SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

Understanding the degradation mechanisms of
organic-inorganic halide perovskite solar cells

R XD q, HN—=4%)L

https://hdl. handle.net/2324/4110481

HAERIE#R : Kyushu University, 2020, &+ (IT%) , FEEL
N—=2 3

HEFIBAMR

% KYUSHU UNIVERSITY




2020

Doctor Thesis

Understanding the degradation mechanisms of organic-

inorganic halide perovskite solar cells

Ganbaatar Tumen-Ulzii

Department of Chemistry and Biochemistry
Graduate School of Engineering

Kyushu University



Contents

Chapter 1: General INtrodUCLION ..............coooiiiiiiiiiiieee e ee e s eeeeeaaee s 1
1.1 Perovskite MAatETials ........ceeuieriiiiieieiietetest ettt b ettt et ae et e e eneen 2

11,1 CryStalliNg StIUCLUIES.....cvievieriieriieseeeteeieesieesteeseessressseasseasseesseesseesssesssesssesssessseessessseesssenns 2

1.1.2 Perovskite material PrOPEItIS ........c.ueeriieiiiieeirieeereeerieeesteeeteeestreesreeeaaeesbeeesreessseessseeensns 4
1.2 PerovsKite SOIAr CEILIS ....cuuiiiiiiiieiiet ettt ettt ettt et 6

1.2.1 Working principles of perovskite solar CellS.........ccoceriiiiiiiiiiiiiieee e, 7

1.2.2 DEVICE AICHITECTUTIE. ... eetieitieriieiiie ettt ettt ettt et e st e et e e teete e beesbeesaeeeateeabeenbeeas 10

1.2.3 Deposition methods for the perovskite absorber layer...........cocceeveeviiniiniiiiieiieeeene 12

1.2.4 Progress of perovskite solar ClIS .......cciuiviiriiriiiieiieiieiere et 14
1.3 Open questions for perovsKite Solar CELIS........c.cuviiriiiriiiriieriiinii ettt see e sene e 19
1.4 Aims and outline of this theSIS ........cciiiiiiiieie et 20
RETEIEIICES ... ettt ettt st e e e be e b e e s ateeateeabe e be e bt enbeesaeesnteentean 22
Chapter 2: Stoichiometric effect of precursor solutions on the light induced degradation....... 25
2.1 INEFOAUCTION ...ttt et ettt e e et e e tb e e et e e eateeesebeseaseesseaessesessseesnsesasssensseeanns 26
2.2 EXPErIMENTAl SECLIOM ...vviviiieriiiieeieeitiesieeteeteeeteeseeteesteestaeseseasseesseesseesssesssassseesseesssesssesssenssesssens 26
2.3 ReSults and DISCUSSION......eeiueieieieieeeieieee ettt ettt et te st e et e st e e st et enaeeseeneeeseeneeseeneenes 31
O 103 Te] 131 [ 4 TSP 39
RETETEICES ...ttt ettt et b et e et e ae e e st et e teeseenseeseeneeseeneenes 41
Chapter 3: Study on ion migration induced degradation...................c.ccocoeeviiiciiiniienie e, 42
T B 15 (T4 LT 2 ) o USSP 43
3.2 ReSults and diSCUSSION. ......c..eeiuiiuieieiieiieie ettt ettt ettt et et e et esse et eeesseeneesseeneenseeneenes 44
3.3 CONCIUSIONS ..c.tentteieeteettete et ete ettt et e et e e e et e e teestenaeeaeenee st eneanseeetenseaseeneenseeneanseaseensenseeneanseeneenes 59

RETETEIICES ...ttt e ettt e e e e e e et e et e e eeees e aaa et eeeessssansaaaeeeeessssnrnraareeeas 60



Chapter 4: Understanding the degradation of spiro-OMeTAD-based perovskite solar cells

at high teMPEratUure............ccciiiiiiii ettt e st e e e te e e taeesnteeeseeennees 63
U B U3 (o TG L o1 o) s OO TSRS PRUS PR 64
4.2 ReSults and diSCUSSION. ......ceiuirtieiertietieieete ettt ettt sttt ettt et et e et eae e e s bt et e tesbeentesbeeneenseeneenes 66
4.3 CONCIUSIONS ...ttt ettt ettt et ettt et e bt e s atesateeate e bt e bt e eseesaeeembeembeanbeanbeesbeesatesneean 80
RETEIIICES ...ttt h e sttt et e et e e bt e e bt e s ateeabe e bt e bt e nbeesaeesateeneean 82
Chapter 5: Conclusions and Perspective...............oociiiviiiiiiieiiie ettt e e 84
LISt OF SYIMDOIS ...c.eiiiiieiiieiiecite sttt ettt et e et et e e taestbessbeesseesseessaesssessseasseesseasseesseesssensseasses 89
LiSt Of @DDIEVIALION «...eueieiiiiiieitie ettt ettt et e st e et e et e bt e bt e sbtesateenteeneean 90
PUDIICAtION LIST... ettt ettt ettt sttt e et e e bt e s st e sateeabe e beenbeenbeesaeesateensean 92

ACKNOWIEAGEIMENLS ..ottt ettt ettt e st e et e e be e bt e sbeesseesaeesnteensean 93



Chapter 1: General introduction

Chapter 1:

General introduction



Chapter 1: General introduction

1.1 Perovskite materials
1.1.1 Crystalline structures

A mineral of calcium titanate (CaTiO3) was found in the Ural Mountains of
Russia by Russian mineralogists in the nineteenth century. Later, the crystalline
structure of this mineral was studied by German scientist, Gustav Rose, in 1839.['l He
reported that this material had a three-dimensional (3D) crystal structure with corner-
sharing TiOs octahedra and Ca atoms being present in the cavity of the cubic unit cell as
shown in Fig. 1-1. Then, he named the mineral as “perovskite” in honor of Count Lev
Aleksevich von Perovski, a Russian mineralogist. After this discovery, the term
“perovskite” has been used to refer to a wide variety of materials with the ABXj

crystalline structure with different composition.

O A: Ca?* (metal or organic cations)
© B: Ti** (metal cations)
© X: 0% (anions)

Figure 1-1. General crystalline structure of a perovskite.

Organic-inorganic halide hybrid perovskites are known as a family of the
aforementioned perovskites. The first example of hybrid perovskites with the ABX;
structure, where A is the organic cation (for example, methylammonium, MA); B is the
lead (II) ion, and X is the halogen (Cl, Br, or I), was developed by Weber in 1978.12!
Recently, hybrid perovskites have emerged for use in opto-electronic applications. The
simplest composition of a hybrid perovskite is methylammonium lead triiodide

(MAPbDI3), which has been studied thoroughly by many researchers. For the crystal
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structure of MAPDI3, it is known that the corner sharing Pbls octahedra is connected

with MA cations in the octahedral interstices by van der Waals attraction as shown in

Fig. 1-2a.

(b)

Energy

Pbép—15s*
Pbép—15p %
|
Pb 6p
—|.
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Figure 1-2. a) Crystal structure of a hybrid perovskite material. b) Electronic band structure of the
representative MAPDI; perovskite. Green and blue lines refer to atomic orbital energies (p and s) of Pb

and I, respectively. These figures are reproduced from Ref. 8.

Several crystal phases, such as tetragonal, orthorhombic, trigonal and cubic

polymorphs, which have different lattice tilting angles of the octahedra, were discovered

in the perovskite-structured materials. Furthermore, depending on external stimulus of

temperature, electrical bias and environment, phase transitions between their

polymorphs take place.’] The crystal phases and stability of the perovskites are

determined by the Goldschmidt tolerance factor which takes account of the ionic radii.[*!

The Goldschmidt tolerance factor (¢) is introduced with eq. 1-1:

20, +1y)

(1-1)

where r,, r, and r, are the radii of ions at the A, B and X sites, respectively, in the

perovskites. The ¢ value of the ideal 3D cubic perovskite is equal to 1.0. However,

experimentally, ¢ values of most cubic perovskites are in the range of 0.8-0.9.1! If the ¢
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value is lower than 0.8 or larger than 1.0, the perovskite structure is distorted, and less
symmetric tetragonal and orthorhombic phases are observed.[*! Especially, with the ¢
value greater than 1.0, 3D perovskite structures are split into lower-dimensional
perovskite structures, such as two-dimensional (2D) perovskites.[! In this regard, large

organic cations are typically used to make 2D perovskites.

Besides the crystal structure, charge balancing should be kept at zero in the
perovskites’ ABX3 composition. The charge balancing is expressed by the following eq.

1-2.

q'+q" +3¢" =0 (1-2)
where g, ¢g® and ¢* are the charges of ions at the A, B and X sites, respectively.

Following eq. 1-2, various types of perovskites can be designed. For example, hybrid
perovskites can be formed by using different metal ions (II) on the B site and halogens
(Cl, Br, I) on the X site. The well-known hybrid perovskite family used in opto-

electronics is methylammonium lead halides such as MAPbCls;, MAPbBr3, and MAPbI:.

1.1.2 Perovskite material properties

While the organic cations at the A site mainly moderate the crystalline structure
by tuning the ¢ factor, B and X sites determine the opto-electronic properties.l’ The
band structure of the perovskite is mainly dependent on the inorganic Pbls octahedra. In
MAPDI;, while the valence band maxima (VBM) originates from the ¢ bonding orbital
composed of Pb 6s—I 5p, the conduction band minima (CBM) originates from ¢ and ©
antibonding orbitals of Pb 6p—I 5s and Pb 6p-I 5p, respectively.!®] Indeed, the band gap

of MAPbI; is mainly related to the Pbls octahedra, which is consistent with results from
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first principles modelling.!”"!”) The organic cation of the A site has no direct effect on
the electronic structure, but there is an indirect influence because it can be responsible
for a change in the crystal structure. A replacement of A-site cations with bigger or
smaller cations with different ionic radii affects the Pb—I bond length or Pb—I-Pb bond
angle, resulting in a small change in the band structure and band gap.!'!! By replacing
the iodine (I) at the X site of MAPbIz by Br or Cl, a significant change in bandgap is
observed, while there is a negligible change by replacing the A site of MAPbI3 with
bigger ions, such as the formamidinium (FA) cation.!] The bandgaps of MAPbDI;,
MAPbBr; and MAPbCI; are reported at 1.51, 2.22 and 3.11 eV, respectively.[!>!3]
Furthermore, by using a mixed composition of halogens at the X site (MAPbIzx-

yBrxCly), the bandgaps are continuously tunable between 1.51-3.11 V.l

A sharp absorption edge around the bandgap energy with negligible absorption
below the bandgap for MAPDI; leads to a low Urbach energy of ~14 meV, which
indicates the highly ordered crystalline structure.!'¥] The absorption coefficient of
MAPbDI; is greater than 10° cm™' over the visible light spectrum. Furthermore, the
exciton binding energy of this perovskite is only ~10 meV. Indeed, excitons are easily
separated into free charges at room temperature.l'’! The room-temperature thermal
energy of ~26 meV is already enough to dissociate the photogenerated excitons with
such low binding energy into free electrons and holes. Additionally, perovskites have
high carrier mobilities of tens of cm?/(V s)['* and long charge-carrier diffusion lengths

in the micrometer (um) range!'”! even in solution-processed films.

With the unique opto-electronic properties, such as tunable band gaps, high
absorption coefficients, low exciton binding energy, high carrier mobilities, and long

carrier diffusion lengths, perovskites are excellent materials for diverse opto-electronic
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applications such as solar cells, light-emitting diode, field-effect transistors and lasing

applications.

1.2 Perovskite solar cells

In 2009, the research group of Professor Tsutomu Miyasaka in Toin University
of Yokohama, Japan discovered the first solar cells using hybrid perovskite materials as
the light absorber.['®) By taking the aforementioned advantages, perovskites can be used
for efficient harvesting of solar energy into electricity. Especially, the tunable bandgaps
make the perovskites promising for use in solar cells to reach the Shockley—Queisser

limit of power conversion efficiency.!'”!

Additionally, compatibility with simple
solution processing is an additional advantage of using perovskites,!'®! which lowers the
fabrication cost of perovskite solar cells (PSCs) compared to widely used silicon-based
technology in future. Figure 1-3 shows the certified power conversion efficiencies
(PCEs) of silicon-based solar cells and PSCs, which are provided from the National
Renewable Energy Laboratory (NREL, USA).I"! The certified PCEs of PSCs have
already reached a very high level of up to 25.2 %, which is comparable to silicon solar

cell technology. This high efficiency was achieved within <10 years of research after

the first discovery by Prof. Miyasaka.
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Figure 1-3. Efficiency evolution of silicon-based solar cells and PSCs.

1.2.1 Working principles of perovskite solar cells

Solar cells are devices that convert light energy (photons) into electrochemical
energy (charged carriers or electricity). Here, the general working principle of solar

cells will be explained (see Fig. 1-4).

(1). The light (photons) transmitted through a glass substrate and transparent conductive
oxide (TCO) electrode is absorbed by the perovskite layer. The photons with an
energy equal to or larger than the bandgap of the perovskite layer optically excite

the electrons from the valence band to the conduction band to form excitons.

(i1). The excitons then dissociate into free electrons and holes by thermal energy since
the exciton binding energy of the perovskite is typically lower than the room-

temperature thermal energy.

(ii1)). The dissociated free electrons and holes diffuse and are extracted into a
neighboring electron transport layer (ETL) and hole transport layer (HTL) by an

internal electric field as the driving force to reach the electrodes.
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(iv). Then, the respective electrons and holes are transported through the ETL

and HTL and finally collected by the cathode and anode.

Absorber
Cathode ETL (Perovskite) HTL Anode
LUMO
Ve oh° J
) CBM
WF CBM 5
>
Light WF o~ L
o |3
VBM @ d W
VBM

Figure 1-4. a) Device architecture of PSCs and their working mechanisms. WF: Work function; CBM:
Conduction band minima; VBM: Valence band maxima; LUMO: Lowest unoccupied molecular orbital;
HOMO: Highest occupied molecular orbital;

The standard performance of PSCs can be derived from current density versus
voltage (J—V) curves under illumination measured under solar light illumination with an
intensity of 100 mW cm ™ at room temperature (~25 °C). The solar light source has a
spectrum of air mass 1.5 global radiation (AM 1.5G). The AM 1.5G spectrum is defined
as light reaching on the surface of the earth at a zenith angle of 48.2°. Figure 1-5 shows
a typical J-V curve of PSCs. From the J-V curve, the current densities (J) are measured
as a function of applied voltages (V). The output powers (P) generated from PSCs can
be calculated as the product of J and V. The P-V curve is drawn in the same figure.

From the J—V and P-V curves, the following parameters are extracted:

Prax: maximum power MPP: maximum power point

Jmax: maximum current density Jsc: short-circuit current density
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Vmax: maximum voltage Voc: open-circuit voltage

The MPP is the point, at which the Pmax is obtained. The values of J and V" at the
MPP are called Jmax and Vmax, respectively. Jsc indicates the generated current density at
the short-circuit condition (zero voltage), and Voc indicates the generated voltage at the
open circuit condition (zero current). The power conversion efficiency (PCE) is

calculated by Equ. 1-3:

P ax Jmax X Vmax _ JSC ><I/OC XFF

P P P

n in in

PCE = (1-3)

where P, is the incident power, which is typically 100 mW cm 2. FF is the fill factor,

which indicates how efficiently the PSC generates the power. The FF is calculated by

Equ. 1-4 below:

Current density
Power

Imax G
Jsc ¢

Voltage

Figure 1-5. Typical J-V and P-V curves of PSCs.
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1.2.2 Device architecture

As illustrated in Fig. 1-6, the device architectures of PSCs can be divided into
three categories: (1) mesoporous n-i-p heterojunction (hereafter abbreviated as “meso”),
(2) planar n-i-p heterojunction (hereafter abbreviated as “planar”), and (3) p-i-n
heterojunction (hereafter abbreviated as “inverted” because the layer sequence in this

architecture is completely opposite from the meso and planar architectures).

Figure 1-6a illustrates the mesoporous architecture. Up to now, titanium dioxide
(TiO2) has been used as the porous ETL in this mesoporous architecture. A part of the
perovskite material fills the pores of a TiO;-based porous network and the other
perovskite material forms a continuous perovskite layer on top of it. Then, the HTL is
deposited on top of the perovskite layer. Finally, the metal electrode is deposited. The
advantage of this architecture is that excellent electron extraction can be obtained even
though perovskites have a short carrier diffusion length compared to the film thickness.
For example, the reported diffusion length of CH3NH3Pblz is ~100 nm,['>2% but
CH3NH;Pbl; with a thickness >300 nm is required to efficiently absorb the light.[?!!
Therefore, a mesoporous TiO2> network is necessary for efficiently transporting the
electrons and holes to the collecting electrodes. However, the mesoporous TiO»-based
architecture has a disadvantage of the significant PSC degradation associated with UV-
light induced photocatalytic activity of the TiO2 layer. In addition, high-temperature
processing at ~500 °C for the mesoporous TiO» layer makes the PSC fabrication cost

higher.

In contrast, the planar heterojunction architecture is simpler than the mesoporous

architecture as illustrated in Fig. 1-6b. The difference between these two architectures is

10
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that no mesoporous layer is included in the planar architecture. However, the planar
architecture is not suitable for PSCs with thick perovskite films, if the diffusion length
of the perovskite layer is shorter than the film thickness, as mentioned in the previous
paragraph. However, perovskites with mixed halide composition have longer carrier
diffusion length over 1 pm,!'>) which, therefore, makes it possible to use the planar
heterojunction architecture in PSCs. Thus, this architecture has widely been used in
recent years in combination with a wide-bandgap tin oxide (SnO») based ETL. SnO; is
more stable than TiO; in terms of UV-light induced degradation being suppressed. In
addition, SnO»-based ETLs can be prepared at a low temperature of < 150 °C.[%
Therefore, I have chose this planar device architecture with SnO; for the experiments in

this thesis.

Figure 1-6¢ illustrates the inverted architecture, which is mainly based on a
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) HTL. This
architecture allows the low-temperature fabrication similar to the planar architecture.
However, PCEs of PSCs fabricated with this architecture are usually lower than those of
the other two architectures. The reason of lower PCE:s is still not clear. Nevertheless, it
could be related to different quality of perovskite films on top of PEDOT: PSS and
Ti02/Sn0O>, and different energy level alignment between different device architectures.
Furthermore, the device stability associated with unstable PEDOT: PSS under ambient

conditions is a serious problem hindering the use of this architecture.

11
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Metal (anode) Metal (anode) Metal (Cathode)

ETL

LLL2A%00,08 P
TiO; or SnO, compact ETL TiO, or SnO, compact ETL
FTO or ITO (cathode) FTO or ITO (cathode) FTO or ITO (Anode)
Glass substrate Glass substrate Glass substrate
Meso Planar Inverted

Figure 1-6. a) Meso, b) planar, and c) inverted architectures of PSCs.

1.2.3 Deposition methods for the perovskite absorber layer

Solution-processed PSCs have shown a remarkable performance development in
the last decade. The PCEs of PSCs have climbed to 25.2% from 3.8% after their first
discovery in 2009.'¢"1 One of the most important contributions to this great
performance development is the improvement of crystal growth to obtain higher-quality
perovskite films by solution processing.[**) The solvent engineering is a key to control
the crystal growth, which indeed affects the uniformity and surface morphology of the

perovskite layer.

Spin coating has usually been used to deposit a perovskite film on substrates.
The spin-coating processes include that a small amount of a precursor solution is
dropped onto a substrate and then the substrate is rotated (spun) to form a film. The film
thickness can be controlled by the concentration of the precursor solution and the
rotation speed. Below, the development of spin coating techniques for the perovskite

film deposition is summarized.

Two-step deposition (in other words, sequential solution deposition).

At the earlier stage of the spin-coting development, the perovskite films were

deposited through a one-step spin coating technique, for which a precursor solution in

12
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N,N-dimethylformamide (DMF) is dropped onto the substrate and this substrate is
rotated at a certain speed for a certain time.!'®) However, the film quality was poor
because of many pinholes and small grains being formed in films. In addition, the

reproducibility was not good.

Later, Prof. Michael Graetzel’s group developed a two-step deposition
(sequential) process to achieve more uniform, dense perovskite films.[**! To fabricate
MAPDI; films with this method, a lead iodide (Pblo) film is firstly deposited by spin-
coating. Subsequently, this Pbl, film is immersed into a MAI solution in isopropanol.
The MALI is infiltrated into the Pbl; film, forming dense and uniform perovskite films.
With this method, MALI is difficult to reach the bottom of the Pbl; film, so a large
amount of unreacted Pbl, remains at the bottom of the films, resulting in the incomplete

conversion to the perovskite and limited PSC performance.

One-step deposition with anti-solvent.

It has been understood that the reason for the poor film quality when the
perovskite film is prepared by the one-step deposition method from a DMF solution is
due to rapid formation of perovskite crystals during the spin-coating.**! Recently, the
formation of Pbl- dimethyl sulfoxide (DMSO)-MAI adduct approach has been
discovered. Using the adduct slows down the formation of crystals during the spin-
coating because of the formation of an intermediate phase in films. After annealing, the
intermediate phase is converted into the perovskite structure.!?”! In addition, introducing
an anti-solvent such as toluene, chlorobenzene, diethyl ether, etc. into the intermediate
phase during the substrate spinning improves the quality of resulting perovskite films

very much.[*)) The solvent that is used as the anti-solvent should not dissolve the

13
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(26 This anti-solvent engineering enabled uniform, pinhole-free, highly

perovskite layer.
crystalline perovskite films. Furthermore, the PSCs with the highest PCEs achieved so

far were processed with this anti-solvent method.

In contrast, the spin-coating methods could be incompatible with the large-area
film fabrication for industrial applications. Spin-coated large-area perovskite films are
not uniform over a large substrate. In addition, during the spin-coating, a large amount
of a precursor solution and an anti-solvent are wasted. Therefore, using spin-coating for
large-area films is still challenging. Nevertheless, spin-coating is a very useful

technique to study PSCs at the fundamental scientific level before the industrial stage.

Scalable deposition methods

For the large-scale production of PSCs, researchers have investigated various
coating methods for perovskite films. The examples of solution-based large-scale
perovskite film fabrication processes are roll-to-roll printing, spray coating, slot-die
coating, and doctor blading.!'®! In addition, vacuum evaporation and chemical vapor

deposition methods are also promising!'®l.

1.2.4 Progress of perovskite solar cells

The progress of PSCs is summarized in Table 1, along with their device
architectures, perovskite absorber compositions and deposition methods for the
perovskite layers. Regarding the architectures, the mesoporous TiO2-based architecture
had mainly achieved the highest PCEs until 2018. However, the SnO:-based planar
heterojunction architecture has emerged very recently because of its high PCEs and

operational stability. For the deposition methods, the one-step anti-solvent spin coating

14
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method has widely been used for fabricating highly efficient PSCs. Sometimes, the
champion PCEs have been obtained independent of deposition methods if the film

quality is high enough.[?"%!

The most widely studied perovskite absorber material used in PSCs was MAPbI3
since the world-first PSCs were fabricated using this perovskite.l'®! The first PSCs with
MAPDI3 and liquid electrolyte delivered a PCE of 3.8%. However, it was difficult to
obtain stable and reproducible results because of dissolution of the perovskite layer in
the electrolyte.l!! Later in 2012, a solid hole conductor 2,2',7,7'-tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD) was employed instead of
the liquid electrolyte, leading to PCEs of 9%, with good operational stability.[>’]
However, fabricating a dense, uniform, highly crystalline MAPbI; film with the simple
one-step deposition method was difficult at this stage. In 2013, the two-step sequential
deposition method was found to fabricate higher quality perovskite films. PSCs
fabricated with this method offered over 15% of PCE.!*] At the earlier stage of the PSC
development, researchers mainly focused on the fabrication methods such as one-step or
two-step methods to obtain higher-quality MAPbI3 perovskite films. However, MAPbI3
has many disadvantages such as carrier trap formation, easy phase transition and
instability at high temperature.*”) Therefore, it was required to find other light absorber
candidates or methods to improve the quality of perovskite films. In this flow of the
research, the partial replacement of iodine with other halogens (Br or Cl) provided an

increase in perovskite film quality and PCEs of PSCs.[?*]

Prof. Sang Il Seok’s group used the mixed halide composition of MAPbI3_,Bry
with a small fraction of Br. This mixed composition led to the formation of the more

stable cubic perovskite phase along with improved charge transport. They reported that

15
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15% of Br substitution is effective in improving the PCEs and stability. In addition, they
introduced a novel spin-coating method, which is one-step spin-coating with anti-
solvent quenching. With this anti-solvent technique and mixed halide perovskite
composition, they achieved a PCE of 16.15% in 2014.1231 After their work, the anti-

solvent-based one-step spin coating method has been used frequently.

Another commonly studied perovskite material is formamidinium lead triiodide
(FAPbI3). It is more stable at high temperature compared with MAPbI; because of
bigger organic cations at the A site of the perovskite structure. Furthermore, the
bandgap of FAPbI; is ~1.46 eV, which is slightly smaller than the band gap of MAPbI3
(1.53 eV). Thus, it is expected that FAPbI; is able to absorb light more efficiently at
longer wavelengths and deliver a higher PCE. In 2015, Lee et al. reported a 16.3% PCE
by using the FAPbI; absorber.*!! FAPbI; has two polymorphs such as a metastable
cubic a-phase and a stable hexagonal d-phase. Although a-FAPDI; is stable at high
temperature, it is easily transferred into photoinactive 6-FAPbI; at room temperature in
the presence of moisture. Therefore, it is challenging to stabilize the photoactive a-

FAPbI; phase at room temperature.

In 2016, Prof. Sang Il Seok’s group developed compositional engineering such
as mixing small amount of MA-based perovskite into FA-based perovskites to stabilize
the perovskite structure, while using a mixed halide composition to maintain the
stability.®? This is called a “mixed” perovskite. They achieved 18.4% PCEs using the
mixed perovskite absorber with the composition of FAggsMAo.15Pb(lo.s5Bro.15)3.
Furthermore, they discovered that using an excess amount of lead iodide (Pbly) is
beneficial for fabricating less-trap, dense, high-quality mixed perovskite films. Indeed,

highly efficient PSCs with over 20% PCE were achieved in other group.**!

16
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Inorganic alkali cations such as Cs*, Rb", and K" are another option to stabilize
the perovskite structure by tuning the ¢ because of their small ionic radii. Saliba et al.
introduced a small amount of Cs", into the FAossMA.1sPb(Io.85sBro.15)3 mixed perovskite.
They found that ~5 mol% of Cs° with the composition of
Cso.05(FA0.8sMAo.15)Pb(lo.85sBro.15)3 is enough to improve the phase stability of the
perovskite structure. The PCEs of PSCs with this absorber material were as high as
21.1%, with very high reproducibility.?# Furthermore, the devices had very good
operational stability. Since this discovery, Cs containing triple cation perovskites with
the composition of Csp.05(FAo.8sMAo.15)Pb(lo.85Bro.15)3 have frequently been used for

highly efficient and stable PSCs up to date.

Very recently, the PSCs with 23.2 and 23.5% champion PCEs were achieved by
using modified spiro-OMeTAD and a surface passivation of the perovskite absorber,
respectively.[?31 Also, the highest PCE of 25.2% was certified by NREL, USA in

2019.1"1 However, there is no scientific paper escribing this result yet.
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Table 1. Progress of perovskite solar cells

Year | Device Perovskite Deposition Main finding and PCE | Ref
architecture | absorber method development (%) |#
composite
2009 | Meso MAPDI; and Simple one- The perovskite absorber 3.8 16
MAPDBI3 step was used for the first time
in solar cell applications.
However, its stability and
reproducibility were poor
due to liquid electrolyte.
2012 | Meso MAPDI; Simple one- A solid HTM of spiro- 9 29
step OMeTAD was employed
instead of a liquid
electrolyte.
2013 | Meso MAPDI; Two-step A two-step sequential 15.0 24
deposition of a perovskite
layer was developed.
2014 | Meso MAPb(Io.35Bro.15)3 One-step The Pbl,-DMSO based 16.1 23
(anti-solvent) | adduct approach with an
anti-solvent spin-coating
method was reported.
2015 | Planar FAPbI;3 One-step FA-based perovskites were | 16.3 31
(anti-solvent) | used as the absorber layer.
But the a-FAPDI; phase
was not stable.
2016 | Meso FAossMAo.15(Pblps | One-step Mixed cation and mixed 18.4 32
sBr0.15)3 (anti-solvent) | anion-based perovskite
composition with high
stability was reported.
2016 | Meso FAossMAo.15(Pblps | One-step Excess Pbl, was used to 20.1 33
sBr0.15)3 (anti-solvent) | improve the quality of
) mixed perovskite films.
with excess Pbl,
2016 | Meso Cso.05(FA0ssMAg.15 | One-step Cs-containing triple cation | 21.1 34
)o.95(Pblo.s5Bro.15)3 (anti-solvent) | mixed perovskites with
high stability was reported.
2018 | Meso FA095sMAo.05(Pblpo | One-step Use of a modified HTL of | 23.2 27
5B10.05)3 (anti-solvent) | spiro-OMeTAD with a
suitable HOMO level
delivered high PCEs.
2019 | Planar FA0.9:MAg 0sPbl3 Two-step Surface passivation of 23.5 28
perovskite films by
forming a thin layer of 2-D
perovskite on top of a 3-D
perovskite layer was
reported.
2020 | N/A N/A N/A N/A 25.2 19
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1.3 Open questions for perovskite solar cells

Despite the high PCEs, the degradation of PSCs is still serious and needs to be
suppressed for commercialization of this technology!***”). The degradation of PSCs
mainly proceeds under oxygen and moisture environment. However, it is possible to
rule out these extrinsic factors of the degradation by using reliable encapsulation
technology. On the other hand, intrinsic degradation factors such as light illumination,

ion migration and high temperature are still difficult to solve for realizing stable PSCs.

Excess Pbl crystals are often used to obtain high-quality perovskite films for
high-performance PSCsP**33% In contrast, photo-decomposition (photolysis) of Pbl,
under light illumination was reported by Dawood et al.[*’l. Schoonman et al. suggested
that the photolysis of lead halide is a possible reason for the instability of hybrid
perovskites!*!l. Thus, the presence of Pbl crystals in films is a potential source of
perovskite’s instability under light illumination. However, how excess Pbl, crystals

affect the long-term stability of PSCs under light illumination has been rarely studied**~

44]

On the other hand, owing to the ionic character of halide perovskite materials,
the ion migration through the perovskite absorber layer of PSCs during operation is a
potential obstacle for efficient and stable solar power conversion. lon migration

3745471 Various

frequently causes J-J hysteresis and reduces operational stability
approaches have been employed to reduce ion migration. The reported approaches
include compositional engineering of perovskite materials!**], reducing grain boundary

density by increasing grain size!*>%!, and passivation of grain boundaries using organic

materials!?®]. However, the current situation is still far from completely blocking the ion
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migration in perovskite films and devices. Therefore, it is required to understand

degradation mechanisms of PSCs associated with the ion migration.

Most of high-performing PSCs reported to date contain a small molecular HTL
material of spiro-OMeTAD with proper dopants!?”-?3!, The chemical structure of spiro-
OMeTAD is shown in Fig. 1-7. Although other small molecules®*>*, polymers>>—7]
and inorganics®® %% have been developed for the HTLs of PSCs, spiro-OMeTAD is still
excellent among the reported HTL materials in terms of PCEs. PSCs with spiro-

el3251 However, the stability of

OMeTAD are comparably stable at room temperatur
PSCs with spiro-OMeTAD at high temperature is poorl® . For future
commercialization, it is necessary to ensure the high-temperature stability of PSCs. On
the basis of the 2010 International Summit on Organic PV Stability (ISOS) protocol

(Roskilde, Denmark)[%*!, solar cells need to work properly even at high temperatures

ranging from 65 to 85 °C.

\o O/

/OONN@O/
/O% Q.Q <N>®O\
0. 0.
Figure 1-7. Chemical structure of spiro-OMeTAD.

1.4 Aims and outline of this thesis

This thesis focuses on clarifying the degradation mechanisms of PSCs associated
with light illumination, ion migration and high-temperature operation. By understanding
the degradation mechanisms, I developed highly stable PSCs under operation. In

Chapter 2, I investigate the effect of stoichiometry of precursor solutions of perovskites
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on the stability of PSCs under continuous light illumination. In Chapter 3, I investigate
the ion migration induced degradation mechanisms of PSCs. In Chapter 4, I investigate
the effect of high temperature on the stability of PSCs. In Chapter 5, I summarize the

obtained results in this thesis and point out future perspectives.
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2.1 Introduction

Among reported perovskite composites, cesium containing triple cation mixed
perovskites with the composition of Cso.0s(FA1-xMAx)0.9sPb(11,Br,)3 is known to have
excellent solar power conversion with high reproducibility!! ! as I mentioned in

Chapter 1. Thus, I used this perovskite composition for the PSCs fabrication.

To obtain highly efficient PSCs, an excess amount of Pbl is usually used for
PSCs fabrication.>*®] On the other hand, there are less studies in literature focusing on
the effect of excess Pbl on the stability of PSCs.*!3 Therefore, the clarification of

basic degradation mechanisms is needed to further improve the stability of PSCs.

I investigated the influence of excess Pbl, on the long-term stability and related
degradation mechanisms of PSCs in this Chapter. I fabricated PSCs using three kinds of
different precursor solutions having different concentrations of Pbl. I found that
unreacted Pbl, crystals tend to form in films when the Pbl> concentrations in precursor
solutions increase. While the PCEs of all PSCs were similar and were not strongly
correlated with the Pbl> content, the solutions with higher concentrations of Pbl:
produced PSCs with accelerated degradation. This degradation could be related to the

decomposition of Pblx into metallic lead and iodine under light irradiation.

2.2 Experimental section

Materials. A SnO: colloidal precursor solution [tin(IV) oxide, 15% in H>O colloidal
dispersion] was purchased from Alfa Aesar. All precursor materials, such as cesium
iodide (Csl), formamidinium iodide (FAI), methylammonium bromide (MABr), Pbl,

and lead bromide (PbBr2) for the perovskite fabrication were purchased from Tokyo
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Chemical Industry (TCI). Spiro-OMeTAD was purchased from Merck. The solvents,
such as chlorobenzene (CB), DMF, and DMSO, and the dopants for the spiro-OMeTAD
such as lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), 4-tert-butylpyridine (4-
tBP) and tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(IID)tri[ bis-
(trifluoromethane)sulfonimide] (FK-209) were purchased from Sigma-Aldrich. These

purchased materials were used as-received without further purification.

Preparation of precursor solutions. A precursor solution of perovskite was prepared
by dissolving 1.10 M of FAI 0.2 M of MABr, 0.2 M of PbBr; and 1.12 M of Pbl; in
anhydrous DMF/DMSO (4:1 in volume). Additionally, 0.08 M CslI solution in DMSO
was added into the aforementioned precursor solution to obtain the desired composition
of Cso.05(FAssMA15)0.95Pb(IgsBris)3. This solution had a total concentration of cation of
1.38 M and a total concentration of lead halide of 1.32 M. I used two additional
precursor solutions with increased molar concentrations of Pblx (1.15 M, and 1.18 M).
The highest concentration of Pbl (1.18 M) provides a solution with stoichiometric
balance. Hereafter, perovskite films fabricated from the Pbl, solutions with the
concentrations of 1.12, 1.15, and 1.18 M are called S-1, S-2, and S-3, respectively. The
precursor solution was stirred at 70 °C for 3 hours and then filtered with a 0.2 um
polytetrafluoroethylene (PTFE) filter before use. A precursor solution for the HTL
fabrication was prepared by dissolving 70 mM of spiro-OMeTAD in CB. This solution
was doped with 4-tBP, LiTFSI, and FK-209 at the molar ratio of spiro-OMeTAD :
LiTFSI : TBP : FK-209 = 1: 0.5 : 3.3 : 0.03. Pre-prepared stock solutions of LiTFSI

(520 mg ml™! in acetonitrile) and FK-209 (300 mg ml™! in acetonitrile) were used.
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Device fabrication. Using the aforementioned S-1, S-2 and S-3 solutions, I fabricated
PSCs with a device architecture of glass substrate/indium tin oxide (ITO) electrode (100
nm)/SnO2 ETL (30 nm)/ Cso.05(FAssMA15)0.905Pb(IgsBri5)3 perovskite light absorber (650
nm)/spiro-OMeTAD HTL (150 nm)/Au electrode (80 nm). Glass substrates coated with
a pre-patterned ITO layer with a thickness of 100 nm (Atsugi Micro, Japan) and a sheet
resistance of 10 Q sq.”! were cleaned sequentially by ultrasonication in detergent, pure
water, acetone, and isopropanol for 10 min each and then subjected to UV-ozone
treatment for 15 min. Next a SnO> film was deposited on the ITO surface by spin-
coating at 3,000 rpm for 30 sec using an aqueous SnO> colloidal solution, which was
diluted to 2.67% in water. This SnO; film was annealed at 150 °C for 30 min, and
treated with UV-ozone for 15 min. The perovskite layer was prepared from the
precursor solution. A perovskite film was spin-coated at 1,000 rpm for 10 sec and then
at 6,000 rpm for 30 sec. Ten seconds before the end of the substrate rotation, 120 ul of
CB was dropped onto the spinning substrate. Subsequently, the perovskite layer was
annealed at 100 °C for 45 min. The preparation of the perovskite and spiro-OMeTAD
films was done in a nitrogen-filled glove box while the SnO- films were fabricated in air.
Finally, an 80-100-nm-thick Au electrode was thermally deposited in vacuum to
complete the devices. The deposition rate was 0.1 nm s~ and the base pressure was 10~
Pa for the Au deposition. The fabricated PSCs were encapsulated using a glass lid and

UV-cured sealant without exposure to air.

PSC characterization. J—J curve measurements were performed on the PSCs using a
computer-controlled Keithley 2400 source unit under the simulated AM1.5G solar
illumination from a Xe lamp-based solar simulator (SRO-25 GD, Bunko-Keiki, Japan)

with a scan rate of 200 mV s'. While the original PSCs’ area defined by the overlap of
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the ITO and Au electrodes was 4 mm?

, the illumination area during the J—V
measurements was defined at 3.24 mm? (1.8 x 1.8 mm?) using a black shadow mask.
The lamp power was carefully calibrated at 100 mW c¢cm 2 (1 sun) using a crystalline Si

reference cell with an amorphous Si optical filter (Bunko-Keiki), which was certificated

by the National Institute of Advanced Industrial Science and Technology of Japan.

PSC lifetime measurements. Light from a white light-emitting diode array with an
intensity of 100 mW cm™ was continuously illuminated on the encapsulated PSCs in
ambient air at room temperature (~25 °C). The evolution of Voc, Jsc, FF and PCE was
automatically measured using a lifetime measurement system (System Engineers). In
between scans, the PSCs were connected with a 1 kQ resistor to operate the PSC near

the MPP.

SEM measurements. SEM and high-resolution SEM (HR-SEM) images of the
perovskite films were taken with a JEOL JCM-5700 and a HITACHI SU8000 system at
an acceleration voltage of 5 kV and 1 kV with magnifications of x10,000 and x40,000,
respectively. Quantitative elemental analysis was performed on the samples with a
HITACHI SU8000 SEM-Energy Dispersive Spectroscopy (EDS) system equipped with

an energy dispersive X-ray analyzer.

XRD measurements. XRD patterns of the perovskite films were evaluated with an

XRD system using a typical 2 6/6 technique [A = 1.54 A (CuKa)] (Rigaku, Ultima IV).

Steady-state photoluminescence (PL) measurements. PL spectra of perovskite films
were measured using a JASCO FP-8600 spectrofluorometer. The excitation wavelength

used here was 460 nm. The excitation light was irradiated from the glass substrate side.
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X-ray photoelectron spectroscopy (XPS) measurements. XPS (PHIS000-
VersaProbell, monochromated Al Ka = 1486.6 eV) was used. The binding energies

were calibrated using the Au-4f"2 peak (84.0 eV) measured from a vacuum-deposited

Au sample.
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2.3 Results and Discussion

Figure 2-1 shows SEM images and XRD patterns of S-1, S-2 and S-3 perovskite
films fabricated with different Pbl, concentrations. SEM images of perovskite films in
Fig. 2-1(a-c) show the dense and uniform morphologies. But, some of abnormal grains
(white grains) were observed on S-3 films (Fig. 2-1c). In literature, similar grains were
observed, which was assigned to unreacted or excess PbL.['*l From the XRD patterns of
perovskite films in Fig. 2-1(d-f), an additional peak at 12.5° was observed only in S-3
films (Fig. 2-1f), which was assigned to the (0 0 /) plane of Pbl, crystals.[®!416] A]l the
other peaks originated from the cubic perovskite structure in Fig. 2-1(d—f), which is
consistent with the previous literature.l'! This would suggest that the white grains in Fig.
2-1c are Pbl crystals, although the precursor solution (S-3) provides the stoichiometric
balance of organic cations and lead halides as mentioned in experimental section. The
formation of Pbl crystals in films could have different reasons such as saturated
dissolution of Pbl> in precursor solution, or some part of organic salt is washed away by

anti-solvent dripping process of CB during the spin-coating of films.
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Figure 2-1. Top-surface SEM images and XRD patterns of a, d) S-1, b, ¢) S-2, and c, f) S-3 perovskite

films.

Using the aforementioned S-1, S-2 and S-3 solutions, I fabricated PSCs with a
device architecture shown in Fig. 2-2a. (Note that I used this device architecture
through the studies in this thesis.) J-V characteristics of representative PSCs with S-1,
S-2, or S-3 films are shown in Fig. 2-2b, and solar cell parameters estimated from this
figure are summarized in Table 2-1. The S-1, S-2 and S-3 devices exhibited PCEs of
18.0, 19.0 and 18.4%, respectively. PCEs’ statistics is shown in Fig. 2-2¢ with the
average PCEs being 17.3, 17.6 and 16.9% for S-1, S-2 and S-3 devices, respectively.
Although the S-2 devices had the slightly higher PCEs, the differences in PCE among
the S-1, S-2, or S-3 devices were less than 1%, meaning that the Pbl> concentrations in
the precursor solutions had little influence on the initial PCEs.

Next, I studied the stability of S-1, S-2 and S-3 PSCs under continuous
illumination from a white LED with a light intensity of 100 mW cm™. Figure 2-2d
shows the PCE evolution of S-1, S-2 and S-3 PSCs. The S-1 and S-2 PSCs retained 92%

and 99% of their initial PCEs after 520 h of continuous illumination, respectively. On
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the contrary, the PCEs of the S-3 PSCs decreased to 47% of its initial value. I believe
that the observed quick degradation of the S-3 PSCs was caused by the presence of Pbl,

crystals in the perovskite films, which was confirmed in Fig. 2-1.
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Figure 2-2. Device architecture (a), J-V curves (b), PCEs’ statistics (c¢) and PCEs’ evolution (d) of PSCs.

Table 2-1. Summary of device parameters extracted from Fig. 2-2b.

Sample Jsc (MA ecm™?) Voe (V) FF PCE (%)
S-1 22.87 1.12 0.71 17.97
S-2 23.10 1.12 0.73 19.01
S-3 22.81 1.09 0.74 18.44

Although I achieved stable PSCs with the S-1 and S-2 compositions, it is crucial

to find the origin of the degradation of S-3 PSCs with excess Pblb. To investigate the
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degradation of S-3 PSCs, I performed morphological characterizations on S-3 films
after carefully removing the Au electrode and the spiro-OMeTAD HTL from devices as
illustrated in Fig. 2-3a. In detail, i) scotch tape was attached on top of the Au electrode;
i1) the Au electrode was removed by peeling off scotch tape; iii) 1 ml of CB was
dropped on the substrate, followed by the substrate rotation at 2000 rpm for 60 sec.
During the substrate rotation, 3 ml of CB was continuously dropped onto the substrate

to remove the spiro-OMeTAD layer completely.

First, a HR-SEM measurement was used to check the morphology of an un-
illuminated and degraded perovskite film used in PSCs. The morphology of the S-3 film
significantly changed after degradation as shown in Fig. 2-3b and c. The S-3 perovskite
films without pinholes and defects were observed in unilluminated samples (Fig. 2-3b).
This points that the process of removing the HTL and the Au electrode had negligible
damage to the perovskite film. Also, the Pbl, crystals are present in the unilluminated
perovskite films. However, in the degraded film, the Pbl> crystals almost disappeared,
and defects and pinholes became more frequent (Fig. 2-3c). The disappearance of Pbl»
in S-3 films was supported by XRD patterns. The peak intensity at 12.5°, which
originates from Pbl,, significantly decreased in a degraded film compared with that of
an un-illuminated film (Fig. 2-3d). On the contrary, the morphology of the degraded S-1

and S-2 films exhibited a negligible change, as shown in Fig. 2-3e.
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o

—— Unilluminated

Intensity (a. u.)

Figure 2-3. a) Illustration showing the removal of the Au electrode and the spiro-OMeTAD layer. b,c)
Top-surface HR-SEM images of b) un-illuminated and c) degraded S-3 films. d) XRD patterns of un-
illuminated and degraded S-3 films. ¢) Top-surface HR-SEM images of un-illuminated and degraded S-1
and S-2 films.

The disappearance of Pblx crystals in S-3 perovskite films could be related to
photo-decomposition of Pbl,. In fact, the photo-decomposition of Pbl, has been
reported by a number of researchers, who showed that Pbl, decomposes into metallic
lead when illumination energy is above the bandgap of Pbl, at elevated

temperaturel®-17-18]

. Recently, Prof. Qi group confirmed photo-decomposition of Pbl
thin films!'®! by detecting the production of Pb® and I, gas under light illumination of
0.55 sun. Mono and di-iodine gas was detected by mass spectrometry. Newly formed
Pb® in films was confirmed by the emergence of an XRD peak at ~31°, which was
assigned to cubic Pb’. Additionally, XPS was used to further confirm Pb° peaks of
which were observed at 137.0 and 141.9 eV.I'""! Therefore, 1 conducted XPS
measurements on degraded and un-illuminated S-3 films. There was almost no
difference between the two XPS spectra (Fig. 2-4a), indicating no formation of metallic
Pb at the film surfaces. Further, I conducted XRD measurements on the degraded and

un-illuminated S-3 films to observe the Pb’ component on the surface or bulk of

perovskite films but did not observe any XRD peak coming from Pb° as shown in Fig.
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2-4b. 1 supposed that Pb® is mainly formed near the SnO./perovskite interface of the

opposite side, as I will discuss next.

a — b

1.0 e Un-illum inated Pb 4f e Un-illuminated

Degraded n —— Degraded

- 0.8 -+ =
5 s
> 064 =
= =
G o
£ 041 €

] aa/

00 T T T T T T T T T T T

150 148 146 144 142 140 138 136 134 306 30.8 31.0 312 314 31.6
Binding energy (eV) 2 tetha (°)

Figure 2-4. a) XPS results (Pb 4f core levels) and b) XRD patterns of un-illuminated and degraded S-3

perovskite films after removing the HTL and the Au electrode.

I observed a grey colored film formed on the bottom of the degraded S-3 devices

although there was no grey colored film in the degraded S-1 and S-2 PSCs (Figures 2-5

and 2-6). Additionally, the grey colored film was only formed in the light-exposed area

of the S-3 devices. These results indicate that the color change might stem from the

decomposition of Pbl, crystals in the perovskite films of the S-3 device and is related to

the device degradation.

Figure 2-5. Photographs of a) S-1, b) S-2, and ¢) S-3 PSCs after 520 h of continuous light illumination.

These photographs were taken from the substrate side.
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Grey colored film formed
in the light exposed area

Figure 2-6. Photograph of the S-3 PSC degraded after 520 h of illumination. This photograph was taken
from the substrate side. The green and pink dashed lines indicate the region exposed to light and the
region coated by the gold electrode, respectively. The red dashed line indicates the active area of the
device. A grey colored film appeared in the light exposed area only, but no grey color appeared under the
gold electrode because of the encapsulation effect with the gold electrode.

To confirm the photolysis of unreacted Pbl>, I measured XRD patterns of SnO>
of un-illuminated and degraded PSCs after removing the perovskite, spiro-OMeTAD,
and Au layers. XRD patterns of the SnO; films are shown in Fig. 2-7a and b. The XRD
peaks coming from polycrystalline SnO; were seen in both un-illuminated and degraded
S-3 samples, which is consistent with literature!’>). A new peak at ~31° appeared in

degraded S-3 samples (see enlarged figure in Fig. 2-7¢), which was assigned to metallic

Pb.
a b c
Sn0O, of un-illuminated device — 8Sn0, of degraded device . ——— 8n0, of degraded device
= = s —— Gauss fit
© S s
> P =
= = i1
s s s
< < £

10 20 30 40 50 60 10 20 30 40 50 60 300 304 308 312 316 320
20 (°) 20 (°) 20 (%)

Figure 2-7. XRD patterns measured at the surface of SnO, films, which were prepared from un-
illuminated (a) and degraded S-3 PSCs (b). (c) is the magnified XRD peak from (b).
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Furthermore, SEM-EDS was performed on the degraded and un-illuminated
SnO; samples to confirm a change in Pb content. The atomic percentage of Pb was
1.28% in the degraded sample, which was about two-fold higher than that in the un-
illuminated sample (0.54%) (see Table 2-2).
Table 2-2. Atomic percentages of Pb and I, which were measured from un-illuminated and degraded S-3

samples using SEM-EDS. “Others” in this table means the sum of percentages of atoms other than Pb and
L.

Atom Atomic percentage (%)
Un-illuminated sample Degraded sample
Pb (M-shell) 0.54 1.28
I (L-shell) 0.50 0.52
Others 98.96 98.20

The increased percentage of Pb likely originated from the decomposition of Pbl,
crystals. Therefore, these results support the photolysis of Pbl, crystals in perovskite

films happening according to eq. 2-1.

PbI, —> Pb(s) + 1,(g) @2-1)

Metallic Pb formed at the SnO»/perovskite interface would act as carrier recombination
centers as illustrated in Fig. 2-8a, which is one of the reasons of the observed
degradation of S-3 PSCs. This is supported by decreased steady-state PL intensities in

degraded perovskite films because of exciton quenching by Pb (Fig. 2-8b).
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Figure 2-8. a) Energy level diagram of PSCs and b) steady-state PL spectra of S-3 samples
(ITO/SnOa/perovskite) before and after degradation.

2.4 Conclusions

In summary, I revealed that, although the excess Pbl> does not significantly
impact the initial performance of PSCs, the long-term stability of PSCs under light
illumination is very sensitive to the presence of Pbl, crystals in perovskite films. By
controlling the excess Pbly, it is possible to improve the stability of PSCs under
illumination. While the PCEs of PSCs, in which excess Pbl, crystals were not present,
retained 99% of the initial value after 520 h of continuous illumination, the PCE of PSC
with excess Pblz crystals reduced to 47% of the initial value. The degradation of PSCs
was related to the photo-decomposition of excess Pbl, crystals into metallic Pb and I
under light illumination. Interestingly, the formed metallic Pb was detected only at the
interface of the SnO, layer and the perovskite layer after the degradation of PSCs.
Metallic Pb thus generated at the SnO2/perovskite interface acted as a quencher for
carriers, which gradually made the PCEs lower.

This result suggests that reducing the existence of Pbl> crystals in resulting
perovskite films by preparing a precursor solution with an appropriate composition for

spin-coating is crucial to fabricating stable PSCs. In addition, more detailed study is
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needed to understand why metallic Pb forms only at the SnO»/perovskite interface for

limiting the PSC degradation associated with detrimental Pb.
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3.1 Introduction

Although the highly efficient PSCs have been obtained, with over 20% of
PCE,!l these reported PCE values are questionable because of the presence of J-V
hysteresis when measure in the consecutive forward and reverse scans.l?! One of the
potential origins of J-V hysteresis is ion migration through PSCs.*"¢! Furthermore, ion
migration would induce the degradation of PSCs.[”! Therefore, it is necessary to clarify
the relation between ion migration and J—J" hysteresis to obtain hysteresis-free, stable

PSCs.

It was reported that positive ions move to the interface between the perovskite
layer and the ETL and that negative ions move to the opposite interface between the
perovskite layer and the HTL by applying forward bias.[®*! During this abnormal
movement of ions, researchers conducted the transient photocurrent measurement and
observed the inverted photocurrent, which means that electrons are extracted via the
anode electrode.”®! This effect directly explains the movement direction of the abnormal
ions. In light of the ions movement, a number of researchers reported the relationship

between ion migration and J—V hysteresis in PSCs.['%']

Weber et al. recently reported that the localization of positively charged ions at
the interface between the perovskite layer and the ETL causes the J—JV hysteresis in
PSCs.!'?) The localized positive ions accelerate non-radiative recombination, leading to
the quick degradation of PSCs as well.['>"'*) However, the reason of such ionic
localization at the ETL interface is still unclear. Therefore, it is also necessary to clarify

mechanisms of the ion migration in detail.
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In this chapter, I studied the effect of ion localization at the interface between a
perovskite and an ETL, and its effect on the long-term stability of PSCs. I found that the
presence of hydroxyl groups (—OH) at a metal oxide ETL like SnO; is one possible
origin of this ionic localization. To avoid the localization of the positive ions, I
deactivated the hydroxyl groups by chemically modifying the SnO> surface with a self-
assembled monolayer (SAM) of a fullerene derivative. Introducing this interfacial SAM
significantly reduced the J—V hysteresis. With this SAM treatment, I obtained almost no

degradation of PSCs at room temperature under continuous illumination for 1,000 hours.

3.2 Results and discussion

Perovskite films and PSCs with the composition of
Cso.05(FAssMA15)0.95sPb(IssBris); were prepared from the S-3 solution. I note that the
detailed experimental procedures of the device fabrication and characterization are the

same as those described in the experimental section of chapter 2.

To identify the existence of the ion migration, temperature-dependent electrical
conductivity measurements were carried out by measuring current—voltage (/-V) curves
of perovskite films in a lateral-electrode architecture. This lateral device architecture is
illustrated in Fig. 3-1a. The distance between two Au electrodes is 100 um. This
measurement was designed to highlight ionic conduction, as ions would not contribute
to the conductivity at low temperatures but would contribute when the temperature was

sufficiently high to provide the energy required to form mobile ions.!!”]

Figure 3-1b shows I~V curves and revealed that the hysteresis increased with
increasing temperature. I speculated that the observed /-V hysteresis at higher

temperatures is probably related to the migration of ionic species. The possible ions are
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I, Br, MA*, FA", Cs" and Pb?". Although the most probable mobile ions with low
activation energy (E,) in the perovskite films are I and MA™ as reported in literature,!¢!
it is challenging to determine the distinct ionic effect on the observed hysteresis.
Nevertheless, the IV hysteresis observed here indicates the existence of the ion

migration in our perovskite films and is consistent with the previous reports.[!”2%

a b T T T T T T T T T
‘ | Temperature (K)
| —— 300

— 280
— 260
——240
—220
—200

Current (a. u.)

Lateral structured device

Voltage (V)
Figure 3-1. a) Lateral device architecture and b) temperature dependent /-V curves. The thicknesses of
the perovskite and Au layers are ~650 and ~100 nm, respectively.
Next, I fabricated S-3 PSCs and measured their J-V curves at a scan rate of 200
mV s ! (Table 3-1). Here I defined that the voltage scan from —0.1 V to 1.2 V is the
forward scan and the voltage scan from 1.2 V to —0.1 V is the reverse scan. In this study,
I carried out the consecutive forward-to-reverse scans for the PSC evaluation unless

otherwise mentioned. Eight devices fabricated in the same batch had the average PCEs

of 17.4% and 17.7% in the forward and reverse scans, respectively (Table 3-1).

Table 3-1. Ji, Voo, FF, and PCE, and HI values of PSCs. These parameters were extracted from J—V

curves measured at a scan rate of 200 mV s~

Scan

—2 o,
direction Jsc (mA cm™) Voc (V) FF PCE (%) HI
Average (8 Forward —22.04 1.10 0.72 17.37 0.02
devices) Reverse -21.92 1.10 0.73 17.70 )
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The hysteresis Index (HI) defined according to eq. 3-1 was close to zero (see Table 3-1),

suggesting that the J-V hysteresis is negligible at this scan rate

PCE —PCE
HI — rexi)ersce:E forward (3 _ 1 )

Treverse

where PCEeverse and PCEfowara are the PCE values measured in the forward and reverse

scans, respectively.

However, the hysteresis increased with decreasing the scan rates from 200 to 10 mV s

(Fig. 3-2).
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Figure 3-2. Scan-rate-dependent J—V curves of PSCs.

—
N

The negative HI values obtained at the lower scan rates mean “inverted hysteresis”, for

which the PCE is higher in the forward scan than that in the reverse scan (Table 3-2).
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Table 3-2. Scan-rate-dependent Jsc, Voc, FF, PCE, and HI values of PSCs. These parameters were
extracted from J—V curves shown in Fig. 3-2.

Scan rate Scan

(mV s7) direction Jsc (mA cm™?) Voc (V) FF PCE (%) HI
Forward -23.07 1.10 0.71 18.14
200 Reverse -23.01 1.11 0.74 18.88 0.04
Forward -22.99 1.10 0.71 17.89
100 Reverse —22.82 1.10 0.73 18.29 0.02
Forward —22.73 1.08 0.68 16.79
20 Reverse —20.96 1.08 0.57 13.97 0.20
10 Forward —22.63 1.07 0.67 16.25 0.48
Reverse -19.25 1.04 0.45 10.98 )

It has been reported that one of the relevant origins of the inverted hysteresis is
the ion migration in PSCs.*!1:2!] The migration of different ionic species in perovskite
films could cause the J—J hysteresis, the degree of which depends on the voltage scan
rates,'®) directions (forward-to-reverse or reverse-to-forward bias scans),’*” ranges!*!**]
and temperature.** Thus, I measured J-V curves in the consecutive reverse-to-forward
scans (Fig. 3-3a), which are opposite to the forward-to-reverse scans I used earlier. The
scan rate was 10 mV s~ !. In this case, the reverse scan is better than the forward scan in
terms of the PCE. For comparison, I again measured J—V curves in the consecutive
forward-to-reverse scans (Fig. 3-3b). The results in these figures tell us that the scan

directions are not so important that the first scan provides the higher PCE and repeating

the scans decreased the PCEs.
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Figure 3-3. J-V curves of PSCs measured with a) reverse-to-forward and b) forward-to-reverse scans at a
scan rate of 10 mV s . Red lines indicate the scanning directions. The measurement temperature was
room temperature.

Next, I measured J—J curves in a wider scan range between —0.1 Vto 2.0 V ata
scan rate of 200 mV s! (Fig. 3-4). The hysteresis began to appear with this scan range
although the hysteresis was not clearly observed when I used the small scan range from
—0.1 V to 1.2 V (Fig. 3-2). This may mean that applying a high voltage to PSCs caused

more serious hysteresis.

a b

T T
{1 —O—Forward scan
3004 —e—Reverse scan

—O— Forward scan
—e— Reverse scan

200

100 4

Current density (mA cm™)
Current density (mA cm™?)

1.2
Voltage (V) Voltage (V)
Figure 3-4. a) J-V curves of PSCs measured with forward-to-reverse scans in a scan range between —0.1

V t0 2.0 V. b) is the enlarged J-V curves. The scan rate was 200 mV s~! and the measurement temperature
was room temperature.

For a better understanding on the hysteresis, I measured J-V curves at a high
temperature of 60 °C at a scan rate of 200 mV s, resulting in the larger J-V hysteresis

(Fig. 3-5a). The hysteresis again decreased after cooling the PSCs to room temperature
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(Fig. 3-5b). Considering the aforementioned experimental results, the ion migration is

likely in our PSCs, which induces the J—JV hysteresis.

a 0 T T T T b
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Figure 3-5. J-V curves of PSCs measured at a high temperature of 60 °C a) or after the device
temperature returning to room temperature. The scan rate is 200 mV s,

I speculated that the —OH groups attract the positive ions existing near the SnO»
surface in our PSCs although most of the positive ions move to the opposite spiro-
OMEeTAD side along the internal built-in field. The —OH groups were previously
identified from the SnO, surface.*>?%! To observe the —OH groups in our samples, I
characterized the SnO: surface with XPS. The Sn 3d core level peak was detected (Fig.
3-6a). By analyzing the O 1s core level region (Fig. 3-6b), an XPS peak originating
from the —OH groups was identified at 531.7 eV near a main oxygen peak at 530.2 eV.
This is proof of the presence of the —OH groups on the SnO; surface according to the

literature,>’2°!, which is expected to induce the localization of the positive ions.
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Figure 3-6. a, b) XPS peaks of a SnO; thin film in the Sn 3d (a) and O 1s (b) regions. c) EIS results of
PSCs. The EIS measurements were repeated three times. d) Illustration showing the positive ion
localization caused by the surface negative charges (—OH) of SnO,. The possible mobile positive ions are
MA™ (methylammonium ion), FA* (formamidinium ion), Cs*, Vi (iodine vacancy), and Vg, (bromine
vacancy).

Electrochemical impedance spectroscopy (EIS) measurements were also carried
out on the PSCs to characterize the interfacial charge dynamics caused by the localized
positive ions. EIS measurements were performed using a Solartron 1260 frequency-
response analyzer from 1 MHz to 70 mHz at an excitation amplitude of 20 mV. Figure
3-6¢c shows EIS data recorded at the Voc condition under illumination. The EIS
measurements consisted of a series of three consecutive measurements to check the
consistency of the results during the entire EIS measurement procedure. The high-
frequency semicircle for every consecutive spectrum increased. The low-frequency

impedance did not have a clear pattern and did not change in shape or magnitude
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throughout the EIS measurement procedure. The increase in impedance at 0.07 Hz
(lowest measured frequency) from 12.2 to 13.8 Q cm? was predominantly caused by the
high-frequency semicircle. This feature was previously attributed to poor electron
extraction or recombination of charge carriers at the interfaces between the charge
transport layer and the perovskite layer.*! Recently, it was reported that the short-term
increase in high-frequency impedance is ~100% reversible by keeping PSCs in the
dark.[*! This feature was related to the ion migration and accumulation, which leads to
the increased non-radiative recombination.l*' Therefore, 1 attributed the short-term
increase in high-frequency impedance in Fig. 3-6¢ to the localized ionic charges at the
negatively charged surface of SnO>. The localized and accumulated ions including
charged vacancies (especially, iodine vacancies) are well known to act as trap-assisted

11,13,32,33

charge recombination centers in PSCs. I Therefore, these localized ions as

depicted in Fig. 3-6d, could be one of the reasons of the observed large hysteresis.

It is possible to reduce the presence of —OH groups by annealing metal oxide
films at high temperatures >800 °C.** However, after exposing a SnO; film to ambient
condition even with short time, the —OH groups appear again.[**l. Therefore, I
deactivated the surface —OH groups by using a SAM of a fullerene (Ceso) derivative. The
Ceo derivative used here was Ceo pyrrolidine tris-acid (CPTA) because this material has
the ability to form strong chemical bonding with the SnO, surface!**3”! and to behave as
a good electron acceptor. The CPTA-SAM was formed on the SnO> surface by spin-
coating at 4,000 rpm for 30 sec from a CPTA solution in DMF with a concentration of
0.5 mg ml"!. To remove physiosorbed CPTA molecules from the SnOx surface, the
substrate was washed by DMF and dried at 100 °C for 5 min. The existence of the

CPTA-SAM was confirmed by the appearance of XPS peaks from the C 1s and N 1s

51



Chapter 3: Ton migration induced degradation

core levels and the decreased intensities of XPS peaks from the Sn 3d and O 1s core
levels (Fig. 3-7). Even after washing the substrates with DMF, the intensities of all the
XPS peaks from the C 1s, N 1s, Sn 3d and O 1s core levels were unchanged (Fig. 3-7),

indicating that most of the CPTA molecules are chemically bounded with the SnO;

surface.
a 4.0x10° . : , b 7.0x10?
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= c
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Figure 3-7 a) C 1s, b) N 1s, ¢) Sn 3d, and d) O 1s core level peaks in XPS results of SnO, films without
(black lines) and with (colored lines) CPTA treatment. XPS was carried out before (blue lines) and after
(pink lines) removing non-chemically-bounded CPTA molecules by washing with DMF.

With the CPTA-SAM formation, the -COO- groups were formed through the

36.38] hetween the CPTA molecules and the surface OH groups.

esterification reaction!
This was supported by the appearance of an XPS peak originating from the —COO-
groups (Fig. 3-8). In addition, the amount of the —OH groups at the SnO» surface was

reduced by ~60% after the CPTA-SAM formation.
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Figure 3-8. Deconvoluted O 1s core level peaks of SnO; treated with the SAM. (The measured spectrum
(black line) was deconvoluted into three peaks. The red line corresponded to the oxygen inside the SnO,
lattice (530.1 eV), the green line corresponded to the —OH groups at the SnO, surface (531.4 eV), and the
pink line corresponded to the —COO— groups formed by the esterification reaction between the —OH
groups and the CPTA molecules. The dashed black line was the sum of the deconvoluted three peaks.

To check the influence of deactivating the —OH groups by the CPTA-SAM as
illustrated in Fig. 3-9a and b on the J-V hysteresis, I fabricated PSCs with the CPTA-
SAM treatment. Adding the CPTA-SAM significantly reduced the J-V hysteresis of
PSCs (Fig. 3-9c and Table 3-3). The average PCEs of eight devices with the CPTA-
SAM were 18.06 and 18.12% in the forward and reverse scans, respectively (Table 3-4).
In addition, no hysteresis was observed in PSCs with the CPTA-SAM even at a high
temperature of 60 °C (Fig. 3-9d). Furthermore, there was no increase in the size of the

semicircle in EIS results shown in Fig. 3-9e.
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Figure 3-9. Illustration showing a) a CPTA-SAM formed on the SnO; surface and b) reduced localized
ionic charges at the surface of SnO; because of the deactivation of the surface —OH groups. ¢) Scan-rate-
dependent J—V curves of PSCs with the CPTA-SAM at room temperature. d) J-V curves measured at a
fast scan rate of 200 mV s™! at 60 °C. e) EIS results of PSCs with the CPTA-SAM. f) Scan-rate-dependent
J—V curves of PSCs with a Ceo layer at room temperature.
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Table 3-3. Scan-rate-dependent Js, Voc, FF, PCE, and HI values of PSCs with the CPTA-SAM. These
parameters were extracted from the J—V curves shown in Fig. 3-9c.

Scan rate Scan _2 o
(mV s7) direction Jsc (mA cm™) Voc (V) FF PCE (%) HI

Forward -22.61 1.11 0.74 18.46

200 Reverse -22.59 1.11 0.73 18.50 0.00
Forward —22.63 1.11 0.73 18.37

100 Reverse —22.58 1.12 0.73 18.43 0.00
Forward —22.64 1.11 0.73 18.25

20 Reverse —22.51 1.11 0.73 18.33 0.00

10 Forward —22.64 1.11 0.72 18.10 0,04
Reverse —22.47 1.11 0.70 17.36

Table 3-4. Ji, Vo, FF, PCE, and HI values of PSCs with the CPTA-SAM. These parameters were

extracted from J—V curves measured at a scan rate of 200 mV s~ .

Scan

—2 o,
direction Jsc (mA cm™) Voc (V) FF PCE (%) HI
Average (8 Forward —22.25 1.11 0.73 18.06 0.00
devices) Reverse —22.22 1.11 0.74 18.12 )

The improved electron extraction to SnO2 by the use of the CPTA-SAM is likely

(39401 Therefore, I prepared additional

for the reduced hysteresis on the basis of literature.
PSCs using a thin layer of pure Ceo. Using this Ceo layer can distinguish whether the
decreased hysteresis resulted from the improved electron extraction or reduced
localization of the positive ions because the surface ~OH groups still exist below the Ceo
layer. As shown in Fig. 3-10, the PL intensity reduction was similar when a perovskite
film was prepared on the Ceo layer or the CPTA-SAM, indicating the similar electron
extraction efficiency in both the cases. The reduced PL intensities also pointed to the
existence of Ceo even after the spin-coating of the perovskite film. The pronounced J-V
hysteresis was observed when Cgo was used in PSCs (Fig. 3-9f and Table 3-5) despite

the similar electron extraction characteristics. This indicates that the deactivation of the

surface —OH groups is very important for reducing the hysteresis. Furthermore, the
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CPTA-SAM and the Ceo layer could have different dipole moments, which may affect

the ion localization and the PSC performance.
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Figure 3-10. Steady-state PL spectra of perovskite films fabricated on different substrates of
glass/ITO/SnO; (black line), glass/ITO/SnO,/CPTA-SAM (blue line), and glass/ITO/SnO,/Cso (orange
line).

Table 3-5. Scan-rate-dependent Js, Voc, FF, PCE, and HI values of PSCs with the Ceo layer. These
parameters were extracted from the J-V curves shown in Fig. 3-9f.

Scan rate Scan 2 o
(mV s7) direction Jsc (mA cm™) Voc (V) FF PCE (%) HI
Forward -23.71 0.98 0.73 16.94
200 Reverse -23.61 0.99 0.77 18.05 0.06
Forward -23.51 0.97 0.73 16.70
100 Reverse —23.33 0.98 0.75 17.19 0.03
20 Forward —23.18 0.97 0.71 15.82 107
Reverse —-18.59 0.93 0.44 7.63 '
10 Forward -23.24 0.95 0.69 15.22 104
Reverse -17.96 0.92 0.45 7.46 ’

In addition to the ion migration, unbalanced charge transport,*!~%!

43,45

ferroelectricity,[***1 capacitive effect,*>*! and defect-induced electronic traps*® are
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known to induce the J—JV hysteresis. There is a possibility that all these factors changed
in our PSCs simultaneously when the SnO» surfaces were treated differently although
every perovskite film fabricated on the untreated, CPTA-treated, and Ceso-coated
surfaces had similar morphologies (Fig. 3-11). In my future study, I will carry out

additional experiments to clarify the more detailed origins of the J-J hysteresis.

b £

8 L ¥ Yy & "
§k\f (.‘t %10,000 © Tum

.

Figure 3-11. Top-view SEM images of perovskite films deposited on different substrates of a)
glass/ITO/Sn0O;, b) glass/ITO/SnO»/CPTA-SAM, and c) glass/ITO/SnO»/Ceo.

Next, I measured the stability of PSCs with and without the CPTA-SAM under
continuous illumination with an intensity of 100 mW cm 2 at room temperature. Figure
3-12a shows time dependence of the PCE evolution of PSCs. The PCEs of PSCs
without the CPTA-SAM significantly dropped. It is worth mentioning here that PSCs
with the CPTA-SAM had no decrease of the PCEs after 1,000 hours of the continuous
illumination. Furthermore, I obtained the improved stability with the CPTA-SAM under
the illumination even at a high temperature of 60 °C (Fig. 3-12b). I also investigated the
stability of PSCs with the Ceo layer. There was no improvement in stability when using
Ceo (Fig. 3-13). These results clearly demonstrated the importance of using the SAM

treatment for fabricating stable PSCs
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Figure 3-12. PCE evolution of PSCs at room temperature (25 °C) (a) and at elevated temperature (60 °C)
(b).
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Figure 3-13. PCE evolution of PSCs a) without and b) with the Cqo layer under continuous illumination at

room temperature.

The aforementioned results also provide us information why metallic lead is
formed at the interface between SnO and perovskite layers as discussed in Chapter 2. It
would reasonable that the localized positive ions trapped the electrons. Then, these
trapped electrons interact with [Pbls]*" octahedral to form the Pb° as illustrated in Fig.

3-14 according to eq. 3-2 below.

[PbI,]" +2¢” — Pb° L +61° (3-2)
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Fig. 3-14. Schematic of metallic Pb° formation during the degradation of PSCs.

3.3 Conclusions

In summary, I found that the J-V hysteresis and degradation can be suppressed
by chemically modifying the SnO; surface with a SAM. I concluded that one reason for
the suppressed hysteresis and degradation is the deactivation of the surface —OH groups
which attract the positive ions. I obtained almost no degradation in PSCs with CPTA-
SAM after 1,000 hours of continuous illumination at room temperature. These findings

will provide insights into mechanisms of the hysteresis and long-term stability of PSCs.
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4.1 Introduction

Highly efficient PSCs with PCEs of over 20% have been reported!' ! and the
choosing an appropriate HTL material is the crucial issue. Since the first introduction of
a solid-state HTL material in 2012, spiro-OMeTAD has continuously been used for
PSCs with proper dopants.>) While spiro-OMeTAD is the best choice for fundamental
research because of the superior performance of PSCs with this material being realized,
a high material cost of spiro-OMeTAD, which is related to its so many synthesis steps,
restricts the development of low-cost PSCs towards commercialization.[®! Therefore, the
recent research trend is to find lower-cost alternative HTL materials without reducing
PSC performance. For this purpose, various types of HTL materials including small
organics,” polymers,'>'?l and inorganics!'*~!3! have been developed. Among these

reported materials, spiro-OMeTAD is still excellent material in terms of PCEs.

Besides the PCEs and material cost, the long-term stability is important for
future commercialization of PSCs. Recently, PSCs employing spiro-OMeTAD has
delivered promising stability at room temperature.l>'®! PSCs should maintain their
performance even at high temperature for the practical use. However, spiro-OMeTAD-
based PSCs loss their performance quickly at high temperature.!!’2°! To understand this
reason, researchers have focused on high-temperature degradation mechanisms of
spiro-OMeTAD-based PSCs. For example, Jena et al. studied PSCs with spiro-
OMeTAD after the operation at high temperature. They removed the degraded metal
and spiro-OMeTAD layers and, then, re-fabricated new spiro-OMeTAD and metal
layers on top of the perovskite layer. In this case, PCEs returned to an initial value.[!”!

There was no decrease in PCE when the perovskite layer was heated at high temperature
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before fabricating the spiro-OMeTAD layer.['¥! After the deposition of the spiro-
OMeTAD layer without the upper metal layer, heating caused PCEs to decrease.!'®!
Considering these reports, the high-temperature degradation of PSCs is directly related

to the spiro-OMeTAD layer and not the other layers.

In a previous study, it has been reported that the high-temperature degradation is
caused by Au diffusion into the spiro-OMeTAD layer!?” or the crystallization of the
spiro-OMeTAD layer because of reduced glass transition temperature (7Tg).['72!
However, more fundamental studies are needed to understand the other possible

degradation mechanisms.

Therefore, I studied the high-temperature degradation of spiro-OMeTAD-based
PSCs in this chapter. I found that post-doping of spiro-OMeTAD by iodine diffused
from the perovskite layer is a feasible reason for the degradation of PSCs at a high
temperature of 85 °C. The HOMO level of the spiro-OMeTAD layer changed from —5.3
to -5.8 eV by the iodine doping, which led to the formation of a hole extraction barrier
with the perovskite layer having the VBM of -5.5 eV. I confirmed the reduced hole
extraction by a significant increase in PL intensity from the spiro-OMeTAD layer
deposited on the perovskite layer after heating at 85 °C. When I inserted an iodine-
blocking layer between the spiro-OMeTAD layer and the perovskite layer or replaced
the iodine-containing perovskite layer with an iodine-free (bromine-based) perovskite
layer, I obtained better stability even at 85 °C, because of the suppressed iodine doping

into spiro-OMeTAD.
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4.2 Results and discussion

I used a spin-coated S-2 perovskite film with the composition of
Cs0.05(FA0.8sMAo.15)0.95(Pblo.gsBro.15)3 as the light absorber of PSCs because of its high
efficiency and stability as adopted in Chapter 2. The fabricated PSCs architecture
(ITO/SnOz/perovskite/spiro-OMeTAD/Au), device fabrication conditions and
evaluation methods were the same as those shown in Chapter 2. Thirty-six PSCs
fabricated in the same batch and encapsulated without exposure to air had very similar
PCEs (Fig. 4-1a), along with negligible hysteresis in their J~F curves measured in the
consecutive forward and reverse scans (Fig. 4-1b). Further, I evaluated the storage
stability in the dark at room temperature (~25 °C) or high temperature (85+1 °C). For
the evaluation of the dark storage durability, J—V curves of the encapsulated PSCs were
measured periodically under the AM 1.5G 100 mW cm 2 simulated solar illumination.
In between the J—V scans, the PSCs were stored at ~25 or ~85 °C in the dark at the

open-circuit condition.

The PSCs did not degrade at 25 °C for 120 hours of the dark storage (black
circles in Fig. 4-1¢). However, the serious PSC degradation occurred within 20 hours of
the dark storage at 85 °C (red squares in Fig. 4-1¢). The similar behaviour was reported

in the previous literature.[!7-?%]
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Figure 4-1. a) PCEs of thirty-six PSCs measured in the forward and reverse scans. b) J—J curves of a
representative PSC. ¢) Dark storage stability of PSCs at ~25 or ~85 °C. Twelve PSCs were tested at each
temperature, and average values are shown in (c).

It has been reported that the PSC degradation at high temperature is due to the
morphological degradation of spiro-OMeTAD layer, which is associated with the

[1,17,21

reduced 7§ of the spiro-OMeTAD layer by chemical doping. I The morphological

degradation of spiro-OMeTAD layer is easily observed by polarized optical

e.l'721] Therefore, 1 first measured the Ty of our chemically undoped and

microscop
doped spiro-OMeTAD powder. For the doped powder, the spiro-OMeTAD solution
mixed with LiTFSI, 4-tBP, and FK-209 dopants with same conditions mentioned in the

experimental section of Chapter 2 was prepared. Doped spiro-OMeTAD powder was
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obtained by drying this solution in vacuum overnight, followed by heating at 130 °C for
30 min in vacuum. Differential scanning calorimetry (DSC) was performed on the
undoped and doped spiro-OMeTAD powder using a calorimeter (Netzsch DSC204 F1

1

Phoenix) at a scan rate of 10 °C min '. The undoped powder used here means the as-

purchased product. The 7, was determined during the second DSC scan.

Figure 4-2a shows DSC results. The 7, value of the doped spiro-OMeTAD
powder was ~116 °C, while the 7, value of the undoped spiro-OMeTAD powder was
125 °C. The reduced T, by the chemical doping is consistent with literature.["'72!] Next,
I measured polarized optical microscope images of the chemically doped spiro-
OMeTAD layers deposited on the perovskite layer after storing at 25 or 85 °C for 20
hours (Fig. 4-2b and c) to check the crystallization of spiro-OMeTAD layers as reported

17211 T did not clearly see the crystallization from our samples heating at

previously.!
85 °C, probably because the 7, measured here is higher than the heating temperature of
85 °C. On the other hand, heating the spiro-OMeTAD layer directly fabricated on a
glass substrate at 140 °C, which is higher than the 7g, resulted in the significant

crystallization (Fig. 4-2d). Thus, the serious degradation of PSCs at 85 °C as discussed

in Fig. 4-1c may not be correlated with the morphological degradation.
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Figure 4-2. a) DSC results of undoped (black) and doped (pink) spiro-OMeTAD power. b—d) Polarized
optical microscope images of doped spiro-OMeTAD films after storing at 25 (b) or 85 °C (c) for 20 hours

or at 140 °C for 3 hours (d).

To investigate the chemical degradation of spiro-OMeTAD, I used matrix
assisted laser desorption/ionization-time of flight-mass spectrometry (MALDI-TOF—
MS). Samples of glass substrate/ITO/SnO2/perovskite/spiro-OMeTAD were prepared
and stored at 25 or 85 °C for 20 hours. The spiro-OMeTAD layer was selectively
washed away by CB from the aforementioned film samples. This CB solution

containing spiro-OMeTAD was used for MALDI-TOF-MS (BRUKER Autoflex-III).

I did not clearly detect the chemical-structure change of spiro-OMeTAD after
storing the film samples at 25 or 85 °C for 20 hours, because of the observation of only
a single peak at 1225, which corresponds to the molecular weight of intact spiro-

OMeTAD (Fig. 4-3a). Furthermore, I conducted XPS for the elemental analysis at the
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surfaces of the spiro-OMeTAD layers after storing at 25 or 85 °C for 20 hours. There
was almost no observable change of the C 1s, O 1s, and N 1s core level peaks (Fig. 4-
3(b—d)), and other peaks originating from the dopants (Fig. 4-4). Therefore, the large

chemical degradation is unlikely in the spiro-OMeTAD layer even after heating at 85 °C.
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Figure 4-3. a) MALDI-TOF-MS results of spiro-OMeTAD after storing at 25 or 85 °C. b—d) XPS results
of C 1s (b), O Is (c), N 1s (d) core levels of spiro-OMeTAD after storing at 25 or 85 °C.
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Figure 4-4. XPS results of (a) Li 1s, (b) F 1s, (¢) S 2p, and (d) Co 2p peaks of the dopant elements in
spiro-OMeTAD films.

To investigate a reason why PSCs quickly degraded at 85 °C, I measured the
HOMO levels of the spiro-OMeTAD layers using photoelectron yield spectroscopy
(AC-3, Rikenkeiki). @~ The sample structure used here was  glass
substrate/ITO/SnO»/perovskite/spiro-OMeTAD, which were stored at 25 or 85 °C for 20

hours.

Figure 4-5a shows photoelectron yield spectroscopy results. The spiro-
OMeTAD layers had a HOMO level of about —5.3 eV after these layers were stored at
25 °C for 20 hours. This value was the same as that of as-spin-coated spiro-OMeTAD

layers and is consistent with the previously reported literature.l'! However, after heating
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at 85 °C for 20 hours, their HOMO level increased to about —5.8 eV. Since the VBM of
the perovskite layer is —5.5 eV, which was measured using the same method, the
HOMO level of spiro-OMeTAD is higher than the VBM of perovskite layer. On the
other hand, as explained in Chapter 1, excitons are formed in perovskite layer by the
photoexcitation. Then the excitons are dissociated into free charges of electrons and
holes. Subsequently, electrons are extracted into SnO., and holes are extracted into
spiro-OMeTAD. However, the increase in the HOMO level of spiro-OMeTAD can
affect the hole extraction from perovskite into spiro-OMeTAD. The difference in energy
levels of VBM of perovskite and HOMO level of spiro-OMeTAD indicates the energy
barrier for the hole extraction as illustrated in Fig. 4-5b. Therefore, I assume that the
inefficient hole extraction is one of the potential reasons for the significant PSC

degradation at the high temperature.

To further investigate the hole extraction, I measured steady-state PL from the
perovskite layers (Fig. 4-5c). 1 observed strong PL from the perovskite layer without
spiro-OMeTAD (green line). The deposition of spiro-OMeTAD on top of the perovskite
layer induced a significant decrease in the PL intensity (black line), indicating efficient

(17.23] Tt is worth mentioning here that, after heating the perovskite/spiro-

hole extraction.
OMeTAD samples at 85 °C for 20 hours, the PL intensities significantly increased (red
line). This is proof of the inefficient hole extraction resulting from the lower-lying
HOMO level of the spiro-OMeTAD layer after the heating. Zhao et al. reported a
similar increase in PL intensity and attributed this effect to loss of the hole extraction

because of the crystallization of spiro-OMeTAD at 85 °C.['") However, I did not clearly

see the crystallization in my heated spiro-OMeTAD layers as discussed earlier.
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Figure 4-5. a) Photoelectron yield spectroscopy results of the spiro-OMeTAD layers stored at 25 or 85 °C.
b) Energy-level diagrams of PSCs before and after heating spiro-OMeTAD at 85 °C. c) PL spectra of the
perovskite/spiro-OMeTAD layers.

At high temperature, iodide ions (I") diffuse into the spiro-OMeTAD layer from
the perovskite layer, which decreases the electrical conductivity of spiro-OMeTAD

{12224

because I ions behave as a reducing agen I Todine (I,) was reportedly released

e.[2>2 Triiodide (I*)) ions can be

from a perovskite layer at high temperatur
spontaneously formed by the reaction between I"and 1,.*7?%! Since both I~ and I, have
the oxidizing ability,!>*!! the post-doping of spiro-OMeTAD with I~ or I, is one origin
of making the HOMO level deeper although what kind of interaction between spiro-
OMeTAD and I’ or I, exists in the PSC architecture has not been clear yet. Considering

the higher redox potential of I/I” than that of I /I",%3! I, could be a stronger oxidizing

agent than I*~ for spiro-OMeTAD.
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To detect the iodine release from the perovskite layer, I performed a simple
experiment as follows. I soaked a perovskite film into toluene (Fig. 4-6a). After heating
toluene at 85 °C for one hour, the toluene color apparently became pink (Fig. 4-6b). The
absorption peaks emerged at ~300 and ~500 nm in toluene stored with the perovskite
sample (Fig. 4-6¢). These two peaks were assigned to iodine*®*>¥] and had stronger in
absorbance when the toluene was stored at 85 °C than at 25 °C. The iodine release from
a perovskite layer was also detected in vacuum using mass spectrometry.!®>! Although
the 1> release in toluene or in vacuum is not directly correlated with that in solid-state
films, it strongly suggests that iodine comes from the perovskite layer, especially at high

temperature.

Fresh After storing for 1 hour

—— Storing at 85 °C for 1 hour
—— Storing at 25 °C for 1 hour

Absorbance

300 400 500 600
Wavelength (nm)

Figure 4-6. Photographs of toluene, in which a perovskite film was immersed. a) was taken just after the
perovskite immersion. b) was taken after toluene was stored at 25 or 85 °C for one hour. ¢) Absorption
spectra of toluene after storing at 25 or 85 °C for one hour.

To further check the post-doping of spiro-OMeTAD with iodine, I exposed spiro-

OMeTAD films to I vapour as illustrated in Fig. 4-7a. The sample architecture was
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glass substrate/ITO/spiro-OMeTAD. This sample and 0.2 g of solid I, particles were
placed inside a tightly sealed glass vessel with a volume of 50 cm®. After the I
exposure, the samples were stored in the vacuum for 10 min to remove the excess I»
from the spiro-OMeTAD layer surfaces. Then, the HOMO levels were measured using
the same photoelectron yield spectroscopy. Figure 4-7b shows a plot of measured
HOMO levels of spiro-OMeTAD as a function of I exposure time. The HOMO levels
gradually became deeper over time. After the I exposure for 90 seconds, the HOMO
value reached —5.8 eV, which is similar to that of the spiro-OMeTAD layer after heating

at 85 °C (Fig. 4-5a).

a b
-531 W
Substrate <
= -5.4
Spiro-OMeTAD @
> -5.5
holder holder
Q s x
Glass
vessel (@]
\ I; gas I 57 * |
éé% I 30 60 90
%% S

|, exposure time (sec)

P
= S 11 1. without [:%] 513, Refabricated |
o -5 . |, exposure spiro-OMeTAD
< -S’a 0.8 - and Au _
£ O
2 O 0.6- -
B —e— 1. Without |, exposure o
c —15 ] —®— 2. With |, exposure ] (0]

@ ) N 0.4 4

o —o— 3. Refabricated =
= spiro-OMeTAD and Au g
o -20+ ] =02 4
= ZO 2. With I, exposure
e — 0

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Voltage (V)

Figure 4-7. a) Sketch of the I, exposure to the spiro-OMeTAD layer. b) HOMO levels of spiro-OMeTAD
as a function of I, exposure time. ¢) J—V curves of PSCs fabricated with spiro-OMeTAD unexposed
(blue) or exposed (red) to I for 90 sec. The green circles in (c) indicate the recovered PSC performance

by refabricating the fresh spiro-OMeTAD and Au layers. d) Change of PCEs calculated from four PSCs
fabricated in the same batch.

75



Chapter 4: Degradation at high temperature

I fabricated PSCs by vacuum-depositing the Au electrode on top of the spiro-
OMeTAD layer exposed to I> for 90 sec. As can be seen in Fig. 4-7c and d, the D»-
exposed PSCs had the degraded PCEs of ~3.7%, which are significantly lower than
those of [r-unexposed PSCs (~17.4%). On the basis of the earlier discussion, the lower
device performance is probably due to the I> doping, making the HOMO level of spiro-
OMEeTAD deeper. Next, I removed the Au electrode and the I>-exposed spiro-OMeTAD
layer from the perovskite surface in the aforementioned low-performance PSCs. Then, I
refabricated fresh spiro-OMeTAD and Au layers on the same perovskite layer without
the I, exposure. Interestingly, this refabrication procedure increased the PCEs to 16.7%.
These results suggest that the I exposure affects the spiro-OMeTAD layer and not the

other layers and is one origin of the PSC degradation at the high temperature.

Other than the interaction of spiro-OMeTAD with iodine, iodine vacancies
formed in a perovskite film as a result of the iodine migration should have an impact on
the performance of PSCs. To understand this effect, [ heated samples with a structure of
glass substrate/ITO/SnOz/perovskite at 85 °C for 20 hours. This heating condition is
similar to that used to study the PSC degradation at high temperature in this chapter.
The reference samples were stored at 25 °C for 20 hours. Then, I deposited the spiro-
OMeTAD and Au electrodes on top of heated and unheated samples to complete the
PSCs. Figure 4-8 shows the performance statistics of PSCs. The Jsc and FF of PSCs
did not change largely when the perovskite films were stored at different temperatures.
However, the Voc slightly decreased from ~1.1 to ~1.05 V, and the reason of which is
still unclear. This Voc decrease led to a decrease in PCE from ~17 to ~16%. Since this

PCE decrease by heating is much smaller than that of complete PSCs when operated at
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85 °C (Fig. 4-1c¢), the iodine doping into spiro-OMeTAD more significantly causes the

PSC performance degradation than the iodine vacancy formation.
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Figure 4-8. Device performance of PSCs, in which the perovskite films stored at different temperatures
of 25 (black) or 85 °C (red) before deposition of spiro-OMeTAD and Au electrodes.

Since it is difficult to suppress the iodine release from the iodine-containing
perovskite films at high temperature, I tried to block the iodine penetration into the
spiro-OMeTAD layer by adding an iodine-blocking layer at the perovskite/spiro-
OMeTAD interface. For the iodine-blocking layer, I used a thin lithium fluoride (LiF),
polymethylmethacrylate (PMMA), or nickel oxide (NiOx) nanoparticle layer. NiOy
nanoparticles have been used as the HTL of PSCs.’*! The LiF layer was prepared by
thermal evaporation under vacuum. The deposition rate and pressure were the same as
those we used for the Au deposition. A PMMA layer was deposited by spin-coating

from a 5 or 10 mg ml™! solution in CB at 1,000 rpm for 30 sec. NiO, nanoparticles were
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synthesized according to literature.’) The synthesized NiO, nanoparticles were
dissolved in a mixture of CB and oleic acid (1 : 0.01 by volume).!*?! The NiOj thin layer
was deposited by spin-coating from this solution at 1,000 rpm for 30 sec. The spin-

coated PMMA and NiO; thin layers were annealed at 100 °C for 10 min.

The use of these blocking layers decreased the initial PCEs as shown in Fig. 4-
9(a—c), probably because of the inefficient hole extraction. Besides the decrease of
initial PCEs, importantly, the high-temperature stability was improved with these
blocking layers as shown in Fig. 4-9(d—f). Increasing the thickness of the PMMA or LiF
blocking layer increased the high-temperature stability. Based on these results, I infer
that introducing the concept of using the iodine-blocking layer has a potential of
improving the high-temperature stability of PSCs. In my future study, I will look for a

more effective blocking layer to obtain the compatibility of high-temperature stability

and high PCEs.
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Figure 4-9. a—) Plots of PCEs of PSCs as a function of thickness of a) PMMA, b) LiF, and c¢) NiO,
blocking layers. d—f) Dark storage stability at 85 °C for PSCs with an iodine-blocking layer of d) PMMA,
e) LiF, or f) NiO,
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To avoid the detrimental effect of the iodine doping into spiro-OMeTAD, I
chose the 100% bromine-based formamidinium lead tribromide (FAPbBr3) based
perovskite as the light absorber for the fabrication of PSCs. The device architecture was
the same as the aforementioned iodine-based PSC architecture except the perovskite
composition. For the fabrication of the FAPbBr; perovskite film, 1.2 M of
formamidinium bromide (FABr) and 1.2 M of PbBr; were dissolved in DMSO to
prepare a precursor solution. The FAPbBr3 perovskite film was spin-coated on the SnO»
surface from this solution at 4,000 rpm for 30 sec. Five seconds before the end of the
substrate rotation, 120 ul of chlorobenzene was dropped onto the spinning substrate.
Subsequently, this perovskite layer was annealed at 140 °C for 20 min. The other PSC

fabrication conditions were the same as those described in Chapter 2.

Figure 4-10a shows the PCEs of iodine-free PSCs. The average PCEs were ~5%.
These low PCEs of iodine-free PSCs compared than that of iodine-based PSCs with
PCEs of ~18% (Fig. 4-1b) are assigned to wide band gap (2.2 eV) of iodine-free
FAPDbBr3 perovskite absorber. Indeed, the Jsc of PSCs was very low about ~7 mA cm

(Fig. 4-10b).
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Figure 4-10. a) PCEs’ statistics of iodine-free PSCs operated in the forward and reverse bias scans. b)
J—V curves of a representative iodine-free PSC that had the highest PCE.
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Next, I checked the stability of iodine-free PSCs at high temperature. Figure 4-
11a reveals that the high-temperature stability at 85 °C was much better for iodine-free
PSCs than for iodine-based PSCs (Fig. 4-1c) although the spiro-OMeTAD HTL was
included in both the architectures. In contrast to the previously discussed results
regarding the iodine-based perovskite, the HOMO level of the spiro-OMeTAD layer
fabricated on the iodine-free perovskite was unchanged at —5.3 eV (Fig. 4-11b) and an
increase in PL intensity of the iodine-free perovskite was not observed after 180 hours
of heating at 85 °C (Fig. 4-11c). These results indicate that using iodine-free perovskites

leads to the high-temperature stability because of the absence of the detrimental iodine

release.
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Figure 4-11. a) Dark stability of iodine-free PSCs at 85 °C. b) Photoelectron yield spectroscopy results of
the spiro-OMeTAD layer prepared on the iodine-free perovskite layer and stored after 180 hours of
heating at 85 °C. c¢) Steady-state PL spectra of iodine-free perovskite/spiro-OMeTAD samples. The inset
in (c) shows the magnified PL spectra.

4.3 Conclusions

I investigated the high-temperature degradation of PSCs with the spiro-
OMeTAD HTL in detail. 1 found that post-doping of spiro-OMeTAD with iodine,
which comes from the perovskite layer at high temperature, is one possible issue that
accelerates the PSC degradation. The iodine doping increased the HOMO level of spiro-
OMeTAD to —5.8 eV from original —5.3 eV and, therefore, formed the hole extraction

barrier at the perovskite/spiro-OMeTAD interface. I demonstrated that covering the
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perovskite layer with an iodine-blocking layer or using an iodine-free perovskite as the
light absorber is effective in suppressing the high-temperature degradation. Thus, this
work sheds light upon the high-temperature degradation mechanism of PSCs with spiro-
OMeTAD and suggests new strategies for the fabrication of stable spiro-OMeTAD-

based PSCs.
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The work presented in this thesis focused on clarifying the light, ion migration
and temperature induced degradation mechanisms of PSCs. Below are my findings

obtained in this thesis:

In Chapter 2, I have revealed that excess Pbl, crystals accelerate the light-
induced degradation of PSCs. It was possible to improve the stability by reducing
excess Pblz in perovskite films. The PCEs of PSCs, in which excess Pbl, crystals were
not present, retained 99% of their initial values after 520 h of continuous illumination
while the PCEs of PSCs with excess Pbl> crystals reduced to 47% of the initial value.
The degradation of PSCs was related to the photo-degradation of excess Pbl, crystals
into metallic Pb and I under light illumination. Interestingly, metallic Pb was formed at
the interface of SnO» and perovskite only. The generated Pb acted as a quencher for

carriers, which gradually made the PCEs lower.

In Chapter 3, I found that the migration of positive ions and successive
localization caused by hydroxyl groups (—OH) existing at the SnO, surface is one of the
critical reasons for the J—J hysteresis and degradation of PSCs. In addition, this
localization of positive ions trapped electrons, perhaps inducing the metallic Pb formed
at the interface of the SnO; layer and the perovskite layer. I suppressed the J—V
hysteresis and degradation by chemically modifying the SnO, surface with a SAM. I
obtained almost no degradation in PSCs with a SAM after 1,000 hours of continuous

illumination.

In Chapter 4, 1 investigated the degradation mechanism of PSCs at high
temperature. I observed that PSCs with the spiro-OMeTAD HTL degraded very quickly

at a high temperature of 85 °C. One of the origins of this degradation at the high
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temperature was the post-doping of spiro-OMeTAD with iodine, which originated from
the perovskite layer at high temperature. The iodine doping increased the HOMO level
of spiro-OMeTAD to -5.8 eV from original -5.3 eV and, therefore, formed the hole
extraction barrier at the perovskite/spiro-OMeTAD interface. I demonstrated that
covering the perovskite layer with an iodine-blocking layer is effective in suppressing
the high-temperature degradation. Furthermore, I used an iodine-free perovskite as the
light absorber to clarify the high-temperature degradation because of the absence of

detrimental iodine.

Overall, I studied the light, ion migration and temperature induced degradation
mechanisms of PSCs. By understanding the mechanisms, I engineered the PSCs and
obtained very stable PSCs under continuous illumination at room temperature, which is
one of the best stability reported so far. Furthermore, I established the basic idea for

fabricating stable PSCs with spiro-OMeTAD even at high temperature.

Based on my results in this thesis, I can estimate the lifetime, at which efficiency
decreases to 80% of the initial under continuous illumination, of my PSCs at 13,000 h
(Fig. 5-1a). This value roughly corresponds to 1.5 years. I would like to continue
studying the degradation of PSCs to improve the lifetime from present 1.5 to ~20 years
required for practical use. In addition, measuring the stability of PSCs with accelerated
testing methods such as under concentrated sun light would be helpful to estimate
stability of very long duration. On the other hand, analyzing degradation mechanisms at
high temperature as well as developing stable PSCs at high temperature are still
required. I found that the detrimental iodine gas is the potential source of the

degradation at high temperature. It is possible to inhibit the high-temperature

86



Chapter 5: Conclusions and perspective

degradation by using the concept of the iodine blocking layers. In this regard, if even
higher quality perovskite films, such as single-crystal films, can be obtained,
detrimental iodine release may be suppressed. I will pursue such higher quality films by
optimizing or developing the perovskite compositions. In addition, developing a more
effective iodine blocking layer to obtain even better high-temperature stability without
decreasing PCEs would be useful. On the other hand, instead of spiro-OMeTAD,
developing new HTL materials, which are robust and chemically inert to detrimental
iodine, will be another purpose of my future study to fasten the commercialization of
PSC technology. In contrast, the study on the improvement of PCE towards the
theoretical limit of 33% is highly desirable. To further increase the PCE, passivation of
defects at the surface of perovskite layers should be important, because such defects
strongly behave as carrier recombination centers or carrier traps. On the other hand,
tandem structured solar cells combining a PSC with other solar cell such as silicon are
emerging for more efficient harvesting of solar energy (Fig. 5-1b), since the Si-based
absorber has the narrow bandgap about ~1.2 eV, and indeed, it absorbs solar energy at
longer wavelengths. The bandgap of the perovskite absorber is easy to tune by changing
the chemical composition, and it can be used as the absorber layer to receive solar
energy at shorter wavelengths. Thus, by combining these absorbers, I can deliver high

PCE, leading to more energy aimed for various new solar cell applications.
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Figure 5-1. a) Estimated lifetime of the best device. The inset shows the original data b) A tandem
structure for high efficiency solar cell in future study.
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