration of each
functional group increases the momentum of inertia by ca. 9%, up to ca.19% when both

fragments are fully deuterated (CD;ND3").

Table 5-2 Possible deuteration in MA" ions and their moment of inertia. The
deuteration of either methyl or ammonium group results in similar moment of inertia
(difference ca. 0.03%) while the moment of intetia of fully deuterated MA" ions
increases ca. 19% versus non-deuterated MA". The rotor properties of CH;ND;" and
CD;NH;" are therefore expected to be the same.

Moment of inertia

Formula Rotor 5
(a.m.u. A%)
H\ + 7
H-C-N=H o0 36.3
H H
H\ + 7/
H=C-N=D '—' 39.1
H D
D\ + /H
D-C-N=H —@ 39.7
D H
5=-N=D 9 432

D D
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Observing the effect of these rotors in MAPbI; can be used to distinguish between the 3
possible mechanisms of the intermediate relaxation: Proton migration, dipole domain
alignment, and trap state filling. The key here is that the deuteration of the methyl or the
ammonium group are practically the same in terms of rotor properties. Therefore, as the
domain wall motion in the second mechanism is directly the result of rotor motion, the same
KIE should be present for CH;ND3Pbl; and CD3NH;3Pbl;. In the trap filling mechanism, the
electronic states of isotopes remain largely the same, and the only way KIE can manifest itself
is through changes in the dielectric screening, i. e., polaron effects, which again depend only

on the rotor properties.

The case for proton migration is quite different. Protons can be dissociated from the
ammonium group but not the methyl group. Therefore, a primary isotope effect would be

expected in CH3ND3Pbl;, whereas a secondary isotope effect is expected in CD;NH;Pbl;.

To measure the KIE of the intermediate relaxation process, deuterated MAPbI; was prepared
with deuterated methylammonium iodide. Details of the synthesis procedure are shown in
Appendix 7.3. It is generally recognized that the film properties strongly depend on the
processing condition and precursor composition.”” Therefore, same preparation procedure
was employed for the deuterated MAPDI; films, and spectroscopic and electronic
characterizations on the films were also carried out, showing that the crystallinity and the
electronic properties of each isotopic MAPbI; (CH;ND;Pbls, CH;NH;Pbl;, CD;NH;Pbl;, and
CD;NDsPbls) are indistinguishable from UV—vis absorption, electroluminescence, and X-ray

diffraction. Details of the characterization can be found in Appendix 7.3.

The dielectric responses of device structure of ITO/PEDOT:PSS/CH3;ND;Pbls/Au,
ITO/PEDOT:PSS/CD3;NH;3Pbls/Au, and ITO/PEDOT:PSS/CD3ND;Pbls/Au  were then
measured with the same procedure as the experiment in Fig. 5-3 and Fig. 5-5. The results are
shown in Fig. 5-9. Similar intermediate relaxation processes were observed in all three

deuterated films.
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Fig. 5-9 Dielectric measurement of the intermediate relaxation process of deuterated
MAPDI. (a) sample with deuterated ammonium group
(ITO/PEDOT:PSS/CH3;ND;Pbl; (200 nm)/Au). (b) sample with deuterated methyl
group (ITO/PEDOT:PSS/CD;3;NH;3Pbl; (200 nm)/Au). (c) deuteration of both
functional groups (ITO/PEDOT:PSS/CD;ND;Pbl; (200 nm)/Au).

The temperature dependence of the characteristic frequencies is shown in Fig. 5-10. In the
deuterated films, the characteristic frequencies also follow Arrhenius behavior in both the

tetragonal and the orthorhombic phase. The pre-exponential factors and activation energies of
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the deuterated/non-deuterated films, fitted from the Arrhenius equation, are summarized in

Table 5-3.

CH,NH,PbI,
CH,ND,Pbl,
CD.NH,PbI,
CD.ND,Pbl,
1000 -
N
L
100 1
Tetragonal | Orthorhombic
S L s B R R L B
3 4 5 6 7 8 9 10 11 12

1000/T (K™)
Fig. 5-10 Comparison of the Arrhenius plots of the relaxation frequencies of
deuterated/non-deuterated MAPbI.

Table 5-3 Summary of the pre-exponential factors (4) and activation energies (£,) of
the intermediate relaxation of ITO/PEDOT:PSS/MAPDbI;/Au devices with
deuterated/non-deuterated MAPbI;. The error bar of the values from the standard
deviations of linear fitting is given in parenthesis.

Tetragonal phase Orthorhombic phase

Material A /kHz E, /meV A /kHz E,/meV
CH;3NH;Pbl; 7(1) 50 (3) 5.1(0.2) 27 (1)
CH;NDsPbls 17 (2) 43 (2) 4 (1) 14 (3)
CD:;NH;Pbls 6 (1) 57 (4) 2.1(0.3) 29 (2)
CD:;NDsPbl3 20 (3) 54 (3) 4.9 (0.8) 21 (2)

Comparing the relaxation frequencies of CH3;NH;3;Pbls and CH3NDs;Pbl; shows a strong
inverse isotope effect following deuteration of the ammonium group, i. e., a faster transition
rate due to the heavy isotope deuterium. On the other hand, the deuteration of methyl group

shows a normal isotope effect, where the rate is lower with the heavy isotope.
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The two opposing effects are shown clearly in the plot of the activation energies (£,) (Fig.
5-11). The deuteration of ammonium group (red arrows) decreases E, (inverse isotope effect),
while the deuteration of methyl group (green arrows) increases E, (normal isotope effect). The

same effects were observed in both the tetragonal and the orthorhombic crystalline phases.
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Fig. 5-11 Effect of deuteration on the activation energies. (a) In the tetragonal phase.
(b) In the orthorhombic phase. The red arrows indicate the effect of ammonium group
deuteration, the green arrows methyl group deuteration.

The difference between the effects of the methyl group and ammonium group deuteration thus
rules out the possibility that dipole domain alignment or trap state filling are the underlying
mechanisms for the intermediate relaxation process. This leaves us with proton migration, and

we observed that the proton migration in MAPbI; shows an inverse isotope effect.

According to the previous discussion, this would indicate that the proton migration is coupled
with the MA" ion rotation. One framework describing this coupling is the small polaron
theory, which will be discussed in more detail in the next section. Here we note that due to
this coupling, the inverse isotope effect of proton migration is actually higher than the values
in Fig. 5-11, as the manifested inverse effect has already been slowed down by the slower

MA" ion rotation.

5.3 Behavior of protons in MAPDbI;
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The effect of proton migration has been a gap in the study in HOIPs. For inorganic perovskite
oxides, the effect of proton migration has been studied since 1981 by placing perovskite

21,22,23

oxides in hydrogen-containing, or a humid atmosphere.”***> Supported by simulation
ydrog g P pp y

26,2
results, %%’

the general agreement of the microscopic mechanism in the literature is that the
protons hop between neighboring oxygen atoms while forming transitional hydrogen bonds, a
process involving the reorientation of the OH dipoles.® In HOIPs, the migration of protons
has been considered theoretically by Egger ef al.” using minimum energy path calculation.
However, the direct observation of the migration is challenging,® possibly due to the

instability of HOIPs under water or hydrogen containing atmosphere.

Insight into the proton migration behavior in HOIP can be obtained based the assignment of
the intermediate relaxation to proton migration in the last section. With this premise, we
attempt to answer some basic questions concerning the protons in MAPbI;, specifically, their

conduction properties, source and density, spatial distribution.

5.3.1 Conduction mechanism

The simulation studies by Egger et al.” suggested that protons might migrate in MAPbI; by
forming transient hydrogen bonds with iodides, with a barrier to be as low as 0.17 eV. The
authors also consented that if nuclear quantum effects such as tunneling are taken into
consideration, protons may transfer even more quickly. Indeed, the quantum effect on proton

3132 6 metals.'”?® The

conduction is a usual occurrence in the case of perovskite oxides,
possibility of Bourgoin—Corbett mechanism has also been conjectured, where the diffusion of

protons is enhanced during illumination by capturing photogenerated electrons.

The presence of quantum tunneling effect can be inferred by examining the results of the
experiments in section 5.1 and 5.2. In the discussion in section 5.2, we pointed out that the
migration of protons is coupled to the MA™ ion rotation. In the light of ref. 29, it is reasonable
to picture this coupling as protons jumping between MA" ions and nearest iodides by forming
transient hydrogen bonds. This hypothesis is consistent with the observation that the proton
transition in the orthorhombic phase is faster than in the tetragonal phase (see Fig. 5-5). As
the orientation of MA" ions is more or less random in the tetragonal phase (Fig. 5-12 (a)), but

points toward the center of the parent cells in the orthorhombic phase (Fig. 5-12 (b)), the
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average distance between the ammonium groups and iodide is smaller in the lower

temperature phase, causing the observed trend in transition rates.

(@) (b)

T O -
-k 4

P CONNE et
Je gjx—.j o © @ o ©

Fig. 5-12 Orientation of MA" ions in MAPbI; crystals. (a) In the tetragonal phase. (b)
In the orthorhombic phase. Yellow spheres represent Pb*", and purple spheres
represent I". Figures adapted with permission from ref. 34. Copyright 2015 Royal
Society of Chemistry.

Proton movement is barely thermally activated, as the activation energies of the proton
migration process and MA" ion rotation are quite similar (see section 5.1). Thus tunneling is
likely to be the mechanism responsible for the H' motion. Tunneling is expected to be
strongly dependent on distance and orientation and therefore sensitive to the rotation of the

MA" ions.

The process of tunneling coupled with lattice motion is known as the small polaron theory for
diffusion process, which has been developed to explain the diffusion of defects in metals.*'**>
According to this theory, the moving species distorts the surrounding lattice, causing its
energy to be lower than that of the neighboring states, and the transit happens by tunneling
when thermal fluctuation of the lattice makes the energies align. The whole process can be
pictured in successive steps (Fig. 5-13): Initially, the migrating species is trapped in a
potential well deeper than the neighbor site because it causes the distortion of the lattice

(polaron formation, Fig. 5-13 (a)). Then, due to the thermal fluctuation of the lattices, at

certain point the energy difference is eliminated (Fig. 5-13 (b)), which allows tunneling

' The polarons here are similar to electron/hole polarons discussed in Chapter 4, but different
moving species, such as protons or hydrogen atoms, are considered.
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between the states (Fig. 5-13 (c), (d)). Finally the lattice relaxes again back into a lower
energy state (Fig. 5-13 (e)). In this thermally activated tunneling process, the activation
energy is identical to the activation energy of lattice fluctuation. When the lattice fluctuation
is coupled with the MA" ion rotation, this process fits neatly with the discussion of the proton

migration above.

Migrating T Lattice distortion Ny
species T~/ ‘@

Fig. 5-13 Illustration of the small polaron theory for defect diffusion. (a) Initial state,
where the migrating species is trapped in a low potential well due to the distortion of
surrounding lattice. (b) Thermal fluctuation of the lattice, bringing the energy levels
to align. (c¢) Tunneling of the moving species through the barrier to the equal energy
neighboring state. (d) Potential profile right after tunneling. (¢) Relaxation of the
lattice into another low potential well. Figure adapted with permission from ref. 35.
Copyright 1984 Elsevier.

Another merit of the small polaron theory is that it is consistent with the observed inverse
isotope effect. For heavy isotopes, its smaller zero point energy results in smaller zero point
motion, which, in the small polaron theory, would reduce the effect of lattice distortion.*®

The less distorted lattice means increased transition rates, hence the inverse isotope effect.

The microscopic jump frequency between neighboring sites is related to the macroscopic

diffusivity by the Einstein—Smoluchowski relation:*’

1
D = ELZV’ Eq. 5-1

where D is the diffusivity, L is the distance between neighboring sites, and v is the jump
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frequency.

In the previous chapter, the diffusivity has been derived by equivalent circuit fitting with
Warburg elements. For the intermediate relaxation, the fitting procedure is impractical as the

peak is embedded in the electronic resistor—capacitor response. In this case, an estimate can

still be made by relating relaxation time 7, to D according to:>****’
tz
D = D , Eq 5-2
To

where #p is the thickness of the diffusion layer.

At room temperature, o= 1/2nfy~ 1/2n(10* Hz) = 1.6 x 10~ s. Assuming that the diffusion
layer thickness is of the same order of magnitude of the film thickness, it follows that the
proton diffusivity is D ~ 10~ ¢cm®/s. The value is 4-7 orders of magnitude higher than the
diffusivity of I or MA" in MAPbIs,'"*! but comparable to that of protons of a typical proton

42,43
conductor.™

To estimate the jump frequency from the diffusivity and Eq. 5-1, the jumping distance is
assigned to be of the order of 10 A, following the calculation in ref. 29. Therefore, the jump
frequency of protons in MAPbI; between neighboring sites is found to be ~10' Hz,

comparable to the proton tunneling rate in perovskite oxides.*

The fast migration of protons in HOIPs indicates that the protons can easily move to
interfaces, where they might interact with the electrodes and/or environmental molecules,
causing the degradation of the devices. Water induced deprotonation, as discussed earlier,

would also be facilitated by the fast proton migration.*

So far, the discussions of proton conduction mechanism are limited to the interaction with the
lattice. The possible effect of conduction band electrons is also of interest as they are
abundant when HOIPs are under illumination, which is the operating state of solar cells. The
effect of illumination on the intermediate relaxation is shown in Fig. 5-14. The relaxation
frequency increased with illumination intensity, while the opposite trend was present for the

peak height.
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Fig. 5-14 Effect of illumination on the intermediate relaxation. (a) Relaxation peak
from dark condition to an 80 mW/cm? illumination. (b) Dependence of the peak
height and relaxation frequency on illumination intensity. Data from section 4.2 (Fig.
4-16).
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The observed effects are consistent with the Bourgoin—Corbett mechanism,*” according to
which protons capture conduction band electrons, turning into hydrogen atoms. Therefore,
under illumination, the number of protons is reduced, resulting in the observed smaller peak
height. On the other hand, the reaction provides another pathway for proton migration, and
according to ref. 29, this pathway has a lower barrier. This implies higher proton diffusivity,

and it follows that the relaxation frequency increases with illumination.

The point is further supported by the temperature dependence of the intermediate relaxation
under a ca. 25 mW/cm® illumination, shown in Fig. 5-15. The relaxation peak remained the
same while the low frequency component (slow ion migration) increased significantly. In the
Arrhenius plot, the relaxation frequency is shown to be temperature independent. The
reduction of activation energy under illumination has been observed for slow moving ions in
section 4.3, which is explained by structural change in the lattice. In the case of proton
migration, the structural change effect and the Bourgoin—Corbett mechanism might combine

together in the case of proton migration, resulting in its virtually zero thermal activation.
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Fig. 5-15. Temperature dependence of the intermediate relaxation under illumination.
(a) Relaxation peak from 305 K to 347 K. (b) Arrhenius plot of the relaxation
frequency. Data from section 4.2 (Fig. 4-19). The illumination intensity was ca. 25
mW/cm®.

5.3.2  Sources and location of protons

The proton conduction defects in MAPbI; might come from intrinsic or extrinsic sources, the
former being caused by the dissociation of the ammonium groups in MA" ions, and the later
from the environment. The observation of KIE indicates that the intrinsic source is more
likely. Therefore, from the KIE experiments we can deduce that MA" ions dissociate in
MAPDI;. On the other hand, the extrinsic proton sources, such water-assisted deprotonation,
as proposed by Forst et al.,*® might still have an effect on proton migration. As this might be
one of the mechanisms responsible for the degradation HOIP solar cells, further studies are

necessary to clarify how the residual water affects the proton migration in HOIPs.

The amount of moving protons can be estimated from the nonlinear capacitance response with
increasing bias voltage. For an ideal capacitor, the capacitance is independent of the applied
dc voltage or the amplitude of the ac voltage. However, the amount of charges in a given
system is limited, and when they are used up under high voltage, the capacitor becomes
nonlinear. The number of charges can then be estimated from the decreased capacitance under

a DC bias.

The intermediate relaxation peaks under applied bias from 0 V to 0.7 V are shown in Fig.
5-16 (a). The peak height reduced significantly in this voltage region, and the voltage where
the peak would disappear completely was estimated to be 0.8 V (Fig. 5-16 (b)). With the
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maximum peak height of 1.8 nF/mm’ the maximum charge responding to the central

frequency was found to be 1.4 x 10 C/mm® with a 200-nm device.
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Fig. 5-16 Estimation of proton density from nonlinear capacitor behavior. (a) The
intermediate relaxation peak under applied bias from 0 V to 0.7 V. (b) Peak height
versus applied voltage. The maximum voltage obtained by linear extrapolating is 0.8
V, with capacitance of 1.8 nF/mm”.

From the above value, the surface proton density can be estimated to be at the order of 10"
cm *. On the other hand, the surface density of MA" ions is at the order of 10" cm™.
Considering the inaccuracy of the proton density estimate, the 2 values are not far from each
other. This leads us to suspect that the protons are accumulated near interfaces. Indeed, the
general theory of ion/electrode interfaces suggests that ions are likely to accumulated near
interfaces,”’ forming Helmholtz double layer and diffusion layer. This formation has been

observed for the slow moving ions in MAPbIs/Au interfaces.*®

To confirm the hypothesis, the intermediate relaxation was measured on samples with
different thickness. The dielectric spectra of various MAPbI; layer thickness are shown in Fig.
5-17 (a) and the normalized derivative of the capacitance in Fig. 5-17 (b). The characteristic
frequency and the magnitude of the intermediate relaxation are independent of the film

thickness, suggesting the ions accumulated near the interfaces.
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Fig. 5-17 (a) Capacitance spectra and (b) normalized derivative of capacitance of
ITO/PEDOT:PSS/MAPbI3/Au with active layer thickness from 300 nm to 185 nm.

The response range of the intermediate relaxation process can be determined from Fig. 5-17
(b) to be 3 x 10°~10° Hz. On the high frequency end, the capacitance value is the sum of the
response of the dielectric processes with high response rates. The capacitance value at the low
frequency end is summed with the intermediate relaxation process under study. The plot of
the capacitance at 10° Hz and the capacitance contributed by the intermediate relaxation, i. e.,

AC’

C’(300 Hz) — C’(10° Hz), are therefore plotted versus the layer thickness in Fig. 5-18

(a) and (b), respectively, to show the two components of the relaxation response.
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Fig. 5-18 Thickness dependence of the capacitance (a) at 10° Hz, and (b) difference
between 300 Hz and 10° Hz, representing the contribution of the middle-frequency

relaxation process.
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The thickness dependence of high frequency capacitance fits approximately to a reciprocal
function, which is consistent with the bulk related process with constant dielectric constant, i.

e.,
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A
Cl — 8,80?, Eq. 5'3

where ¢’ is the real part of the permittivity, €y is vacuum permittivity, 4 is the device area, and
t is the thickness. With a fitted constant of 1790 nF nm and 4 = 4 mm2, the relative
permittivity ¢’ is calculated to be 50.9, in good agreement with the intrinsic permittivity of

MAPDbI;, measured in section 4.1, and reported in the literature.*’

The capacitance contribution of the intermediate relaxation (Fig. 5-18 (b)) is almost
independent of the thickness, as linear fitting shows a slope of 0.01 nF/nm and an intercept of

11 nF. This supports the idea of interface ion accumulation, whose effect is in parallel to the

Cintrinsic~ 1/t | | Cintertace™ CONStant

Fig. 5-19 The two components of the ITO/PEDOT:PSS/MAPbI3/Au capacitor

intrinsic response of the material (Fig. 5-19).

O/PEDOT.PSS

We next attempt to locate which interface is responsible for this relaxation process by
changing the sample structure and cross-referencing the interfaces. To do so, an insulating
aluminum oxide layer is used to replace the contacts of MAPbI; layer (Fig. 5-20). In the
following experiments, the Al,O3 layer was e-beam evaporated under ultra-high vacuum (~
10”7 mbar). With a thickness of 45 nm, the layer showed good coverage of the ITO surface as
evidenced by the high resistivity of the covered film.

(a) (b) () (d)

ALO,

PEDOT:PSS PEDOT:PSS

PEDOT:PSS
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Fig. 5-20 Determining the interface for the mid-frequency relaxation by insulating layer.
(a) Original device. (b) Bottom insulation. (c) Top insulation. (d) Insulation on both sides.
The replacement of top electrode from gold to aluminum on the top insulation is chosen
because aluminum is more strain compatible with the insulation layer aluminum oxide.

The possibility of involvement of ITO/ALO;, Al,O3/Al, and MAPbI3/AlLOs interfaces is
eliminated by the measurement of ITO/AL,O3/Al and ITO/Al,O3;/MAPbI3/Al,03/Al devices

(Fig. 5-21), which shows no response in this frequency region.
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Fig. 5-21 (a) Capacitance spectra and (b) normalized derivative of ITO/ALO; (90
nm)/Al and ITO/Al,O; (45 nm)/MAPbI; (280 nm)/Al,Os (45 nm)/Al devices,
showing no relaxation response near 10 kHz. The data of the
ITO/AlLL,O3/MAPbI3/Al,03/Al device are taken from section 4.1.

Frequency (Hz)

The capacitance spectra of ITO/Al,O3/MAPbI3/Au, ITO/PEDOT:PSS/MAPbI3/Al,03/Al, and
ITO/ALLOs/PEDOT:PSS/MAPDI3/Al,03/Al devices were measured and are shown in Fig.
5-22. The relaxation peak is absent in the case of the ITO/Al,O3/MAPbI3/Au device but
present in the other 2 samples, though reduced in magnitude due to the series capacitor effect.

Therefore, we conclude that protons accumulate near the MAPbI;/PEDOT:PSS interface.
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Fig. 5-22 (a) Capacitance spectra and (b) normalized derivative of ITO/AL,O3 (45 nm)
/MAPDI; (280 nm)/Au (black) ITO/PEDOT:PSS/MAPDI; (200 nm)/Al,O3 (45 nm)/Al
(blue), and ITO/Al,O3/PEDOT:PSS/MAPDbI; (200 nm)/AL,O; (45 nm)/Al (red)
devices.

It is likely that the accumulated protons in MAPbI; exchange with the protons of the
PEDOT:PSS layer, as PEDOT:PSS has been known to be ion conductor,”’ and the protons
from the dissociation of the PSS acid were shown to diffuse into top layers.”' In our frame
work, it is possible to confirm this exchange by observing the intermediate relaxation on the
deuterated PEDOT:PSS (PEDOT:dPSS). If the exchange occurs, similar inverse isotope

effects should be observed as in the case of the ammonium group deuteration.

The dielectric measurements on deuterated PEDOT:PSS (PEDOT:dPSS) bottom electrode
with CH3NH;Pbl; and CH3;NDsPbl; top layers are shown in Fig. 5-23. PEDOT:dPSS was
obtained in similar way of the deuteration of the ammonium group: PEDOT:PSS (Heraeus,
Clevios-PH) was dissolved in an excessive amount of D,O and then dried at 60 °C (3 times).
The resulting PEDOT:dPSS solution was then spin-coated onto ITO substrates for MAPbI3
film preparation at 4000 rpm for 60 seconds.
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Fig. 5-23 KIE measurement with a deuterated PEDOT:PSS bottom electrode. The
sample structures are: (a) ITO/PEDOT:dPSS/CH3;NH;Pbl; (200 nm)/Au, and (b)
ITO/PEDOT:dPSS /CH;ND;Pbl; (200 nm)/Au.

The temperature dependent relaxation frequencies of the PEDOT:dPSS experiments are
shown in Fig. 5-24. The activation energy of PEDOT:dPSS/CH3NH;Pbl; is higher than that of
PEDOT:PSS/CH3;NH;PbI;, possibly due to the change in surface energy from the deuteration
process of the PEDOT:PSS solution. However, in terms of the relaxation frequencies, the
inverse isotope effect is observed in PEDOT:dPSS/CH;3;NH;Pbls under most of the
temperatures , and the replacement of CH3;NH;Pbl; with CH3NDsPbl; further increases the
effect. This result shows that the exchange of protons between the MAPDbI; and the
PEDOT:PSS layer is likely to happen.

«  PEDOT:PSS/CH,NH,PbI,
* PEDOT:dPSS/CH,NH,PbI,
+ PEDOT:dPSS/CH,ND Pbl,

1000

f (Hz)

100 — 'Tetlrag9nall 'Ortlilorhon’llbic' -
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1000/T (K™
Fig. 5-24 Arrhenius plots of the relaxation frequencies of the MAPbI; on deuterated
PEDOT:PSS. The data of non-deuterated MAPDbI; on non-deuterated PEDOT:PSS

from section 5.1 are included for comparison.
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5.4 Conclusion

In this chapter, a demonstration and analysis of proton migration in MAPbI; was made. We
argued that proton migration is responsible for the intermediate relaxation process in an
ITO/PEDOT:PSS/MAPbI3/Au device in agreement with kinetic isotope effect measurement.
Following this assertion, the nature of the protons in MAPbI; was discussed. Specifically, the
conduction mechanism was found to be consistent with the small polaron theory and the
Bourgoin—Corbett mechanism. Other general properties of protons in MAPbI; were also
deduced (Fig. 5-25), contributing to the general understanding of the MAPbI; material. The
results should help to mend the gap in the study of the migrating protons in MAPbI.

The combination of dielectric measurement and an understanding of microscopic mechanisms
of HOIP provides a unique opportunity to study a previously non observed effect. This line of
investigation has the potential of providing insights into more advanced HOIP device

structures and other materials.

ITO/PEDOT:PSS/MAPbI,/Au

Light induced effect

(Bourgoin—Corbett mechanism)

Dissociation o
Diffusion

(Small polaron theory)

Accumulation
(Helmholtz layer)

Exchange

Fig. 5-25 TIllustration of the proton-related processes in MAPDI; discussed in this
chapter.
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6.1 Conclusion

The studies in this thesis began by testing various solution preparation procedures for
polycrystalline MAPbI;, the archetypal HOIP material, to identify a procedure that can
reproducibly fabricate high quality films. The characterization of the films was then carried
out by spectroscopic (UV-vis absorption, XRD, XPS, UPS), electrical (time-of-flight
mobility measurement, Kelvin probe), and physical (AFM) techniques. The films were also
shown to be useful in solar cell applications. With these films, the processes in the

bulk/interface of MAPbI; perovskites were studied and their properties examined (Fig. 6- 1).

ITO/PEDOT:PSS/MAPDI,/Au

Hole trap formation
Ny~ 10" cm3

N;~ 10" cm-3

0s899

: “® Dipole alignment
L - Antiparallel
°

: H* migration
. D~ 105 cm¥/s

ALY 2L
28 x
°
& = W2
°

MA* or I- migration
D ~ 102 cm?/s

H* exchange/accumulation

Fig. 6- 1 Summary of the properties of HOIPs studied in this thesis on the device
structure of ITO/PEDOT:PSS/MAPDI3/Au, including: Hole trap formation and the
bulk and interfaces (section 3.3), dipole alignment (sections 4.2), ion migration
(section 4.3), and proton migration and exchange (chapter 5).

The charge transport mechanisms of MAPbI; were studied by experiment and simulation of
the low temperature J—V-L characteristics of ITO/PEDOT:PSS/MAPbIs/Au devices. It was
found that the experimental data fits well with the model in which a band bending at the
MAPDbIs/Au interface occurs. The origin of the band bending is argued to be hole traps, whose

density and depth profile were calculated from model fitting.

To study the dielectric relaxation mechanisms in MAPbIs, the impedance spectra of various
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sample architectures were measured under variable temperature and illumination conditions.
By fitting the experimental data to known physical models of relaxation mechanisms, those
responsible for the dielectric response of MAPbI; film emerged, i. e., cation rotation and ion
migration. The orientation tendency of cations and the effect of temperature and illumination

on ion migration in MAPbI; were then investigated.

Proton migration in HOIPs, which has been elusive so far, was then examined by impedance
spectroscopy and kinetic isotope effect (KIE). By deuterating the methyl groups and/or
ammonium groups of the MA" ions, KIEs were observed on the intermediate relaxation on
the dielectric response of ITO/PEDOT:PSS/MAPDbI3/Au devices. After the analysis of the
isotope effect on variable temperature experiments, the conclusion was reached that the effect
of proton migration in MAPbDI; is responsible for the intermediate relaxation process in
ITO/PEDOT:PSS/MAPbI3/Au devices. Further investigations showed that protons exchange
between PEDOT:PSS and MAPbI;. Based on the experimental data, characteristics of the

migration behavior were deduced.

6.2 Perspectives

Further pursuing of the methods outlined in this thesis should be fruitful in the seemingly
inexhaustible research field of hybrid organic-inorganic perovskites. One of the most
desirable future directions would be to delve into a functional solar cell device. Specifically,
the methods in chapter 3 and 4 provide a starting point for the study of the properties of the
HOIP/oxide interface, which has been suggested to be related to the stability of HOIP solar
cells." Also, state-of-the-art HOIP solar cells in terms of efficiency are generally made by
mixing formamidinium (FA) ions into methylammonium based HOIPs.>® The effect of the
mixing ions is likely to be elucidated by the dielectric studies similar to that in chapter 4 and 5,

as the MA" and FA" present significant differences in rotations and proton dissociation.

It might also be interesting to use the characterization methods outlined in chapter 4 to study
the effect of processing conditions. For example, the annealing temperature and duration have
been shown to affect the grain sizes of MAPbI; and hence the device performances.® It is
therefore worthwhile to investigate the origin of this effect with the procedures outlined in

this thesis, e. g., how the grain size affects ion migration and dipole orientation. Another
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instance would be to apply a magnetic field during the annealing process, which has been
shown to affect crystal growth from solutions in other materials.™® If the magnetic field also
affects the crystal growth of HOIPs, this provides an opportunity to examine its effect on
device performance and various processes. These studies are worthwhile in providing an

opportunity to better understand the operation principles of HOIP devices.
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7.1 Thin film stacking layer fabrication

7.1.1  Preparation of ITO/PEDOT:PSS bottom electrode

The HOIP films were prepared on PEDOT:PSS covered ITO, prepared according to the
following: ITO-covered glasses were purchased from Kintec with 150-nm-thick indium tin
oxide and a surface resistance ~15 ()/sq. Before use, the ITO slides were cleaned with
sonication in various solvents (acetone, ethanol alcohol, and isopropyl alcohol in sequence, 15
minutes each) and then underwent UV-ozone treatment for 15 minutes. The
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, Fig. 7-1) was
purchased from Heraeus (Clevios-PH) with conductivity 10-100 S/cm. After filtering
thorough a RC 0.45 pum syringe filter, the PEDOT:PSS solution was spin-coated onto the ITO
slides at 4000 rpm for 1 minute. The substrates were then put in a vacuum oven and dried at
110 °C for 1 hour. The resulting PEDOT:PSS film is about 50 nm in thickness. After cooling

to room temperature, the substrates were transferred into a nitrogen-filled glove box for use.

O/_\O
e
’
x~ \l »

Fig. 7-1 Chemical structure of PEDOT:PSS
7.1.2  One-step method for solution-processed MAPDI; film preparation

The precursor solution for the HOIP perovskite material was made by mixing solution
composed of 0.8 M of lead iodide (Pbl,, Sigma-Aldrich, 99.999%) and 0.8 M of
methylammonium iodide (MAI, Sigma-Aldrich, 98%) in dimethylformamide (DMF,
Sigma-Aldrich, anhydrous, 99.9%) or y-butyrolactone (GBL, Sigma-Aldrich, >99.0%) and
then stirred at 60 °C overnight. The solution is then filtered using a PVDF 0.45 syringe filter
and spin-coated on ITO/PEDOT:PSS substrates at 6000 rpm for 30 seconds.

The absorption spectrum of the film after annealing at 100 °C for 15 minutes are shown in Fig.

7-2.
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Fig. 7-2 Comparison of absorption spectra of the film prepared by the one-step
method from 0.8 M GBL solution (black) and DMF solution (red).

Different spinning speeds were tested. The optical microscopy images and absorption spectra
of films prepared using spin-coating speeds of 3000 rpm, 4000 rpm, and 6000 rpm from 0.8
M GBL solution are shown in Fig. 7-3.

3000 rpm 4000 rpm 6000 rpm

200 um

[
¥

06 o,

05 05 05

04 04 04
@ @ @
Q 3 @ 03 @ 03
2 03 203 2 03

024 02 02

00 400 500 600 700 800 900

01 014

300 460 500 600 700 800 900 300 400
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 7-3 Characterization of MAPbI; film prepared by mixed solution method. Optical
microscopy images (first and second row) and absorption spectra (third row) of films
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from 0.8 M GBL solution with different spin-coating speeds (3000 rpm, 4000 rpm,
and 6000 rpm).

7.1.3  Dipping method for solution-processed MAPbDI; film preparation

The source of the materials were the same as in 7.1.2. A 0.8 M Pbl, solution in DMF was
stirred overnight at 70 °C and then heated to 100 °C before use to maximize dissolution. The
solution was then cooled down to room temperature and filtered thorough a PVDF 0.45 um
filter. The Pbl, film was spin-coated at 6000 rpm for 90 seconds. Then, the film was placed on
a hot plate at 70 °C for 30 minutes to dry. The formation of the HOIP film was achieved by
dipping the Pbl, film into a MAI solution in IPA (10 mg/mL) for 2.5 hours. The dark brown
film obtained was rinsed in IPA and then dried at 70 °C for 30 minutes. The UV-vis
absorption spectrum and the optical microscopy image of the film prepared with this

procedure can be found in section 2.1 (Fig. 2-7).

7.1.4  Stacking layer method for solution-processed MAPbDI; film preparation

Materials were from the same source as for the above procedures. A solution of 80 mg/mL
Pbl, in DMF was stirred overnight at 70 °C and then heated to 100 °C before use. After
cooling down to room temperature, the solution was filtered through a PVDF 0.45 pum filter
and then spin-coated on ITO/PEDOT:PSS substrates with spinning speed 5000 rpm for 30
seconds. After the film was dried at 100 °C for 30 minutes, a second layer was deposited
using a 25 mg/mL MAI solution of IPA at 5000 rpm for 30 seconds. The inter-diffusion of the
2 materials was completed by annealing at 100 °C for 2 hours. In order to obtain the correct
stoichiometry of the final film, different condition of the second layer were also tested (40
mg/ml MAI solution, 5000 rpm for 30 seconds). The optical microscopy images and AFM
topographies of the film obtained are shown in Fig. 7-4.

Pbl, film MALI 25 mg/mL MALI 40 mg/mL
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Fig. 7-4 Surface morphology of MAPDI; film prepared by the stacking layer method
compared with spin-coated Pbl, film. First and second row: optical microscopy
images. Third row: AFM topography images.

7.1.5  Solvent engineering with orthogonal solvent washing

The source of Pbl,, MAI, and GBL are the same as before. Dimethyl sulfoxide (DMSO) was
purchased from Sigma-Aldrich (>99.9%). A 0.8 M Pbl, and an MAI solution were prepared
in a 7:3 volume ratio of GBL and DMSO, and stirred overnight at 50 °C before use. After
cooling to room temperature, the solution was filtered through a PVDF 0.45 pm filter and
then spin-coated onto ITO/PEDOT:PSS substrates at various speeds for 45 seconds. During
the spin-coating, 20 pL of toluene (VWR international, >99.5%) was dropped on the substrate

using a mirco pipette. The film was then annealed at 100 °C for 10 minutes.

Effort was put into optimizing the dropping timing at various spinning speed, as shown in Fig.

7-5.
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Fig. 7-5 The spin-coating speed profile and the optimal timing of toluene drop

The optimal film morphology is shown in Fig. 7-6 with various spinning speeds, which shows

that smooth and compact film of MAPBI; perovskite is achieved using this method.

MAPDI; film thickness
125 nm (8000 rpm) 150 nm (6000 rpm) 180 nm (4000 rpm)

L 7560m
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Fig. 7-6 Characterization of MAPbI; films prepared by the solvent engineering
method. Optical microscopy images (first row), AFM topography images (second
row) and absorption spectra (third row) of films of spin-coating speed 4000 rpm, 6000
rpm, and 8000 rpm.
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To show the applicability of the method on surfaces other than ITO/PEDOT:PSS, we
thermally evaporated molybdenum trioxide (MoQOs, 5 nm) and fullerene (Cgp, 10 nm) under
ultra high vacuum (deposition rate 0.5 A/s and 0.1 A/s, respectively). Then, the MAPbI;
perovskite is deposited onto the surfaces according to the above procedure. The smoothness
of the resulting films (Fig. 7-7) shows that this method can be used on different kinds of

surfaces.

Fig. 7-7 Optical microscopy images of MAPbI; film on ITO/MoO; (a) and ITO/Ce
(b). Showing the applicability of the solvent-engineering method on surfaces other
than ITO/PEDOT:PSS.

7.1.6 Lead acetate as the MAPDI3 perovskite precursor for ultrasmooth film

formation

A 40 wt % solution of lead acetate (PbAc,, Sigma-Aldrich, 99.999%) and methylammonium
iodide (MAI, Ossila, 98%) (1:3 molar ratio) were prepared in DMF (Sigma-Aldrich,
anhydrous, 99.9%) and the solution was spin-coated onto ITO/PEDOT:PSS substrates at 2500
rpm for 120 seconds. The long spinning time ensured a good homogeneity of the film. After
spin-coating, the film was transferred onto a 90 °C hot plate to be annealed for 25 minutes,
during which the excess MA" and Ac™ ions were removed and the MAPbI; crystalized, as
indicated by the darkening of the film. All procedures were performed in a nitrogen-filled

glove box.

7.1.7  Direct solar cell preparation process

To prepare the low work function ITO/TiOx electrode, a 0.05 M ethanol (99.8%,
Sigma-Aldrich) solution of titanium (IV) isopropoxide (TIPT, Sigma-Aldrich, 99.999%) was
mixed with 0.1 wt % hydrochloric acid (HCl, Sigma-Aldrich, 37%), while maintaining the

- 141 -



Appendix

water-to-TIPT molar ratio to be 0.82 and a pH of 1.9." After stirring for 72 hours, the
solution was spin-coated onto ITO substrates (cleaned according to previous procedure) at
1000 rpm for 60 seconds in ambient condition. The film was then left in air for 2 hours and
then annealed at 150 °C for 10 minutes in a glove box for the conversion of the precursors to

TiOx. The resulting TiOy layer is 50 nm in thickness, as measured using a stylus profiler

(KLA Tencor).

The ITO/TiOy film was then treated with titanium tetrachloride (TiCls, Sigma-Aldrich, 99.9%)
by immersing it into a 40 mM aqueous solution of TiCly for 30 minutes at 70 °C. The film
was then rinsed with deionized water and dried on a 110 °C hot plate for 15 minutes. This
treatment has been shown to improve the adhesion properties and reduce charge
recombination in dye-sensitized solar cells.”> Applied to MAPbI; film formation, the
treatment has a significant effect on the MAPbI; film morphology, substantially reducing the
coarsening of the film (Fig. 7-8).

50 um

50 um

Fig. 7-8 The effect of TiCl, treatement on the formation of MAPbI; perovskite thin
film on ITO/TiOy. The optical microscopy image of the film on ITO/TiO with (right)
and without (left) TiCl, treatment.

The TiOx films were then used in a direct structure HOIP solar cell. Generally, the hole
transport layer with best performances in this kind of device is 2,2',7,7 -tetrakis-
(N,N-di-p-methoxyphenylamine)9,9 -spirobifluorene  (spiro-OMeTAD), whose chemical
structure is shown in Fig. 7-9. To prepare the hole transport layer, a solution of 44.2 mg/mL
of spiro-OMeTAD (Merck), 1.3% (by volume) 4-tert-butylpyridine (tBP,Sigma-Aldrich,
96%), and 0.6% (by volume) lithium bis(trifluoromethylsulfonyl)imide salt (Li-TSFI,
Sigma-Aldrich) in chlorobenzene (Sigma-Aldrich, 99.8%) was stirred overnight before being
spin-coated onto the above-mentioned ITO/TiOx/MAPDI; layers at 2000 rpm for 45 seconds,
resulting in a 30-nm-thick p-doped spiro-OMeTAD layer.*” The device was then completed
with thermally deposition of MoOj3 (5 nm) and a silver top electrode (100 nm) with deposition
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rates of 0.1 A/s and 0.5 A/s, respectively. The active area, as defined by the opening of the

metal deposition mask, was 8.6 mm”.

Fig. 7-9 Chemical structure of spiro-OMeTAD
7.1.8 Inverted solar cell preparation process

The ITO/PEDOT:PSS substrates were prepared according to the previously described
procedure, after which MAPDI; perovskite was deposited onto the substrates by the method
discussed in section 2.2.2. A 50-nm-thick phenyl-C61-butyric acid methyl ester (PCsBM,
Solvay) layer was then deposited on the MAPbI; perovskite layer by spin-coating (2500 rpm,
I minute) from a 20 mg/ml solution in chlorobenzene (Sigma Aldrich, 99.8%), which had
been stirred overnight at 50 °C. The device was then completed by thermally evaporating the
top electrode (30 nm of calcium / 70 nm of aluminum) under a vacuum of ~10"° mBar. The

device area (8.6 mm®) was defined by the opening of the metal deposition mask.

7.2 Characterization details
7.2.1  Atomic force microscopy

The AFM topography images shown in Chapter 1 were measured with a Veeco dilnnova
instrument in tapping mode. A heavily doped Si tip with a radius ~20 nm (RTESPA, Bruker,
resonance frequency ~300 kHz) was used to probe the surface, and then the data were plotted
and analyzed with the NanoScope Analysis software (Bruker). The surface roughness is

estimated by the root-mean-square of the surface heights, RMS, according to:

N N
1 _ 1
RMS = NZ(Zi—Z)Z, Z:szi; Eq.7-1
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where N is the total number of points, Z;is the height at point i.

7.2.2 Solar cell characterization

The light and dark current—voltage characteristics were carried out in a nitrogen-filled glove
box using a Keithley 2400 source meter with a scanning rate ~0.2 V/s in both forward and
backward direction. The light current was measured under AM 1.5G condition simulated by a

HMI lamp, calibrated to 100 mW/cm” using a radiometer (IL 1400 BL).

The incident photon-to-current efficiency (IPCE) spectra were measured using a 450 W
Xe-lamp as the light source and a monochromator (Triax 180, Horiba Jobin Yvon) to select
incident wavelength. After calibrating the light source with a 6-inch integrating sphere
(Labsphere) and a silicon photodiode, the current was measured ever 2 nm with an acquisition

rate of 0.5 Hz using a Keithley 6487 picoammeter.

7.2.3  X-ray diffraction

The principle of X-ray diffraction is shown in Fig. 7-10. In this configuration, the thin-film
sample was mounted at the center stage of a support where the X-ray source and the detector
rotate in symmetry (a). During measurement, the source and detector move keeping the same
angle on the circumference in order to measure the reflected X-ray. When the incident angle 6
satisfies the Bragg condition:
2dsin@ = ni, Eq.7-2

where d is the distance between the crystal planes (Fig. 7-10 (b)), 4 is the X-ray wavelength, n
is an integer, the constrictive interference between parallel incident beams causes the

reflection to spike, as shown in a peak in the detector.
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(a) (b)

Crystal
planes

Fig. 7-10 Scheme of the operation principle of X-ray diffraction

At room temperature, MAPDI; perovskites process a tetragonal lattice structure,® whose 3
symmetric axes are orthogonal to each other with one pair of equal lattice constant (@ = b # ¢).

Therefore, the distance d between the lattice planes can be calculated according to:

1 h? + k% I?
ﬁ: az +C—2' Eq.7‘3

where a and ¢ are the lattice constants, and the set of integers (4 & [) is the Miller index of the

crystal planes.’

The XRD patterns shown in section 2.2 were measured with a Philips PW 1730

diffractometer using Cu Ka radiation (wavelength 0.1542 nm).

7.2.4  Photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) and ultra-violet photoelectron spectroscopy
(UPS) were performed at the HEISY-ORG (Heidelberg integrated system for organic
materials) facilities. A monochromatized Al Ka (photon energy = 1486.6 eV) was used as the
excitation source in XPS. In UPS, a gas discharge lamp operated with helium to achieve Hel
emission (energy 21.22 eV) was the excitation source. A small bias was applied to the sample
when recording the secondary electron cutoff. A Phi VersaProbe II spectrometer was used as
the photoelectron energy analyzer, with Gaussian broadening of 0.35 eV and 0.13 eV for XPS
and UPS, respectively.

7.2.5 Electroluminescence measurement
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The current—voltage—luminance characteristics were measured using a Keithley 4200 source
meter and the electroluminescence (EL) intensity was monitored using a silicon photodetector
(Hamamatsu S2281-01, area 100 mm’, with a Hamamatsu C9329 preamplifier). For
electroluminescence spectra, an optical fiber connected to a spectrometer (Ocean optics
HR4000) was posited near the sample surface to record the emitted light during a constant

applied bias (typically 1 V) with integration time 60 seconds.
7.2.6 Kelvin probe measurements

The contact potential difference (CPD) was measured using the Kelvin probe technique,
where a vibrating gold grid reference electrode (Kelvin probe S, Bescoke Delta Phi, diameter
2.5 mm) is brought close to the grounded sample surface (distance typically < 1 mm). With
the difference in work function between the reference electrode and the sample, a capacitive

current / is generated according to:

d dc
- -y = Eq. 7-4
! dt(CV) th' a

where C is the capacitance between the reference electrode and the sample, V' is the potential

difference. The capacitive current would be canceled when applying a dc bias V. = —Vepp.

The dc bias is controlled using a feedback circuit (Kelvin control S, Bescoke Delta Phi) to
minimize capacitive current. Before measurement, calibration is carried out on a freshly
peeled highly ordered pyrolytic graphic (HOPG, Veeco, APCS-0200) surface, which has
minimum surface contamination and a well-defined work function of 4.6 eV. All

measurements were performed under ambient condition.

7.3 Preparation and characterization of deuterated MAPDI;
polycrystalline layers

The deuteration of the ammonium group was carried out by dissolving MAI (Ossila, 99.5%)
into deuterium oxide (D,O, Sigma-Aldrich, 99.9%) with 1:40 molar ratio and then dried at 60
°C. The weak acid nature of the ammonium group of CH;NH;" allows the exchange of

protons with deuterons from D,0O. The process was then repeated 3 times to ensure complete
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substitution of hydrogen into deuterium.

CD;NHs;l was synthesized by dissolving methyl-d3-amine (CD3;NH,, Sigma-Aldrich, 99.9%)
in a 2 M NaOH (Sigma-Aldrich, >98%)solution to liberate CD3;NH; as a gas. The latter was
bobbled through a 57 wt % hydriodic acid (Sigma-Aldrich) in a stirred flask immersed in ice
bath. After the reaction, the solvent was dried at 60 °C and the residuals were recrystallized
from ethanol followed by washing with ethyl ether. Part of the material was then subjected to
the process of ammonium group deuteration described in the previous paragraph to form
CD;NDsl. Before use, all materials were put in a 70 °C vacuum oven overnight to remove

residual water. The chemical formula of the resulting MA" ions is shown in Fig. 7-11.

CH4NH,* CH,ND,* CD.NH,* CD.ND,*
H H H D D H D
\ -/ \ +/ \ =/ \ +/
H-—/C—N-H Howe C—N = D D= C—N =~ H D'—C—N\—-D
H H H D D H D D

Fig. 7-11 Formula of isotopic MA" ions used in this study

To confirm the complete replacement of hydrogen to deuterium, nuclear magnetic resonance
(NMR) measurement was carried out on the isotopic methylammonium iodide. The H'
spectra are shown in Fig. 7-12 (a), where the peaks corresponding to the C-H and N-H bond
disappeared with their deuteration. On the other hand, the C-D and N-D signal on the H*

spectra (Fig. 7-12 (b)) appeared with the corresponding deuteration of functional groups.
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Fig. 7-12 Confirmation of H/D replacement in MAI by NMR measurement. (a) H'
NMR of CD3sNDsl, CH3NDsI, CDsNH;I, and CH3NH3I in dimethyl sulfoxide. The
peaks corresponding to C—H and N—-H have chemical shifts of ~2.4 ppm, and ~7.5
ppm, respectively. (b) H? NMR of CH;ND;I, CD3;NDsl, and CDsNH;I in dimethyl
sulfoxide. The peaks corresponding to C—D and N-D have chemical shifts ~1.8 ppm
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and ~7.0 ppm, respectively.

The 3 deuterated MAI (CH3NDsI, CD3;NH;1, and CD3NDsl) were then used as the precursor
of MAPDbI; polycrystalline film, prepared according to the procedure in 2.2.2. The images of
the resulting films are shown in Fig. 7-13. In each case, mirror like surfaces were obtained,

indicating the smoothness of the film.

CH,NH,Pbl, CH,ND,Pbl, CD.NH,Pbl, CO.ND,Pbl,

Fig. 7-13 Images of isotopic polycrystalline MAPbI; film. The mirror-like surfaces
demonstrate the smoothness of the films.

To ensure the quality of the film, UV—vis absorption, electroluminescence, and X-ray
diffraction spectra were measured (Fig. 7-14) with the reference data from the non-deuterated
MAPDI; film. All the spectra of the deuterated MAPDI; were consistent with the formation of
high quality MAPbI; films. Besides, no spectral changes were observed, confirming that the

structural and electronic properties are not affected by deuteration.
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Fig. 7-14 (a) UV—vis absorption, (b) electroluminescence, and (¢) X-ray diffraction
spectra of deuterated and non-deuterated MAPDI; films. The data were shifted
vertically for easier comparison. The electroluminescence spectra were measured with
ITO/PEDOT:PSS/MAPbI; (200 nm)/PCs;BM (50 nm)/Ca/Al devices. The details of
electroluminescence and X-ray diffraction measurements can be found in Appendix

7.2.5 and 7.2.3, respectively.

Further confirmation of the quality of the film was carried out by measuring their solar cell
characteristics. Inverted solar cells (ITO/PEDOT:PSS/MAPbI; (200 nm)/PCs;BM (50
nm)/Ca/Al) were constructed with the different deuterated MAPDI; layers, and the current—
voltage characteristics under dark and AM 1.5G illumination conditions are shown in Fig.
7-15. In each case, photoconversion efficiency over 12 % was obtained, while some
differences with the standard cell were nonetheless present. The point here is that in all

deuterated samples, films with high enough quality for acceptable solar cell operation were

obtained.
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Fig. 7-15 Inverted solar cell characteristics of deuterated/non-deuterated MAPbI; with
sample structure of ITO/PEDOT:PSS/MAPbI; (200 nm)/PCs BM/Ca/Al.
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