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Abstract

Recently, the concept of “Internet of Things (IoT)” is gradually applied in various fields. For
further development of 10T, one of the key issues is how to ensure the power sources. In this thesis,
perovskite solar cells (PSCs) were focused as flexible and light power sources for IoT applications.
It is considered that PSCs are suitable candidates for power sources of IoT applications due to
PSCs have p-i-n structure, which enables solar cells to work even under low-illuminance
conditions. However, the characteristics of PSCs under low-illuminance conditions have not been
investigated in detail. In this work, the low-illuminance characteristics of PSCs were investigated
from the view point of application of PSCs for energy harvesting. Furthermore, to overcome the
poor reliability of PSCs, sputtering process was suggested and investigated as a novel fabrication

process of PSCs.

In Chapter 2, characteristics of PSCs were investigated under various light intensities with AM
1.5 spectrum, which is similar to emission spectrum of sunlight. It was clarified that PSCs can
maintain high open circuit voltage (Voc) under low-illuminance conditions. Comparing with
amorphous Si solar cells, which have been used for indoor applications, PSCs showed higher Voc
values under same light intensity (PSCs 0.71 V, a-Si 0.58 V at 0. mW/cm?). The internal
resistance of PSCs were evaluated with impedance spectroscopy under various light intensities.
From the results, it was considered that the mesoporous TiO: layer included in PSCs acts as an
internal resistance and decreases Voc under low-illuminance conditions. Therefore, a planar
structure, which does not have mesoporous layer, was suggested as a suitable device structure

under low-illuminance conditions. Furthermore, experimental results showed planar type PSCs



can keep higher Voc than mesostructured PSCs under low-illuminance conditions (mesostructured

0.71V, planar 0.84 V at 0.1 mW/cm?).

In Chapter 3, characteristics of PSCs were investigated under fluorescent lamp illumination,
which is one of the many types of indoor lighting. It was confirmed that PSCs, which have an
optimum band gap for AM 1.5 spectrum, showed power conversion efficiency (PCE) of 27.1%
under 200 Ix condition. In addition, PSCs which have higher band gap than conventional ones
showed PCE of over 30% under 200 Ix illumination. These PCE are the highest values compared
with the other kind of solar cells under similar light intensities. Commonly, higher band gap
perovskite materials show phase segregation, which causes poor photovoltaic performance due to
formation of recombination site, under 1 sun condition. However, results described in this chapter
indicate the phase segregation affect have a slight influence on photovoltaic performance of PSCs
under low-illuminance conditions. From stability tests, PSCs stored under ambient condition

showed 93% of its initial PCE after being stored for approximately a month.

In Chapter 4, sputtering process was suggested as novel fabrication process of PSCs and the sputter
processed perovskite films and PSCs were evaluated. From the XRD measurement and UV/vis
spectroscopy, it was confirmed that CH3NH3Pbl; perovskite films could be synthesized from
sputtered Pbl> films. After sputtering process for perovskite films have been established, PSCs
were fabricated using sputter processed perovskite films. A PCE of 1.84% was confirmed in PSCs
employing sputter processed perovskite films. The EQE of the sputter processed PSCs was
markedly increased by applying a reverse bias voltage during measurements. It indicated that there

is still room to improve the PCE of PSCs by reducing the number of defects in the perovskite films.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Background

Recently, various things are connected to the internet not only communication facilities such as
personal computer and mobile phone. This concept called “Internet of Things (I0T)”, is gradually
applied in various fields such as automobile, agriculture, security, and so on. It is reported that the
number of things that is connected to the internet will increase up to 50 billion in 2020 [1]. For
further development of 10T, one of the key issues is how to ensure the power sources. Although
wired power supply and battery with large capacity have been used, they are not suitable for a part
of use such as wearable devices, smart skin, and so on (examples are shown in Fig. 1.1). Energy
harvesting devices that convert ambient energy to electrical power have attracted much attention
as an alternative to overcome this problem. In the IoT applications, vibration energy,
piezoelectricity, thermal energy, and solar energy are focused as energy sources of the energy

harvesting [2, 3].
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Figure 1.1 Examples of wearable devices [4].

Compact, flexible, and stable devices are ideal as power sources to spread [oT applications.
Comparing above energy harvesters, the efficiency of vibration energy harvester decreases when
the device area is limited [5]. Although piezoelectric devices can work effectively even device
area become small, the lifetime is unclear because of its energy source is physical stress [5].
Thermoelectric devices can also work with small device area. However, flexible and efficient
thermoelectric devices at room temperature is still under investigation [6, 7]. By contrast, solar
cells can work with small device area and part of solar cells have already commercialized for
indoor applications [8]. Moreover, flexible solar cells have already been developed and part of
them are working efficiently [9-12]. Therefore, solar cell is one of promising energy harvester for

IoT applications.

1.2 Various kinds of solar cells

Solar cell is one of the semiconductor devices that convert solar energy into electrical energy.
Solar cells are classified according to the light absorbing materials and the power generation

mechanism. Features of representative solar cells are described below.
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Crystalline silicon (¢-Si) solar cells are consists of p-n junction of p-type and n-type c-Si as

shown in Figure 1.2 (a). The c-Si solar cell is most commonly used one because of its high power
conversion efficiency (PCE) (26.6%), stability, and reliability [13-15]. On the other hand, it is hard
to achieve thin solar cells since c-Si has relatively low light absorption coefficient in visible
wavelength region compared with other photovoltaic materials. It is also hard to get flexible solar

cells using c-S1 wafer.

Amorphous silicon (a-Si) solar cells are consists of p-i-n junction of a-Si as shown in Figure

1.2 (b). Because a-Si has higher absorption coefficient in visible light range than c-Si, it is possible
to fabricate thinner solar cells leading lower fabrication cost [16]. However, the PCE of a-Si solar

cells is low and they suffer from light induced deterioration [15, 17-18].

Compound solar cells are mainly consist of heterojunction of p-type and n-type compound

semiconductor materials. The representative one is CulnGaSe; (CIGS) solar cell. CIGS solar cells
show relatively high PCE of 22.9% [15]. In addition, flexible and thin CIGS solar cells have been

developed [10]. The problems of CIGS solar cells are including rare metals and toxic materials.

Ey
5~

0 —

: P n i o)

Figure 1.2 Band structure of (a) crystalline Si and (b) amorphous Si solar cells.
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Organic thin films solar cells (OPV) includes organic semiconductors as light absorbing

materials. Because of its low processing temperature, flexible and light solar cells are achievable
[11]. Moreover, it is possible to control the absorption range by tuning the composition of organic

materials [ 19-20]. Relatively poor PCE (12.6% [21]) and stability issue are problems to be solved.

Dye sensitized solar cells (DSSCs) have quite different structure and working mechanism

compared with the above solar cells [22, 23]. DSSCs consist of mesoporous TiO2 (mp-TiOz2), dye,
and electrolyte as shown in Figure 1.3. The working mechanism is below; the dye act as a light
absorber and generate electrons. The generated electrons are injected into conduction band of mp-
TiO; layer. The injected electrons move into electrolyte through external circuit. After that, redox
reaction occur between dye, electron, and electrolyte. Although flexible solar cells are achievable,

long-term stability and low PCE (11.9%) should be improved [12, 15].
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Figure 1.3 Structure and working mechanism of dye sensitized solar cells [23].

Very recently, perovskite solar cells (PSCs) based on DSSCs have emerged as a new type of

solar cells. Overview of PSCs are described in next section.
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1.3 Overview of perovskite solar cells

1.3.1 Brief history of perovskite solar cells

Miyasaka and coworkers first reported PSCs with a PCE of 3.8% [24]. In the first report, the
device structure followed that of liquid DSSCs. Methylammonium lead bromide (CH3NH3PbBr3)
and methylammonium lead iodide (CH3NH;3Pbl3) were used as the sensitizer instead of organic
dyes. Due to electrolytes dissolve those perovskite materials, the device had very poor stability. In
2012, Snaith et al. reported solid state PSCs by replacing the electrolyte with an organic
semiconductor and the PCE exceeded 10% [25]. After that, many approaches have been applied
to improve the PCE of PSCs such as optimizing the fabrication process, controlling the
composition of perovskite materials, adding additives, and employing interface modification [26-
43]. To date, a PCE of 23.7%, which is comparable to that of c-Si solar cells and compound solar
cells has been reported [15]. In the past 9 years, the PCE of PSCs increased from 3.8% to 23.7%.

This is one of a unique points of PSCs. Progress of PCE in PSCs are shown in Figure 1.4.

1.3.2 Perovskite compounds for photovoltaic devices

Perovskite structured materials (ABX3, A: Cation, B: Metal, X: Halogen) are used as the light
absorber of PSCs. The crystal structure of perovskite structured materials is shown in Figure 1.5
[44]. In PSCs, organic-inorganic hybrid lead halide perovskite is mainly used as a light absorber.
The representative compound is CH3NH3PbX3, which was used in the first report. This material

has suitable characteristics for photovoltaic devices, such as strong light absorption, low binding
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energy of excitons, and tunable bandgap [45-47]. It is possible to control the bandgap of the
perovskite by tuning the halogen ratio. For instance, the bandgap increases from 1.5 eV to 2.3 eV
by changing the all iodine into bromine [48]. This phenomenon enable us to expect various

applications of PSCs such as not only single-junction solar cells but also tandem solar cells.

It is also possible to substitute the cation component. For example, CsPb(Ii1xBrx)s has been
investigated as a light absorber of all-inorganic PSCs [49-51]. Besides that, mixed-cation
perovskite materials have also investigated. After the PCE of CH3NH3Pbl;z based PSCs was
saturated, formamidinium-methylammonium mixed-cation perovskite materials have applied as a
light absorber. The mixed-cation PSCs showed remarkable PCE of over 20% [52]. Moreover,
triple-cation perovskite, which has an additional metal cation such as cesium or potassium in the

mixed-cation perovskite, have also showed enormous performance [53].

Interestingly, most of perovskite compounds can be formed by spin-coating of the precursor
solution and consequence annealing. This feature also attracted much attention of many
researchers. Various fabrication processes of the perovskite compounds are described in

subsection 1.3.4.
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Figure 1.4 Progress of power conversion efficiency in perovskite solar cells [21].

Figure 1.5 Crystal structure of perovskite materials. The structure is written using CIF file from reference
[44].
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1.3.3 Application of perovskite solar cells in tandem solar cells

Recently, PCE of several solar cells such as c-Si solar cells and PSCs approache their theoretical
efficiency. To achieve higher PCE than the theoretical efficiency, tandem solar cells, which
combine several solar cells in series, have been investigated. Because its high PCE and tunable
bandgap, PSCs is suitable candidate as top cell of tandem solar cells. For example, PSCs and c-Si
solar cells show high external quantum efficiency (EQE) at different wavelength ranges,
perovskite/c-Si tandem solar cells have attracted much attention, and several investigations have
been reported [54-56]. Figure 1.6 shows the device configuration of typical perovskite/c-Si tandem
solar cells. The PCE of 26.4%, which is close to the highest PCE of c-Si solar cells has already
been reported [57]. Although journal paper have not been published, Oxford PV reported PCE of
27.3% [15, 58]. There is a report on the simulated efficiency of two terminal perovskite/c-Si

tandem solar cells. In that report, a projected efficiency of over 30% is suggested [59].

LiF ARC

\

/Ag Nanowire
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__— Mesoporous TiO,

L ALDTIO,

.
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\ p*™ Si Emitter
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n** Si BSF

(not to scale) Back Metal

Figure 1.6 Device configuration of perovskite/crystalline Si 2-terminal tandem solar cells [58].
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1.3.4 Fabrication process of perovskite thin films

Solution process. As described previous subsection, most of perovskite thin films can be

obtained by spin-coating process. In early investigations, perovskite films were fabricated by spin-
coating precursor solution including lead halide (PbX>) and methylammonium halide (CH3NH3X)
[25]. Then, sequential deposition method was employed to overcome inhomogeneity of perovskite
films [26]. In this process, PbX, films were first deposited on substrates and then reacted with
CH3NH3X solution as shown in Figure 1.7 (a). After that, single spin-coating process had attracted
attention again due to the facile process. To obtain homogeneous films, anti-solvent crystallization
method was applied [28, 29]. During spin-coating process, anti-solvent, which dissolve solvent of
precursor solution but does not dissolve perovskite materials, is dropped onto the rotating
substrates to facilitate homogeneous crystal nucleation as shown in Figure 1.7 (b). Perovskite films
obtained by anti-solvent method show uniform surface morphology and PSCs based on the method
show high PCE. Today, the anti-solvent methods is the most commonly used process to fabricate
PSC:s. It is possible to obtain various perovskite films by controlling the composition of precursor
solution. For example, CH3NH3Pbl; can be obtained by spin-coating precursor solution including
Pbl, and CH3NH3I. Mixed-cation or mixed-halide perovskite films can be obtained by just adding
cation-halide or lead-bromide, respectively [53]. To achieve large scale PSCs, other solution

processes have also investigated such as screen printing, spray coating, and so on [60].

Vacuum process. Vacuum evaporation is also powerful tool to obtain homogeneous perovskite

films. Snaith and coworkers reported co-evaporation processed perovskite films in 2013 [31]. In
this report, CH3NH3Pbl; films were fabricated by co-evaporation of PbCl, and CH3NH;I as shown

in Figure 1.8 (a). Chen et al., reported sequential vacuum deposition method. In their process,
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PbCl, films were firstly deposited and then CH3NH3I was evaporated on to the obtain CH3NH3Pbl3
films as shown in Figure 1.8 (b) [32]. Perovskite films obtained by both evaporation process show
uniform film thickness over a large area. In addition, evaporation process is able to eliminate
moisture, which degrade perovskite materials, from fabrication process. That might leads better
stability than solution processed PSCs. By contrast, it is difficult to control composition of

perovskite films due to methylammonium sources are difficult to control under vacuum condition

[32].

Hybrid process. There are also hybrid process combining solution process and vacuum process.

The representatives are vapor assisted solution process (VASP) and chemical vapor deposition
(CVD) [61-63]. In both process, PbX> films are firstly deposited by spin-coating and then the films
are reacted with vaporized cation-halide. Comparing with spin-coating process, hybrid process can
obtain homogeneous films with large area. In addition, controlling the composition is easier than

vacuum deposition method.

10
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Figure 1.7 Solution process for perovskite solar cells. (a) Sequential process [30] and (b) anti-solvent
process [28].
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Figure 1.8 Vacuum process for perovskite solar cells. (a) Co-evaporation [31] and (b) sequential
evaporation [32].
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1.3.5 Device structure of perovskite solar cells

PSCs consist with n-type electron transport layer (ETL), light absorbing perovskite layer, p-type
hole transport layer (HTL), and electrodes. The perovskite layer generates electrons and holes

under light irradiation. Then, the electrons and holes are injected into ETL and HTL, respectively.

There are mainly 3 types of PSCs as shown in Figure 1.9. First one is mesostructured PSCs,
which is consisted by mp-TiO; layer in the structure [53]. Because the PSCs emerged from DSSCs,
mp-TiO, was believed to be a necessary component. Second one is planar PSCs, which does not
include mesoporous metal oxide layer in the structure [31]. Owing to the necessity of high
temperature annealing to form mp-TiO> layer, rigid glass was mainly used as the substrate. After
the finding that planar PSCs work efficiently, flexible substrates became available [64, 65]. Above
mesostructured and planar PSCs have structure of substrate / ETL / perovskite / HTL / electrode.
Third type PSCs called inverted PSCs have structure of substrate / HTL / perovskite / ETL /
electrode [66]. By exchanging the place of ETL and HTL, several materials, which are difficult to
deposit on perovskite layer, become available. Another advantage of inverted PSCs is its reliability.
It normally shows less hysteresis in electrical characteristics than the case of mesostructured and

planar PSCs [67]. The hysteresis problem is described in next subsection.

12
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(b)

Figure 1.9 Device structure of perovskite solar cells. (a) Mesostructured, (b) Planar structure, and (c)
Inverted structure.

1.3.6 Challenges in perovskite solar cells

There are some issues should be solved to commercialize PSCs. Because hybrid perovskite
compounds are one of the ionic crystals, they are easily dissolved by water. Thus, PSCs show poor
stability under ambient conditions [68]. CH3NH3Pbl; films become Pbl» after exposed to ambient
conditions few days as shown in Figure 1.10. Recent studies show some strategy to improve the
stability. By introducing large alkyl chain as a cation of perovskite, crystal structure changes from
3D structure to 2D structure. It was found that 2D structure perovskite shows better stability under
light illumination and high humidity conditions [69, 70]. 3D perovskite including several cations,
called mixed-cation perovskite also show better stability than conventional materials [53].

However, stability issue is still being a challenge comparing with other kind of solar cells.

Second problem is that PSCs showing high PCE include toxic Pb element. So far, several
materials have been applied to overcome this problem. Firstly, Sn based perovskite materials (e.g.
CH3NH;3Snl3) have been applied PSCs and showed PCE of 5.73% [71]. However, Sn based

perovskite materials are unstable because the perovskite structure is easily decomposed by
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oxidization of Sn?* [72]. Hayase and coworkers found that Sn based perovskite become stable by
doping Ge element into the perovskite structure and they achieved PCE of 6.9% [73]. Although
the stability issue is almost solved, Sn based perovskite is also concerned as a harmful material
[74]. After that, Bi, Sb, and Ti based perovskite materials were applied. Because these metals have
different valent from Pb, the perovskite structure has different composition (e.g. AzB2Xo) [75-78].
Although the PCE of Pb-free PSCs is still lower than that of Pb-based one, parts of them are

showing enormous stability.

Third problem is reliability of the PSCs. PSCs show hysteresis, which means different current
density-voltage (J-V) curves dependent on the scan direction as shown in Figure 1.11 [79]. In other
words, PCE of PSCs is sensitive to measurement conditions. In general, PSCs show higher PCE
by reverse scan (scan direction: forward bias to negative bias) than forward scan (scan direction:
negative bias to forward bias). The hysteresis behavior makes it difficult to evaluate the accurate
performance of PSCs. The origin of the hysteresis has been discussed and some reasons have been

suggested such as ferroelectric effect, ion migration, and capacitance effect [80-83].

Large scale PSCs are also one of the challenging topics. Although PSCs achieved high PCE, the
device area is very small such as under 0.1 cm?. For instance, the PCE of 23.7% was obtained with
device area of 0.0739cm? [15]. However, the PCE dramatically decreases when the device area is
increased. For example, PCE of PSCs decreases from 20.9% down to 11.7% with device area of 1

cm?, and 703 cm?, respectively [15].
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Figure 1.10 Pictures of perovskite films after exposed to ambient condition [68]. Films on right side are
exposed to air longer time than left side.
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Figure 1.11 Hysteresis in perovskite solar cells. PSCs shows different J-V curves depending on the scan
direction.
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1.4 Solar cells in terms of indoor applications

To date, characteristics of several solar cells such as c-Si, a-Si and DSSCs have been
investigated even under low-illuminance conditions [8, 84, 85]. Comparing c-Si and a-Si solar
cells, c-Si solar cells show higher PCE under sun light. By contrast, a-Si solar cells show higher
efficiency under LED or fluorescent lamp illumination. DSSCs show higher efficiency than a-Si
solar cells under both illuminations. This is mainly because of the spectral matching and device
structure. The absorption spectrum of typical PSCs cover the emission spectra of typical indoor
lighting such as LED and fluorescent lamp [47, 86]. Also, PSCs have p-i-n structure, which enables
solar cells to work even under low-illuminance conditions (described in Chapter 2), like a-Si solar
cells. Moreover, PSCs show higher PCE than a-Si and DSSCs [15]. Therefore, it is expected that
PSCs shows high PCE even under low-illuminance conditions. If PSCs work effectively even
under low-illuminance conditions, it will be a promising candidate of indoor energy harvesting.
However, there are only few reports on the characteristics of PSCs under low-illuminance

conditions [86].

1.5 Objective and outline of this thesis

As described previous subsections, PSCs will work efficiently even under low-illuminance
conditions. In addition, because flexible PSCs have been developed, PSCs are available for various
applications such as wireless power sources of IoT applications. However, the performance of
PSCs under such low-illuminance conditions are still unclear. In this thesis, the low-illuminance

characteristics of PSCs are described from the view point of application of PSCs to power sources
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for IoT. From the obtained experimental results, it was found that PSCs have great potential as

power sources under low-illuminance conditions.

Another noticeable issue of PSCs is their reliability. Although PSCs shows high efficiency with
small device area, large area device is still a challenge as described above subsection. Stability
issue and reproducibility of PSCs should be solved to commercialize PSCs. In this thesis,
sputtering, one of the dry processes is proposed as a novel fabrication process of PSCs to overcome

above problems.

In Chapter 2, J-V characteristics of PSCs were evaluated under various light intensities with
standard AM1.5 spectrum. In addition, the characteristics were compared with conventional c-Si
and a-Si solar cells. Furthermore, internal resistance of PSCs under various illuminance were
evaluated by employing impedance spectroscopy. Based on the results of impedance spectroscopy,
a better device structure for low-illuminance applications was suggested and the performance was

investigated.

In Chapter 3, the performance of PSCs under indoor lighting was evaluated using 200 Ix
fluorescent lamp. In addition, the effect of band gap tuning of perovskite materials on the device
performance was investigated. Furthermore, the stability of PSCs under low-illuminance condition

was evaluated.

In Chapter 4, sputtering process was employed as a novel fabrication process of PSCs.
Perovskite films that have composition of CH3NH3Pbls were prepared from sputtered Pbl, films.
The composition of fabricated films were confirmed by X-ray diffraction measurement.

Furthermore, sputter processed perovskite films were applied as light absorbing layer of PSCs and
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the device performance was evaluated. In addition, morphology of sputter processed perovskite

films on textured substrates was investigated.

In Chapter 5, the conclusions of this study and future outlook are summarized.
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Chapter 2

Characteristics of Perovskite Solar Cells Under

Various Light Intensities

2.1 Introduction

PSCs have attracted much attention due to their high PCE and its low fabrication cost. As
described in Chapter 1, the common structure of PSCs consists of n-type ETL, intrinsic perovskite
layer, p-type HTL, and electrodes. Thus, the device structure of PSCs is a type of p-i-n junction
similar to the structure of a-Si solar cells. Owing to an internal electrical field, which is formed
between p and n layer to control carrier transport, recombination of carriers is inhibited even under
low-level injection conditions. Therefore, PSCs could work under low-illuminance conditions that

is one of a low-level injection condition.

In this chapter, the characteristics of PSCs under low-illuminance conditions are discussed. In
section 2.3, J-V characteristics of mesostructured PSCs under low-illuminance conditions are
compared with other kind of solar cells. In section 2.4, internal resistance, which affect open circuit
voltage (Voc) of solar cells is evaluated with impedance spectroscopy. In section 2.5, planar
structure is suggested as a better structure for indoor application from the results of impedance

spectroscopy. In addition, J-V characteristics of planar type PSCs are described.
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2.2 Experimental

2.2.1 Fabrication process of solar cells

PSCs. Fluorine-doped tin oxide (FTO) coated glass substrates (AGC Fabritech, thickness: 1.8
mm) were etched with zinc powder and 2 M HCL The etched substrates were then washed with
detergent and acetone in an ultrasonic bath for 10 min. Then, UV/O3 treatment was carried out for
15 min at 115 °C. To prepare ETL, 0.15 M titanium diisopropoxide bis(acetylacetonate) (Sigma-
Aldrich, 75 wt% in isopropanol) in 1-butanol was spin-coated on a FTO glass substrate at 700 rpm
for 8 s, 1000 rpm for 10 s, and 2000 rpm for 40 s, which was followed by drying at 125 °C for 5
min. The mp-TiO; layer was deposited on the ETL by spin-coating with a TiO, paste (JGC Co.,
PST-18NR) diluted in ethanol (2:7, weight ratio) at 1000 rpm for 5 s and 5000 rpm for 25 s. After
drying at 125 °C for 5 min, the substrate was annealed at 450 °C for 1 h. Before depositing the
perovskite layer, UV/O3 treatment was carried out again. In order to prepare a perovskite precursor
solution, 461 mg of Pbl,, 159 mg of CH3NH3sI, and 78 mg of DMSO was mixed in 600 mg of DMF
and then stirred at room temperature for 3 h. The precursor solution was spin-coated on mp-TiO»
layer at 4000 rpm for 25 s and 0.5 mL of diethyl ether was dripped on the rotating substrate at 6 s
after starting the spin-coating. After spin-coating, the substrate was annealed at 65 °C for 1 min
and 100 °C for 2 min. 2,2°,7,7’-tetrakis (N, N-di-p-methoxyphenylamino)-9,9’-spirobifluorene
(spiro-OMeTAD) solution consisting of 17 mg spiro-OMeTAD, 6.9 uL of 4-tert-butylpyridine,
and 4.2 pL of lithium bis-(trifluoromethanesulfonyl) imide (Li-TFSI) solution (520 mg Li-TFSI
in 1 mL acetonitrile) in 240 pL of chlorobenzene was spin-coated on the perovskite layer at 1000

rpm for 4 s and 4000 rpm for 26 s to form a HTL. Finally, an Au electrode was deposited by
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thermal deposition on the HTL. Planar type PSCs were fabricated by same process expect spin-

coating of mp-TiO; paste.

c-Si solar cells. P-type Si wafer (resistivity: 1-5 Q « cm, thickness: 200 um) was used as a

substrate. N-type emitter layer (Rs = 50 ()/sq.) was formed by phosphorus diffusion using POCl3
at 890 °C. SiN layer was deposited on emitter layer by plasma enhanced chemical vapor
deposition (PECVD). Then, Ag paste was applied on the SiN layer by screen printing. After the
screen printing, the substrate was annealed at 800 °C in rapid thermal annealing furnace (fire
through process). After the fire through process, Al paste was screen printed on back surface of

the substrate. Then, substrate was heated at 500 °C for metallization.

a-Si solar cells. Asahi-U substrate was used. 10 nm of p-type a-SiC, 200 nm of intrinsic a-Si,
and 20 nm of n-type a-Si were deposited on the substrate by PECVD. Here, a buffer layer inserted
between the p-type a-SiC and the intrinsic a-Si was introduced to avoid abrupt change of band gap
at the interface by gradual controlling of the carbon concentration. Then, Al doped ZnO (AZO)
and Ag layer were formed on n-type a-Si layer. All deposition processes were carried out at less

than 200 °C.

The device structure of ¢-Si and a-Si solar cells are shown in Figure 2.1.
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(a) (b)

Figure 2.1 Device structure of (a) crystalline Si and (b) amorphous Si solar cells.

2.2.2 Characterization of solar cells

The J-V characteristics were measured under AM1.5 spectrum illumination (0.1-100 mW/cm?)
with a solar simulator (Wacom Co., KXL-1000F). In order to adjust the light intensity, ND filter
(Opto Sigma) was inserted in AM1.5 illumination. The external quantum efficiency (EQE) was
measured using an EQE system (Bunkoukeiki Co., CEP-2000RR) under 0.25 and 0.0025 mW/cm?
monochromatic lighting of comparable intensity with outdoor and indoor lighting, respectively.
The intensity of monochromatic lighting is also adjusted using an ND filter. The active areas of
the PSCs, c-Si, and a-Si solar cells were set to 0.09, 0.64, and 1 cm? using shadow mask,
respectively. Impedance spectroscopy was performed with potentiostat (BioLogic, SP-150) under

light illumination (from dark to 100 mW/cm?, AM1.5 spectrum). The measurements were carried

out at frequencies from 1 MHz to 500 mHz with an amplitude voltage of 100 mV.
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2.3 Characterization of perovskite solar cells under various light

intensities

2.3.1 J-V characteristics under low-illuminance conditions

Figure 2.2 shows J-V curves of mesostructured PSCs, a-Si, and c¢-Si solar cells under 100, 50,
10, 1, and 0.1 mW/cm? illuminance. The J-V characteristics of each solar cells under 100 mW/cm?
are shown in Table 2.1. The short-circuit current (Jsc) of each solar cell decreased in proportion to
light intensity, and the behavior was not different for different types of solar cells as shown in

Figure 2.3 (a). By contrast, the behavior of Voc was different depending on the type of solar cells.

Figure 2.3 (b) shows Voc of each solar cells under various light intensities. The value is
normalized using Voc value under 100 mW/cm? illuminance. At 0.1 mW/cm? illuminance, which
is comparable to the light intensity of indoor lighting, the Voc of the c-Si solar cells decreased
remarkably to about 10% of the initial voltage. By contrast, the Voc of mesostructured PSCs at 0.1
mW/cm? remains at about 70% of its initial voltage. The difference on the behavior of Voc is

probably due to the device structure of each solar cell.

The working mechanism of c-Si solar cell is based on the p-n junction. In the p-n junction, the
driving force of the carriers is the build-in-potential, and the carrier transfer depends on the
diffusion, which is strongly related to the carrier injection level. Also, the carrier concentration of
c-Si wafer should be around 10'¢ to 10'7 cm™ to achieve high Voc. Under high-injection level
condition, c-Si shows better carrier lifetime (1) by trap saturation effect even if c-Si is highly doped.
However, the 7 is strongly affected by defects in the c-Si and decreases under low-illuminance

conditions, which is a low-level injection condition [1]. As a result, the saturation current (Jy) in
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solar cells becomes higher, which decreases the Voc of c-Si solar cells under low-illuminance
conditions. On the other hand, PSCs have a p-i-n structure (n-type ETL, intrinsic perovskite, and
p-type HTL). In the p-i-n structure, carrier collection is aided by an internal electrical field between
p and n layer, which helps offset the low lifetimes in some materials, such as a-Si. Therefore, the
decrease in 71 is not caused easily even under a low-level injection condition in the p-i-n structure
[2]. As aresult, the Voc of PSCs could be kept at a higher value than that of ¢-Si solar cells under
low-illuminance conditions. Comparing PSCs and a-Si solar cells, which also consist of the p-i-n
junction, the normalized Voc value of a-Si solar cells is as similar to that of PSCs. However, the
absolute value of Voc is higher in PSCs than that of a-Si solar cells as shown in Figure 2.3 (c).

(mesostructured PSC: 0.71 V, a-Si: 0.58 V at 0.1 mW/cm?).

The relationship between Voc, Jy and 1 is given as follows:

kT~ Jsc
Vor = —In(—
oc =5 InC)

en;W
0 p—

T

In the above equation, only Jsc is changed by light intensity. Because the Jsc decreases in
proportion to light intensity, the Voc decreases linearly in semi-log plots. However, when t
decreases severely with injection level such as c-Si solar cells, the behavior of Voc deviates from
a linear relationship under low-illuminance conditions. By contrast, the Voc decreases in
proportion to light intensity in the PSCs and a-Si solar cells even under low-illuminance conditions

since the 1 is not strongly affected by injection level.
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Figure 2.2 Illuminance dependency of the J-V characteristics of (a) mesostructured perovskite, (b)
amorphous Si, and (c) crystalline Si solar cells. The black, red, blue, green, and orange lines represent the
J-V curves under 100, 50, 10, 1, and 0.1 mW/cm? illumination, respectively.
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Figure 2.3 (a) Normalized Jsc, (b) normalized Voc, and (c) absolute value of Voc of mesostructured
perovskite, amorphous Si (a-Si), and crystalline Si (c-Si) solar cells under various illuminance conditions.
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Table 2.1. The J-V characteristics of mesostructured perovskite (PSCs), amorphous Si (a-Si), and
crystalline Si (c-Si) solar cells under AM1.5 spectrum (Isun, 100 mW/cm?) illumination. (FF: fill factor,
PCE: power conversion efficiency).

Jsc (mA/cm?) Voc (V) FF PCE (%)
PSCs 19.51 1.04 0.643 13.0
a-Si 14.19 0.886 0.672 8.46
c-Si 20.82 0.520 0.676 7.31

2.3.2 Spectral sensitivity under low-illuminance conditions

The spectral sensitivity of PSCs was investigated by utilizing EQE measurement. Figure 2.4 (a)
shows the normalized EQE spectra of mesostructured PSCs under 0.25 and 0.0025 mW/cm?
monochromatic lighting that is the comparable intensity with outdoor and indoor lightings,
respectively. As shown in Figure 2.4 (a), the EQE spectra of mesostructured PSCs did not show a
large shift due to light intensity as well as a-Si solar cells, which have been used for indoor
applications shown in Figure 2.4 (b). In addition, because PSCs showed acceptable spectral
response in the wavelength range of 400 to 700 nm, which is included in indoor lighting such as
either typical white LED or fluorescent lamp, it is expected that mesostructured PSCs can work

effectively not only under sunlight but also under indoor lighting.
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Figure 2.4 Normalized external quantum efficiency (EQE) spectra of (a) mesostructured perovskite and (b)
amorphous Si solar cells. The black and red lines represent the normalized EQE under 0.25 and 0.0025
mW/cm? illumination, respectively.
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2.4 Internal resistance of perovskite solar cells under low-illuminance

conditions

Because the spectral sensitivity characteristics of mesostructured PSCs did not show large
difference due to light intensity, it is considered that an improvement in the Voc is important for
indoor applications. Generally, Voc is related to carrier collection, which depends on the internal
resistance of solar cells. Consequently, impedance spectroscopy was performed for mesostructured
PSCs to evaluate the internal resistance. Figure 2.5 shows the Nyquist plots of mesostructured
PSCs under various illuminance conditions. The highest frequency point shows the resistance from
an FTO substrate or external circuit. The semicircle in the high-frequency range is attributed to the
diffusion of holes through the hole transport layer. The low-frequency part is attributed to the
recombination resistance between the perovskite layer and the TiO, layer [3-5]. Under 1 sun
illumination, two semicircles were observed in high-frequency and low-frequency range. However,
under low-illuminance conditions, such as 0.1 mW/cm? illumination, a transmission-line (TL)
behavior was observed in the low-frequency range of Nyquist plots. It was reported that the TL
behavior is because of the electron transport resistance [6]. Hence, it is considered that the internal
resistance of mesostructured PSCs increased under low-illuminance conditions. As a result, the

carrier collection efficiency decreased and thus causing Voc to decrease.
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Figure 2.5 Nyquist plots of mesostructured perovskite solar cells under (a) 100 mW/cm?, (b) 10 mW/cm?,
(c) 0.1 mW/cm?, and (d) dark condition.
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A TiO; layer is suggested to increase the internal resistance under low-illuminance conditions.
TiO> is naturally as insulator material, but it shows conductivity by filling the trap site with carriers
[7, 8]. Therefore, TiO> acts as a resistance under low-illuminance conditions that cannot generate
enough carriers to fill the trap sites. Consequently, it is suggested that the planar structure

eliminated the mp-TiO», which has many trap sites, is suitable for indoor applications.

The same investigation was carried out for planar-type PSCs. Figure 2.6 shows Nyquist plots of
the planar type PSCs under 100 mW/cm? and 0.1 mW/cm? illuminations. The inset of Figure 2.6
(b) shows low-frequency part of Nyquist plot under 0.1 mW/cm? illumination. As shown in Figure
2.6 (b), the TL behavior was not observed in the planar type PSCs even under 0.1 mW/cm?
illumination. These results indicate the electron transport resistance of planar type PSCs is lower
than mesostructured PSCs under low-illuminance condition. Therefore, it is expected that planar

type PSCs show better performance than mesostructured PSCs under low-illuminance conditions.
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Figure 2.6 Nyquist plots of planar-type perovskite solar cells (a) 100 mW/cm?® and (b) 0.1 mW/cm?
illumination.
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2.5 Influence of device structure on low-illuminance characteristics

J-V characteristics of planar type PSCs were investigated under various light intensities. Figure
2.7 (a) shows J-V curves of planar type PSCs under 100, 50, 10, 1, and 0.1 mW/cm? illuminance.
As shown in Figure 2.7 (b), the Jsc value of planar type PSCs is in proportion to light intensity as
well as mesostructured PSCs. Figure 2.7 (c) shows normalized Voc of mesostructured and planar
type PSCs under various light intensities. Planar type PSCs showed clearly higher normalized Voc
at low-illuminance conditions than that of mesostructured PSCs. The mesostructured and planar
type PSCs showed an absolute Voc value of 0.71 V and 0.84 V at 0.1 mW/cm? illumination,
respectively. Figure 2.7 (d) shows the normalized EQE spectra of planar type PSCs under 0.25 and
0.0025 mW/cm? monochromatic lighting. The EQE spectra of planar type PSCs did not show a

large change due to light intensity as well as mesostructured PSCs.

Shunt resistance (Rsh) and series resistance (Rs) of each solar cell were compared. Figure 2.8
shows Rsh and Rs of mesostructured and planar type PSCs under various light intensities. As
shown in Figure 2.8 (a), the Rsh of each solar cell increased with decreasing light intensity. Also,
the behavior was not different for each structure. By contrast, the Rs of the mesostructured PSCs
increased remarkably than that of the planar type PSCs, indicating mp-TiO- is a resistance under

low-illuminance conditions.
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Figure 2.7 (a) J-V curves of planar-type perovskite solar cells. The black, red, blue, green, and orange lines
represent the J-7 curves under 100, 50, 10, 1, and 0.1 mW/cm? illumination, respectively. (b) Normalized
Jsc and (c¢) Normalized Voc of mesostructured and planar-type perovskite solar cells under various
illuminance conditions. (d) Normalized EQE spectra of planar-type perovskite solar cells. The black and
red lines represent the normalized EQE under 0.25 and 0.0025 mW/cm? illumination, respectively.
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Figure 2.8 (a) Rsh and (b) Rs of mesostructured and planar-type perovskite solar cells under various
illuminance conditions.

2.6 Summary

In this chapter, characteristics of PSCs were investigated under various light intensities with
AM 1.5 spectrum. From the J-V measurement, it was clarified that PSCs can maintain higher Voc
value under low-illuminance conditions than a-Si solar cells, which has been used for indoor
applications. Spectral sensitivity of PSCs was also investigated under low-illuminance conditions
by EQE measurements. As a result, PSCs showed acceptable spectral response in wavelength
range of 400-700 nm, which is included in typical indoor lighting such as white LED or fluorescent
lamp. From impedance spectroscopy, it was considered that the mp-TiO> layer included in
mesostructured PSCs acts as an internal resistance and decreases Voc under low-illuminance

conditions. Therefore, planar type PSCs were suggested as suitable device structure under low-
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illuminance conditions and the J-V characteristics were evaluated. Planar type PSCs kept higher

Voc than mesostructured PSCs under low-illuminance conditions.

Results described in this chapter indicate an effective structural model of PSCs for low-
illuminance applications and potential of PSCs for indoor applications, such as dispersed power

sources for 1oT applications.
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Chapter 3

Evaluation of Perovskite Solar Cells Under Ambient

Lighting

3.1 Introduction

In Chapter 2, it was revealed that PSCs show very low voltage losses under low-illuminance
conditions with standard solar spectrum AM 1.5. For IoT applications, it is supposed that PSCs
will also be operated under indoor lighting such as fluorescent lamp or LED. However, emission
spectra of indoor lightings are quite different from the standard spectrum. Thus, further

investigations are needed to evaluate the potential of PSCs for indoor applications.

Typical indoor lightings do not show a spectrum in the wavelength range of over 700 nm [1].
Therefore, optimum band gap of light absorber is different from standard condition with AM 1.5
spectrum. In this chapter, cesium containing triple-cation perovskite materials,
Cs0.0sF Ao.79M Ao.16Pb(10.84Bro.16)3 (3-cat-Br16) and Cso.osFA0.79MAo.16Pb(10.50B10.50)3 (3-cat-Br50)
(FA: formamidinium, MA: methylammonium) having different bandgap are used as light

absorbers [2].

In the early investigation of PSCs, mono-cation perovskite, MAPbI; was mainly used as the
light absorber. After PCE of MAPDI3-based PSCs was saturated throughout various investigations,

FAPDbI3, which has a smaller band gap than that of MAPDI;, has attracted attention as an alternative
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light absorber. However, FAPbI3 transforms into a non-perovskite phase at room temperature [2].
On the other hand, an all-inorganic perovskite material such as CsPbl; have also investigated to
overcome the instability of MAPbI3;. However, CsPbl; also becomes non-perovskite phase at room
temperature [3]. Because of the phase instabilities, mixed-cation strategy becomes an important
way to improve performance and stability of PSCs. Indeed, PSCs containing the triple-cation
perovskite materials shows high PCE of over 20% and better stability than conventional PSCs
including MAPDI3 [4]. Moreover, triple-cation perovskite materials have less defect than mono
cation perovskite which will lead lower Voc loss [4]. Thus, I focused on triple-cation perovskite

as light absorber of PSCs for indoor applications.

In this chapter, characteristics of PSCs under fluorescent lamp illumination are discussed. In
section 3.3, optical property and morphology of triple-cation perovskite films are evaluated. In
section 3.4, J-V characteristics of 3-cat-Br16 and 3-cat-Br50 based PSCs are evaluated under
AM1.5 and fluorescent spectra. In section 3.5, phase segregation, which decreases the performance
of bromide rich PSCs is discussed. In section 3.6, several measurements are carried out to discuss
the effect of hysteresis on photovoltaics performance under low-illuminance conditions. In section

3.7, stability of 3-cat-Br16 PSCs under low-illuminance condition is described.

3.2 Experimental

3.2.1 Device fabrication of triple-cation perovskite solar cells

FTO coated glass substrates (8 Ohm/sq., Pilkington TEC8) were etched with zinc powder and

2 M HCI. The substrates were then rinsed with pure water, ethanol, and acetone. To prepare the
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ETL, titanium diisopropoxide bis(acetylacetonate) (75 wt% in isopropanol, Sigma-Aldrich)
diluted in ethanol (1:39, volume ratio) was sprayed on the FTO substrates at 475 °C. Then, the
substrates were annealed at 475 °C for 30 min. A mp-TiO; layer was deposited on the ETL by
spin-coating a TiO paste (30 NR-D, GreatCell Solar Co.) diluted in ethanol (1:8, weight ratio) at
4000 rpm for 30 s. After spin coating, the substrates were annealed at 500 °C for 30 min. Perovskite
layer was deposited by spin coating on the mesoporous TiO layer in a two-step process. First, the
substrates were accelerated to 2000 rpm for 10 s (200 rpm/s) and then spun at 5000 rpm for 20 s
(2000 rpm/s). During the second step, 200 puL of chlorobenzene was dropped onto the rotating
substrate at 5 s before the end of the spin-coating process. The composition of precursor solutions
are shown in Table 3.1. After spin coating, the substrates were annealed at 100 °C for 1 h. Spiro-
OMeTAD solution consisting same additives with Chapter 2, was spin-coated on the perovskite
layer at 4000 rpm for 30 s to deposit a HTL. Finally, an Au electrode was deposited by thermal

evaporation on the HTL.

3.2.2 Characterization

The J-V characteristics were measured under AM1.5 one sun illumination (100 mW/cm?) with
a solar simulator (Enli Tech, SS-F5 3A, Taiwan), calibrated by reference silicon solar cells (Enli
Tech, SRC2000) and source meter (Keithley, 2401). The low-illuminance characteristics were
measured under T5 fluorescent lamp illumination (200 Ix, 65 pW/cm?) with a source meter
(Keithley 2420). Source meter (Keithley 2401) was used for stabilized measurements under
fluorescent lamp illumination. The emission spectrum of the fluorescent lamp is shown in Figure

3.1. The active area of the samples was set as 0.16 cm?. The EQE was measured with an EQE
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measurement system (Newport Cornerstone 260). The absorption spectrum of perovskite films
were measured with UV/VIS/NIR spectrophotometer (V-570, JASCO). The SEM images were

obtained using the ultrahigh-resolution electron microscope Hitachi SU9000.

Table 3.1 The composition of perovskite precursor solution

3-cat-Brl6 3-cat-Br50
Formamidinium iodide 93.9 mg 98.6 mg
Methylammonim bromide 11.3 mg 11.9 mg
Lead iodide 264.5 mg 108.9 mg
Lead bromide 37.2 mg 173.4 mg
Cesium iodide
) 25 uL 25 uL
(1.3 M DMSO solution)
DMF 400 pL 400 pL
DMSO 100 pL 100 pL
1.6
€14F
< N
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Figure 3.1 Emission spectrum of the T5 fluorescent lamp.
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3.3 Characterization of triple-cation perovskite films

It is possible to control the bandgap of organic-inorganic perovskite compounds by changing
the halogen ratio [5]. The bandgap of iodide based perovskite increases by increasing bromide
ratio in the composition. Figure 3.2 shows absorption spectra of 3-cat-Br16 and 3-cat-Br50
perovskite films. The 3-cat-Br16 and 3-cat-Br50 perovskite films have absorption edge of 780 nm
and 680 nm, respectively. Figure 3.3 shows SEM images of 3-cat-Br16 and 3-cat-Br50 perovskite

films. There were no significant difference in morphology of both perovskite films.

3.4 Photovoltaic performance of triple-cation perovskite solar cells

3.4.1 Characterization under standard conditions

Figure 3.4 shows J-V curves of triple-cation PSCs measured under AM1.5G spectrum (1sun,
100 mW/cm?). Under the 1sun condition, the highest PCE of 3-cat-Br16 PSCs was 15.8% with Jsc
0f 20.99 mA/cm?, Voc of 1.033 V, and fill factor (FF) of 0.730 in reverse scan. The highest PCE
of 3-cat-Br50 PSCs was 9.9% with Jsc of 15.19 mA/cm?, Voc of 1.018 V, and FF of 0.639 in
reverse scan. 3-cat-Br50 PSCs showed lower PCE than 3-cat-Br16 PSCs mainly due to lower Jsc
arose from wider band gap. The photovoltaic performance of each PSCs are summarized in Table
3.2 and Table 3.3. Comparing both PSCs, 3-cat-Br50 PSCs showed poor FF and similar Voc with
3-cat-Br16 PSCs although they have different bandgaps. This is probably due to phase segregation

of bromide-rich perovskite films described in section 3.5.
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Figure 3.2 Absorption spectra of triple-cation perovskite films. The black and red lines represent absorption
spectra of 3-cat-Br16 and 3-cat-Br50, respectively.
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Figure 3.3 SEM images of (a) 3-cat-Br16 and (b) 3-cat-Br50 perovskite films.
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Figure 3.4 J-V curves of (a) 3-cat-Br16 and (b) 3-cat-Br50 perovskite solar cells measured under AM 1.5G
illumination (100 mW/cm?). The black and red lines represent the J-¥ curves from forward scan and reverse

scan, respectively.

Table 3.2 J-V characteristics of 3-cat-Br16 perovskite solar cells under AM1.5 1 sun condition

Jsc (mA/cm?) Voc (V) FF PCE (%)
20.35+0.31 0.968+0.013 0.606+0.011 11.9+0.3
Forward
(20.72) (0.964) (0.612) (12.2)
20.68+0.30 1.032+0.014 0.709+0.010 15.1+£0.3
Reverse
(20.99) (1.033) (0.730) (15.8)

Table 3.3 J-F characteristics of 3-cat-Br50 perovskite solar cells under AM1.5 1 sun condition

Jsc (mA/cm?) Voc (V) FF PCE (%)
14.67+0.39 0.963+0.069 0.559+0.037 7.94+0.9
Forward
(15.27) (0.952) (0.551) (8.0)
14.38+0.68 1.0184+0.034 0.639+0.031 9.3+0.4
Reverse
(15.19) (1.026) (0.634) (9.9)
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Figure 3.5 shows the EQE spectra of PSCs including 3-cat-Br16 and 3-cat-Br50. PSCs based
on 3-cat-Brl6 and 3-cat-Br50 showed EQE response extended to ~780 nm and ~680 nm,
respectively. The EQE response is consistent with the absorption spectrum of each perovskite films

(Fig. 3.2). Both PSCs showed similar EQE value within their absorption region.

EQE (%)

400 500 600 700 800

Wavelength (nm)

Figure 3.5 EQE spectra of triple-cation perovskite solar cells. The black and red lines represent EQE spectra
of 3-cat-Br16 and 3-cat-Br50, respectively.
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3.4.2 Characterization under low-illuminance conditions

Figure 3.6 (a) shows J-V curves of 3-cat-Brl6 PSCs measured under fluorescent lamp
illumination (200 1x, 65 uW/cm?). Under 200 Ix illumination, maximum output (Pmax) of 17.6
uW/cm?, corresponding to a PCE of 27.1 %, was confirmed with Jsc of 30.53 pA/cm?, Voc of

0.778 V, and FF 0f 0.742 in reverse scan.

Typically, PSCs with a bandgap of ~1.6 eV show high EQE from 400 nm to 800 nm [6-8].
However, common indoor lighting sources such as fluorescent lamp or LED do not include
emission spectrum over 700 nm as shown in Figure 3.1. Therefore, tuning the band gap of
perovskite materials is a promising method to improve the performance of PSCs under ambient
lighting. Increasing the bandgap of perovskite materials will lead to higher Voc without sacrificing
Jsc. Figure 3.6 (b) shows J-V curves of 3-cat-Br50 PSCs measured under fluorescent lamp
illumination. The 3-cat-Br50 PSCs showed a Pmax of 19.7 pW/cm?, which corresponds to a PCE
of 30.3 % with Jsc of 31.02 pA/cm?, Voc of 0.815 V, and FF of 0.780. As expected, 3-cat-Br50
PSCs showed higher Voc without decreasing Jsc. This is the first report that experimentally shows
that band gap tuning is an effective strategy to improve the photovoltaic characteristics of PSCs
under low-illuminance conditions. The J-V characteristics of both triple-cation PSCs measured
under fluorescent lamp illumination are summarized in Table 3.4 and Table 3.5. To the best of my
knowledge, these PCE values are the highest compared with the values, which have been reported

so far as shown in Figure 3.7 [9-11].

Freunek et al. reported the theoretical PCE of the absorber having 1.8 eV bandgap exceeds 40%
in the case of fluorescent lamp, suggesting the record PCE of over 30.3% has a still room to

improve [12].
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Figure 3.6 J-V curves of (a) 3-cat-Br16 and (b) 3-cat-Br50 perovskite solar cells measured under fluorescent

lamp illumination (2001x, 65 pW/cm?). The black and red lines represent the J-V curves from forward scan
and reverse scan, respectively.

Table 3.4 J-V characteristics of 3-cat-Br16 perovskite solar cells under 200 Ix illumination

Jsc (LA/cm?) Voc (V) FF Pmax (WW/ecm?) PCE (%)

27.67+0.52 0.680+0.011 0.619+0.011 11.6+0.4 17.9+0.6
Forward
(28.38) (0.685) (0.606) (11.8) (18.1)
29.8440.51 0.776+£0.005  0.727+0.009 16.9+0.5 25.94+0.7
Reverse
(30.53) (0.778) (0.742) (17.6) (27.1)

Table 3.5 J-V characteristics of 3-cat-Br50 perovskite solar cells under 200 Ix illumination

Jsc (WA/cm?) Voc (V) FF Prax (LW/cm?) PCE (%)

26.80+1.35  0.818+0.057  0.527+0.039

11.6+1.5 17.8£2.2
Forward
(29.08) (0.803) (0.471) (11.0) (16.9)
29.90+0.96 0.812+0.058  0.698+0.069 17.0+£2.5 26.1+3.9
Reverse
(31.02) (0.815) (0.780) (19.7) (30.3)
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3.5 Phase segregation in mixed-halide perovskite

Commonly, solar cells consisting wider bandgap materials show higher Voc than that of narrow
bandgap materials. However, 3-cat-Br50 PSCs showed similar Voc with 3-cat-Br16 PSCs under
AMI1.5G 1 sun condition. This phenomenon is attributed to phase segregation of mixed-halide
perovskite materials. It was reported that mixed-halide perovskite shows phase segregation when
subjected to light irradiation [13, 14]. As a result, iodine rich region and bromide rich region are
separated in perovskite layer. Then, iodine rich region serves as charge recombination site to
reduce Voc and FF of PSCs. On the other hand, it was reported that phase segregation takes a
longer time under dark condition [15]. From the report, it is considered that phase segregation
occurs slower under low-illuminance condition than under AM1.5G 1 sun condition. Consequently,
there is a possibility that phase segregation does not progress during measurement and lead to a
higher Voc and FF of 3-cat-Br50 PSCs under low-illuminance condition. In fact, it was found that
3-cat-Br50 perovskite films shows photoluminescence peak shift after exposure to AM1.5G 1 sun
condition as shown in Figure 3.8. This tendency is consistent with previous reports on phase
segregation of mixed-halide perovskite films [13, 14]. However, there are no reports on phase

segregation under low intensity light illumination so that further investigation is required.
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Figure 3.7 Maximum power output of various solar cells under 200 Ix fluorescent lamp illumination.
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Figure 3.8 Normalized photoluminescence spectra of 3-cat-Br50 perovskite films. The black and red curves
represent before and after light soaking (AM1.5G, 1 sun), respectively.
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3.6 J-V hysteresis under low-illuminance condition

3.6.1 Stabilized efficiency

As described in section 1.3, it is widely known that PSCs show hysteresis, which means different
J-V curves dependent on the scan direction. The origin of hysteresis has been discussed and some
reasons have been suggested such as ferroelectric effect, ion migration, and capacitance effect [16-
18]. In general, PSCs shows difference in Voc and FF depending on the scan direction. However,
there are differences in not only Voc and FF but also Jsc particularly under low-illuminance
condition. Stabilized measurement is one of an evaluation method to avoid the effect of hysteresis

on the J-V characteristics.

Figure 3.9 shows a typical J-V curve of solar cells. PCE of solar cells is calculated by below

equation;

_ Jsc XVoc X FF
 Incident power

PCE X 100 [%]

_]mXVm

FF =
Isc X Voc

Where J,» and V,, are current density and voltage at Pumax of the solar cells. Under 100 mW/cm?

illumination, the above equations can be simplified as below;
PCE =]5CXVOCXFF=]mXVm

Therefore, PCE can be estimated by tracking the current value under applying bias voltage of V.

In this method, the influence of hysteresis on photovoltaics performance of solar cells is ignorable.
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Vm

Voltage Ve

Figure 3.9 A typical J-V curve of solar cells.

Figure 3.10 (a) shows J-V curves of a 3-cat-Br16 PSCs measured under 200 Ix illumination. The
J-V characteristics are summarized in Table 3.6. Figure 3.10 (b) shows stabilized current density
and PCE measured at a voltage at maximum power point of the sample (calculated from forward
scan). The oscillation of stabilized current density is probably due to resolution of source meter.
Although the stabilized PCE was smaller than that of from J-V curves, stable PCE was observed.
Figure 3.10 (c) shows stabilized current density measured at 0 V. Stabilized Jsc was also smaller
than the value from J-V curves. 3-cat-Br50 PSCs also showed similar behavior as shown in Figure

3.11 and Table 3.7.
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Figure 3.10 (a) J-V curves of a 3-cat-Br16 perovskite solar cells (PSCs). The black and red lines represent
the J-V curves from forward scan and reverse scan, respectively. (b) Stabilized current density and power
conversion efficiency (PCE) of the 3-cat-Br16 PSCs. The black and red lines represent stabilized current
density and PCE, respectively. (c) Stabilized Jsc of the 3-cat-Br16 PSCs.

Table 3.6 J—V characteristics of 3-cat-Br16 perovskite solar cells used stabilized measurement

Jsc (LA/cm?) Voc (V) FF PCE (%)
Forward 23.38 0.727 0.614 16.0
Reverse 24.89 0.740 0.761 21.6
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Figure 3.11 (a) J-V curves of a 3-cat-Br50 perovskite solar cells (PSCs). The black and red lines represent
the J-V curves from forward scan and reverse scan, respectively. (b) Stabilized current density and power
conversion efficiency (PCE) of the 3-cat-Br50 PSCs. The black and red lines represent stabilized current
density and PCE, respectively. (c) Stabilized Jsc of the 3-cat-Br50 PSCs.

Table 3.7 J—V characteristics of 3-cat-Br50 perovskite solar cells used stabilized measurement

Jsc (LA/cm?) Voc (V) FF PCE (%)
Forward 22.55 0.813 0.574 16.2
Reverse 25.59 0.809 0.714 22.8
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3.6.2 Light intensity dependence

There is a report on performance of PSCs under various light intensities [19]. It is reported that
the Jsc calculated from J-V curves was not proportional to light intensity under ultra-low light
intensity (< 10 uW/cm?) due to capacitive current. Jsc value become higher than proportional value
and it leads overestimate of the device performance. Although the condition (65 uW/cm?) in this
chapter is higher light intensity than such condition, there is no evidence that there is no capacitive
effect in J-J curves in this chapter. Further investigation is mandatory to evaluate accurately the

potential of PSCs for indoor applications.

Light intensity dependence on PCE of PSCs are evaluated under AM 1.5G (0.01 sun to 1 sun)
and fluorescent lamp (200, 400, and 600 1x) illumination. Figure 3.12 (a) shows PCE of 3-cat-Br16
PSCs measured under various light intensities with AM 1.5 G spectrum. It was confirmed that the
Jsc value is proportional to light intensity between 0.01 to 1 sun conditions as shown in Figure

3.12 (b). 3-cat-Br50 PSCs showed same behavior with 3-cat-Br16 PSCs as shown in Figure 3.13.

Figure 3.14 (a) shows J-V curves of 3-cat-Br50 PSCs measured under 200, 400, and 600 Ix with
fluorescent lamp. The Jsc value is also proportional to light intensity even under 200-600 Ix

conditions that seems there are less influence of such capacitive effect in J-V curves.
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Figure 3.12 Light intensity dependence on photovoltaics performance of 3-cat-Br16 perovskite solar cells.
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Figure 3.13 Light intensity dependence on photovoltaic performance of 3-cat-Br50 perovskite solar cells.
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Figure 3.14 (a) J-V curves of 3-cat-Br50 perovskite solar cells under various light intensities with
fluorescent lamp illumination. The black, red, and blue lines represent J-¥ curves measured under 200, 400,
and 600 Ix, respectively. (b) Jsc value of the sample. The Jsc value is normalized using Jsc at 200 Ix.

3.7 Stability of perovskite solar cells under low-illuminance condition

Stability issue is one of the problems in PSCs. In this section, stability of 3-cat-Br16 PSCs are
investigated using sealed PSCs (Figure 3.15). The sealing was carried out by fixing glass cover on
the PSCs using UV curing resin. Figure 3.16 (a) shows the PCE of sealed PSCs after storage under
ambient condition with room temperature and in dark. PSCs retained 93% of its initial efficiency
after being stored for 672 h. This result indicates there is a possibility that PSCs can operate long-
term under indoor conditions. After being stored in 72 h, the PCE increased with increasing Voc
and FF then decreased with decreasing all parameters. The increasing of Voc and FF in the first 72
h might be attributed to improvement of hole conductivity of spiro-OMeTAD arose from oxidation
by Li dopant [20, 21]. Changes in Voc, FF and Jsc are shown in Figure 3.16 (b), (c), and (d),

respectively. J-V curves before and after storage are shown in Figure 3.17.
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Figure 3.15 Photographs of sealed perovskite solar cells used for stability test.
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Figure 3.16 J-V characteristics of 3-cat-Br16 perovskite solar cells under 200 Ix illumination during stability
test. The photovoltaic characteristics were calculated from the forward scan.
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Figure 3.17 J-V curves of 3-cat-Br16 perovskite solar cells stored under ambient condition. The black and
red lines represent before storage and after storage for 672 h, respectively. The J-V curves were taken by
forward scan.

3.8 Summary

In this chapter, characteristics of PSCs were investigated under fluorescent lamp illumination,
which is one of the indoor lightings. It was confirmed that 3-cat-Br16 PSCs, which have optimum
band gap for AM 1.5 spectrum showed PCE of 27.1% under 200 Ix condition. In addition, 3-cat-
Br50 PSCs, which of band gap was tuned, showed PCE of over 30% under 200 Ix illumination.
These values are highest compared with that of other kind of solar cells under similar light
intensities. Commonly, bromide rich PSCs shows lower photovoltaics performance due to form
recombination site in perovskite layer under 1 sun condition. Results described in this chapter

indicate the phase segregation affect slight influence on photovoltaic performance under low-
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illuminance conditions. From stability test, PSCs stored under ambient condition showed 93% of

its initial PCE after being stored 672 h.

Results described in this chapter indicate PSCs can work effectively even under spectrum of
indoor lighting such as fluorescent lamp. In addition, PSCs showed better stability under low-
illuminance condition that of under 1 sun condition. These results indicate PSCs is promising

candidate for dispersed power sources for [oT applications.
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Chapter 4

Fabrication of Perovskite Solar Cells Using Sputter

Processed Perovskite Films

4.1 Introduction

In Chapter 2 and Chapter 3, great potential of PSCs for low-illuminance applications were
demonstrated. However, reproducibility should be solved to expand the use of PSCs. Due to the
major fabrication process of PSCs is spin-coating using anti-solvent dropping, which is carried out
by human hand, large area and reproducibility are still being challenges. In this chapter, sputtering

which is one of vacuum process is suggested as a novel fabrication process of PSCs.

One of the merits of sputtering process is that can fabricate homogeneous films on a large scale.
Actually, a part of sputter processed transport layer based PSCs show acceptable photovoltaic
performance with good reproducibility [1-3]. Another merit of sputtering is step coverage of
deposited films. It is reported that sputtering process can deposit homogeneous films on textured
substrates such as random pyramid textured substrates, which is difficult to form uniform films by
solution process [4]. Usually, PSCs are formed on non-textured substrates such as FTO or ITO.
However, to achieve high efficiency solar cells, textured substrates are necessary to reduce optical
losses [5, 6]. If it became possible to fabricate PSCs on textured substrates, higher efficient PSCs

will be obtained under both outdoor and indoor conditions.
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In this chapter, fabrication process of perovskite films via sputtering process is suggested and
the characteristics are evaluated. In section 4.2, fabrication process of typical perovskite
compounds for PSCs is suggested. In section 4.3, crystal structure, optical characteristics, and
morphology of sputter processed perovskite films are evaluated with X-ray diffraction (XRD)
measurement, optical spectroscopy in UV-visible region, and SEM observation. In section 4.4,
planar type PSCs are fabricated with sputter processed perovskite films and the photovoltaic
performance is evaluated. In section 4.5, the morphology of sputter processed perovskite films

deposited on random-pyramid-textured Si substrates is described.

4.2 Experimental

4.2.1 Fabrication process of CH3:NH3PblI; films via sputtering

Perovskite films were obtained by reacting sputtered Pbl, films and CH3NH3l gas as shown in
Figure 4.1. The Pbl, sputtering target was prepared from Pblo powder (Sigma-Aldrich, purity
99.999%) by pressing under 10 MPa on a stainless plate. Then, Pbl, films were deposited on glass
substrates by RF sputtering using the Pbl, target. The sputtering conditions were Ar atmosphere
under 1 Pa at room temperature with an RF power of 20 W. To obtain perovskite films, sputtered

Pbl; films were annealed at 100 °C in a CH3;NH3I-gas-filled petri dish.
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4.2.2 Solar cells fabrication

PSCs were fabricated by similar protocol with Chapter 2. FTO coated glass substrates (AGC
Fabritech, thickness: 1.8 mm) were etched with zinc powder and 2 M HCI. The etched substrates
were then washed with detergent and acetone in an ultrasonic bath for 10 min. Then, UV/O3
treatment was carried out for 15 min at 115 °C. To prepare ETL, 0.15 M titanium diisopropoxide
bis(acetylacetonate) (Sigma-Aldrich, 75 wt% in isopropanol) in 1-butanol was spin-coated on a
FTO glass substrate at 700 rpm for 8s, 1000 rpm for 10 s, and 2000 rpm for 40 s, which was
followed by drying at 125 °C for 5 min. After drying, the substrate was annealed at 450 °C for 1
h. Then, perovskite layer was deposited on the ETL following the above procedure. A spiro-
OMeTAD solution consisting same additives with Chapter 2 was spin-coated on the perovskite
layer at 1000 rpm for 4 s and 4000 rpm for 26 s to form a HTL. Finally, an Au electrode was

deposited by thermal deposition on the HTL.

4.2.3 Characterization

The sputter processed perovskite films were characterized by SEM observation, XRD
measurement, and absorption spectroscopy. SEM images were obtained using the ultrahigh-
resolution electron microscope (Hitachi SU9000). The XRD measurements were performed using
Rigaku RINT-TTR III with Cu Ka radiation. The absorption spectra were obtained using the UV -
vis-NIR spectrophotometer (JASCO V-570). The J-V characteristics were measured under AM1.5

1 sun illumination (100 mW/cm?) The EQE was measured under 0.25 mW/cm? monochromatic
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lighting. J-V and EQE measurements were carried out using the EQE system (Bunkoukeiki Co.,

CEP-2000RR).

‘ Sputtering Annealing
— —
CH;NH;l gas

Substrate Pbl, Perovskite

Figure 4.1 Process flow for the fabrication of perovskite films via sputtering process.

4.3 Characterization of sputter processed perovskite films

Figure 4.2 (a) shows the XRD pattern of the sputtered Pbl> film. The sputtered Pbl> films showed
a strong diffraction peak at around 12°, which is assigned to the (001) facet of Pbl> crystal. Figure
4.2 (b) shows the XRD pattern of a perovskite film fabricated by sputtering and annealing a Pbl,
film in CH3NH3I gas. Sputter processed perovskite films showed a strongest peak at around 14°,
which is a typical diffraction pattern of CH3NH3Pbl; perovskite films. In addition, sputter
processed films had peaks similar to those of solution processed perovskite films shown in Figure
4.2 (c). Also, residual Pbl, peaks were not observed in the XRD pattern. I also tried to fabricate
perovskite films using perovskite powder, which was obtained by mixing Pbl, and CH3NH;sl
powder, as a sputtering target. Figure 4.2 (d) shows the XRD pattern of perovskite films fabricated
from a perovskite sputtering target. Although diffraction patterns of CH3NH;Pbl; perovskite were
obtained without annealing the films, there were some diffraction patterns of Pbl>, which might

have been caused by plasma damage. In this chapter, perovskite films fabricated from the sputtered
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Pbl, films were investigated in more detail. Detail of perovskite films fabricated from perovskite

powder are summarized in Appendix.

Figure 4.3 (a) shows an absorption spectrum of a sputter processed perovskite film. The film
has an absorption edge at a wavelength of around 800 nm. Figure 4.3 (b) shows a Tauc plot of the
sputter processed perovskite film. From the Tauc plot, the band gap of sputter processed perovskite

films is around 1.6 eV, which is consistent with typical solution processed CH3NH3Pbl; films [7].

Figure 4.4 (a) shows an SEM image of a sputter processed perovskite film. As shown in Figure
4.4 (a), the substrate was entirely covered with perovskite grains. In addition, there were no
pinholes, which induce low photovoltaic performance in the perovskite film. Comparing with a

solution processed film, relatively larger grain size was observed as shown in Figure 4.4 (b).
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Figure 4.2 XRD patterns of (a) sputter processed Pbl, film, (b) sputter processed CH;NH3Pbls perovskite
film, (c) solution processed CH3NH;3Pbl; perovskite film, and (d) sputter processed CH;NH3Pbls perovskite
films using a perovskite powder target.
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Figure 4.3 (a) absorption spectrum and (b) Tauc plot of sputter processed CH3:NH3Pbl; perovskite film.
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Figure 4.4 SEM images of (a) sputter and (b) solution processed CH3;NH;3Pbl; perovskite films.
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4.4 Solar cell application of sputter processed perovskite films

Sputter processed CH3NH3Pbls films were applied as light absorbing layer of PSCs. The TiO»
layer and Spiro-OMeTAD layer were deposited by spin-coating as same as conventional PSCs to
eliminate the influence of fabrication process. Figure 4.5 shows the J-V curves of the best
performing solar cell. Photovoltaic performance was successfully obtained from the PSCs that
include sputter processed perovskite films as shown in Figure 4.5. This is the first report on sputter
processed perovskite films worked as light absorbing layer of PSCs. The J-V characteristics are
summarized in Table 4.1. In forward scan, a PCE of 1.02% with a Jsc of 3.41 mA/cm?, Voc of
0.649 V, and FF of 0.460 was obtained. In reverse scan, a PCE of 1.84% with Jsc of 3.61 mA/cm?,

Voc 0f 0.813 V, and FF of 0.628 was obtained.

Although sputtered perovskite films showed photovoltaic performance, the PCE is lower than
that of conventional PSCs. Particularly, Jsc value is 5 to 6 times lower than conventional PSCs
(see Table 2.1). EQE of sputter processed PSCs was evaluated. Figure 4.6 shows the EQE spectra
of sputter processed PSCs measured under various bias voltages. The Jsc value from EQE
spectrum measured without a bias voltage was 2.46 mA/cm?, which was similar value with that of
from J-V curve. However, when a bias voltage of -0.5 V was applied during the EQE measurement,
the Jsc value from the EQE spectra was markedly enhanced from 2.46 to 9.25 mA/cm?. This
enhancement indicates that many carriers are lost in the absorber by recombination. Thus, it is
expected that the J-V characteristics of PSCs including sputter processed films could be improved

by optimizing the conversion process from Pbl, to perovskite films.

One possible route to enhance the reaction of Pbl, and CH3NH3sI is controlling the density of

Pbl, films. There is a report on effect of the Pbl, density on photovoltaic performance [8]. In the
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report, perovskite films are fabricated by reacting spin-coated Pbl, films and CH3NH3I solution.
The PCE of resulted PSCs were enhanced from 1.51% to 10.67% by decreasing the density of Pbl»
films. The lower density Pbl; films react with CH3NH;I gas easier than dense Pbl> films. It leads
uniform perovskite films and enhance the performance of PSCs. In sputtering process, the density
of sputtered films can be controlled by sputtering conditions [9]. From a Thornton model, pressure
and substrate temperature during sputtering affect the morphology of sputtered films. Therefore,
it is expected that film density of sputtered Pbl, films can be controlled by changing those
sputtering conditions. Another route is reaction of Pbl> films and CH3NH;I gas under low-pressure
conditions. It is possible to achieve faster vapor diffusion rate and lower sublimation temperature
of CH3NHsI under low-pressure conditions. It leads shorter reaction time for perovskite film
formation and provide uniform perovskite films [10-12]. It is expected that photovoltaic

performance of sputter processed PSCs will be improved by combining above strategies.

Table 4.1 J-V characteristics of a best performing solar cell

Direction Jsc (mA/cm?) Voc (V) FF PCE (%)
Forward 341 0.649 0.460 1.02
Reverse 3.61 0.813 0.628 1.84
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Figure 4.5 J-V curves of best performing perovskite solar cells including sputter processed perovskite film.
The black and red line represent J-V curves recorded during forward scan and reverse scan, respectively.
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Figure 4.6 External quantum efficiency (EQE) spectra of best performing perovskite solar cells. The black
and red lines represent EQE spectra measured without and with a bias voltage of -0.5 V, respectively.
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4.5 Morphology of sputter processed perovskite films deposited on

textured substrates

Figure 4.7 (a) shows a cross-sectional SEM image of a solar cell using sputter processed
perovskite films. From the cross-sectional SEM image, it can be confirmed that a sputter processed
perovskite film has homogeneous interface between the perovskite layer and the Spiro-OMeTAD
layer. In addition, the bottom side of the perovskite film has a similar morphology with those of
the FTO substrate and TiO» layer. Figure 4.7 (b) shows a cross-sectional SEM image of'a Pbl> film
sputtered on TiO, layer. These results indicate that homogeneous Pbl> and/or perovskite films can

be fabricated by sputtering even if the substrates have a nanometer-scale roughness.

To confirm the morphology of sputter processed Pbl, and perovskite films fabricated on
substrates with a micrometer-scale roughness, these films were fabricated on random-pyramid-
textured Si substrates. Figure 4.8 shows the cross-sectional images of the Pbl, film sputtered on
the textured Si substrate. As shown in Figure 4.8 (a), the films thickness of sputter processed films
were uniform even when it located on top and between the pyramid structures. In addition, it was
confirmed that pyramid surface is entirely covered with sputtered Pbl, as shown in Figure 4.8 (b).
Sputtered perovskite films showed same tendency as shown in Figure 4.9. These results indicate

various kinds of substrates are available for sputter processed PSCs.
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Figure 4.7 Cross-sectional SEM images of (a) completed solar cell and (b) Pbl film sputtered on a
FTO/TiO; substrate.

5.0kV x30.0k SE 1.00pm [l 5.0kV x10.0k SE '5.00um

5.0kV x10.0k SE

Figure 4.9 Sputter processed perovskite films deposited on random-pyramid-textured Si substrates.
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4.6 Summary

In this chapter, sputtering process was suggested as novel fabrication process of PSCs and the
sputter processed perovskite films and PSCs were evaluated. From the XRD measurement and
UV/vis spectroscopy, it was confirmed that CH3NH3Pblz perovskite films could be synthesized
from sputtered Pbl> films. After sputtering process for perovskite films have been established,
PSCs were fabricated using sputter processed perovskite films. From J-J measurement, a PCE of
1.84% was confirmed in PSCs employing sputter processed perovskite films. The EQE of the
sputter processed PSCs was markedly increased by applying a reverse bias voltage during
measurements. It indicated that the photovoltaic performance of sputter processed PSCs will be
improved by reducing the number of defects in the perovskite films. Cross-sectional SEM
observation of sputter processed films deposited on random-pyramid-textured Si substrates
revealed that homogeneous Pbl, and/or perovskite films can be fabricated on substrates with a

large roughness.

Results described in this chapter indicate that sputtering process, which has used for industrial
using, can be applied for fabrication of PSCs. Because homogeneous and large films can be
fabricated with reproducibility by sputtering, it might contribute to solve the problems of PSCs. In
addition, knowledge obtained in this chapter will contribute to the growth of not only PSCs field

but also other research field such as tandem solar cells.
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Chapter 5

Conclusions

5.1 Conclusions

In this work, PSCs were suggested as power sources for IoT applications and the low-
illuminance characteristics were investigated. In addition, sputtering process was suggested as a
novel fabrication process to overcome poor reliability of PSCs. Results obtained each chapters are

summarized below.

In Chapter 2, characteristics of PSCs were investigated under various light intensities with AM
1.5 spectrum, which is similar to emission spectrum of sunlight. From J-V measurements, it was
clarified that PSCs can maintain higher Voc value under low-illuminance conditions than a-Si solar
cells, which has been used for indoor applications. Spectral sensitivity of PSCs was also
investigated under low-illuminance conditions by EQE measurements. As a result, PSCs showed
acceptable spectral response in wavelength range of 400-700 nm, which is included in typical
indoor lighting such as white LED or fluorescent lamp. These results indicate PSCs work
efficiently even under low-illuminance conditions. The internal resistance of PSCs was evaluated
with impedance spectroscopy under various light intensities. From the results, it was considered
that the mp-TiO> layer included in mesostructured PSCs acts as an internal resistance and
decreases Voc under low-illuminance conditions. Therefore, planar type PSCs were suggested as

suitable device structure under low-illuminance conditions and the J-V characteristics were
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evaluated. Planar type PSCs kept higher Voc than mesostructured PSCs under low-illuminance

conditions.

In Chapter 3, characteristics of PSCs were investigated under fluorescent lamp illumination,
which is one of the indoor lightings. It was confirmed that 3-cat-Br16 PSCs, which have optimum
band gap for AM 1.5 spectrum showed PCE of 27.1% under 200 Ix condition. In addition, 3-cat-
Br50 PSCs, which of band gap was tuned, showed PCE of over 30% under 200 Ix illumination.
These values are highest value compared with that of other kind of solar cells under similar light
intensities. Commonly, bromide doping causes lower photovoltaics performance due to form
recombination site in perovskite layer under 1 sun condition. Results described in this chapter
indicate the phase segregation affect slight influence on photovoltaic performance of PSCs under
low-illuminance conditions. From stability test, PSCs stored under ambient condition showed 93%

of its initial PCE after being stored for approximately a month.

In Chapter 4, sputtering process was suggested as novel fabrication process of PSCs and the
sputter processed perovskite films and PSCs were evaluated. From the XRD measurement and
UV/vis spectroscopy, it was confirmed that CH3NH3Pbls perovskite films could be synthesized
from sputtered Pbl, films. After sputtering process for perovskite films have been established,
PSCs were fabricated using sputter processed perovskite films. From J-J measurement, a PCE of
1.84% was confirmed in PSCs employing sputter processed perovskite films. The EQE of the
sputter processed PSCs was markedly increased by applying a reverse bias voltage during
measurements. It indicated that there is still room to improve the PCE of PSCs by reducing the

number of defects in the perovskite films.
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In this study, it is revealed that PSC shows low voltage losses under low-illuminance conditions
and it works efficiently under indoor lighting such as fluorescent lamp. Moreover, strategies to
achieve higher PCE PSCs under low-illuminance conditions are suggested such as device structure
and composition of light absorbing layer. In addition, sputtering process, which will solve
problems of PSCs, are established. Results obtained in this study indicates that PSCs have great
potential for power sources of IoT applications. Thus, this thesis will contribute to further

advancement of IoT society and will enrich human life.

5.2 Suggestions for future work

Power sources of sensors are considered as one of the IoT applications of PSCs. In this system,
sensing devices and wireless communication unit require power supply. Assuming the required
consumed power as 200 pW, over 10 cm? device area is needed when the condition is same as in
this thesis. To reduce the device area, some PSCs should be connected in series. Laser-scribing
patterning has already been established for perovskite solar modules, and this technique probably
available for smaller sized PSCs [1-3]. When 3 PSCs are connected in series, 4 cm? is enough to
ensure 200 uW. However, it is difficult to put the sensors under light irradiation at all time.
Therefore, combination with other power sources such as thermoelectric devices should be
considered. Also, the power output of PSCs will decrease due to its deterioration. Thus, it is also

considerable that to establish replaceable PSCs system.

Even focused on only PSCs, several topics need to investigate are still remained. Some of the

topics from results in this thesis are described below.

87



Chapter 5 Conclusions

1. Investigation of low-illuminance characteristics of Pb-free PSCs

PSCs showing high PCE include Pb element that is toxic in their composition. Particularly, Pb
element should be eliminated for indoor using. There are already some reports on Pb-free PSCs
using Sn, Sb, Bi, and Ti instead of Pb element [4-8]. However, there are no reports on low-
illuminance characteristics on Pb-free PSCs. To investigate the characteristics will give us further

interesting knowledge.

2. Phase segregation of perovskite films under low-illuminance conditions

This study demonstrated that bromide doping is an effective method to improve the photovoltaic
performance of PSCs under indoor lighting. However, bromide-rich PSCs suffer from phase
segregation under light illumination. It seemed that effect of the phase segregation on the
performance of PSCs under low-illuminance condition is small. However, there are no findings
showing state of bromide-rich perovskite films after exposed to indoor lightings long time.
Therefore, systematical investigation on phase segregation under low-illuminance condition is

necessary for practical using of PSCs under indoor lightings.

3. Improving sputter process for PSCs

Although sputter processed PSCs showed photovoltaic performance, the PCE is lower than that
of conventional PSCs. Improving the PCE is mandatory for practical using of sputter processed
PSCs. As described in Chapter 4, film density of Pbl, plays an important role in PCE of PSCs. The
film density can be controlled by changing the sputtering conditions. Therefore, to investigate the
effect of Pbly sputter conditions on PSCs performance is necessary to further development of

sputter processed PSCs.
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A. Evaluate the phase segregation of mixed-halide perovskite films

In Chapter 3, it was suggested that phase segregation of mixed-halide perovskite materials
occurs under light illumination. Here, EQE measurement and fluorescent spectroscopy are applied

to evaluate the phase segregation.

A.1 Evaluation with EQE measurements

Figure A.1 (a) shows EQE spectra of a 3-cat-Br50 PSC. The sample showed response between
300 nm to 700 nm, which consistent with its absorption spectrum. The EQE value increased with
the number of measurements. This is probably from defects in perovskite layer or interfaces. By
contrast, there are no difference in the wavelength range of over 700 nm as shown in Figure A.1l
(b). Figure A.2 shows EQE spectra of the 3-cat-Br50 PSCs measured with and without bias white
light. The light intensity of white bias light is 100 mW/cm?. When the white bias light is applied,
EQE value increased in the wavelength range of over 700 nm. This result indicates that lower

bandgap components appeared during light illumination.
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Figure A.1 External quantum efficiency spectra of 3-cat-Br50 perovskite solar cells measured several times
with same condition.
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Figure A.2 External quantum efficiency (EQE) spectra of 3-cat-Br50 perovskite solar cells measured with

white bias light. The green and orange lines represent EQE spectra measured without and with white bias
light, respectively.
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A.2 Evaluation with fluorescent spectroscopy

Figure A.3 shows emission spectra of a 3-cat-Br50 perovskite film before and after light
exposure. The excitation wavelength is 455 nm. The pristine film shows an emission peak at 680
nm. After light exposure, another emission peak appeared at 720 nm. In addition, the intensity of
the peak at 720 nm increased with light exposure time. This result also indicates light irradiation
causes phase segregation of bromide-rich perovskite films. Figure A.4 shows emission spectra of
the 3-cat-Br50 perovskite film stored under dark condition after light irradiation tests. The peak
intensity at 720 nm became small after stored dark conditions. This tendency is consistent with

previous reports on phase segregation of perovskite films [1].

Same investigation was carried out using fluorescent lamp (Intensity: 0.7 mW). Figure A.5
shows emission spectra of 3-cat-Br50 perovskite films before and after fluorescent lamp irradiation
7 h. There were no additional peaks after fluorescent lamp irradiation. This results indicates the
influence of phase segregation on J-J characteristics of PSCs is negligible under low-illuminance
conditions. However, further investigation is necessary to conclude it. For example, the effect of

longer irradiation time or applying voltage should be evaluated.
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Figure A.3 Emission spectra of 3-cat-Br50 films. The black, red, blue, and orange lines represent emission
spectra after 0, 10, 30, and 60 min light irradiation, respectively.
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Figure A.4 Emission spectra of 3-cat-Br50 films stored dark condition after light irradiation tests. The
black, red, and blue lines represent emission spectra after stored dark condition 0, 1.5, and 4.5 h,
respectively.
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Figure A.5 Emission spectra of a 3-cat-Br50 film. The black and red lines represent before and after
fluorescent lamp irradiation, respectively.
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B. Fabrication of perovskite films via 1-step sputtering process

In Chapter 4, perovskite films were synthesized by reacting sputtered Pbl, films and CH3NH;3I
gas. To establish more convenient process, 1-step sputtering process, that uses perovskite

compounds as sputtering target, was investigated.

B.1 Fabrication of CH3:NH3PbI; films

Firstly, conventional perovskite CH3NH3Pbl; was investigated. The sputtering target was
synthesized by mixing Pbl, powder and CH3NH3I powder. Figure B.1 (a) shows XRD patterns of
1-step sputtered perovskite films. In the first sputtering, there was no Pbl, peak at 12°. However,
in the second sputtering, it was confirmed that sputtered perovskite films include a Pbl, peak.
Although CH3NH3Pbl; powder shows black color, a part of sputtering target became yellow after
sputtering as shown in Figure B.1 (b). This indicates CH3NH3I sublimed during sputtering and

only yellow Pbl, powder remains in the sputtering target.

To overcome above problem, excess amount of CH3NH3l powder was introduced in the
sputtering target. Figure B.2 (a) shows XRD patterns of sputter processed perovskite films using
CH3NH;lI-rich sputtering target (Pbl2:CH3NH3I = 1:2 in molar ratio). The strongest peak at 9° in
first and second sputtering is from CH3NH3I. The CH3NHsI peak disappeared in third sputtering.
Comparing the Pbl, peak at 12°, the peak intensity became stronger in second sputtering than first
one. However, there was no clear Pbl; peak in the XRD pattern of third sputtering. After the third

sputtering, the state of sputtering target was confirmed. Figure B.2 (b) photo image of CH3NH;I-
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rich perovskite sputtering target after sputtering. There was also yellow region as well as the

stoichiometric target. This result indicate CH3NH;3Pbl; is not suitable for 1-step sputtering.
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Figure B.1 (a) XRD patterns of 1-step sputtered CH3NH;Pbl; films. (b) Photo image of CH3;NH3Pbl;
sputtering target after sputtering. The molar ratio of Pbl,:CH3NHsl is 1:1. The surface of the target was

scratched using spatula.
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Figure B.2 (a) XRD patterns of 1-step sputtered CH3NH;Pbl; films. (b) Photo image of CH3;NH3Pbl;
sputtering target after sputtering. The molar ratio of Pbl,:CH3NHsl is 1:2. The surface of the target was
scratched using spatula.
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B.2 Fabrication of Cs3Bizly

From the investigation of CH3NH3Pbl3, it is considered that sublimation cation is not suitable
for 1-step sputtering. Therefore, Cs3Bizlo including non-sublimation cation, Csl, was applied as a

sputtering material.

Cs3Bi2lo powder was synthesized using Csl and Bil; powder. Firstly, Csl and Bil; were
dissolved in DMF with molar ratio of 3:2. After clear solution was obtained, the solution was
added into toluene that is an anti-solvent. The precipitate was rinsed with diethyl ether and dried

at 100°C overnight in N> gas filled glovebox.

To check the composition of synthesized powder, the powder was dissolved in DMF and spin-
coated on glass substrates. Figure B.3 (a) shows the XRD pattern of solution-processed Cs3Bilo
films. The diffraction pattern was consistent with that of Cs3Bixlo. Figure B.3 (b) shows the Tauc
plot of spin-coated Cs3Bixl9 film. The bandgap was estimated as 2.2 eV, which is consistent with

literature value [2].

The synthesized powder and spin-coated films showed reddish orange color. However, sputtered
films showed blackish color as shown in Figure B.4. Sputter processed films showed clearly
difference XRD pattern and bandgap as shown in Figure B.5. From the XRD pattern, the
composition of sputtered films was assigned as Bilz. A safety data sheet (from Kojundo Chemical
Laboratory) and a literature indicates Bils is one of a sublimation compound [3]. Therefore, it is
considered that Bils is sputtered faster than Csl and as a result, deposited films are almost consisted

with Bil;. Figure B.6 shows photo images of Cs3Bixlo target before and after sputtering. There
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were entirely white region after sputtering. Because the color of Csl powder is white, it is

considered that Csl tend to remain in the target after sputtering.
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Figure B.3 (a) XRD pattern and (b) Tauc plot of spin-coated Cs3Bi»ly films.

Figure B.4 Photo image of the sputtered film using Cs3Bizlo powder.

106



~
L

Intensity (a. u.)

Appendix

(b)
Q
P
S~ o
> o
e o
2 S
10 20 30 40 50 1.7 1.8 1.9 2.0
20 (Degree) hv (eV)

Figure B.5 (a) XRD pattern and (b) Tauc plot of sputtered films using Cs3Bizlo powder.

Figure B.6 Photo image of Cs;3Bizlo sputtering target (a) before and (b) after sputtering.

107



Appendix

B.3 Fabrication of CsPbls films

From above investigations, it is considered that both cation and metal halide should be non-
sublimation materials to achieve 1-step processed perovskite films. Therefore, CsPbls, consisted
with CsI and Pbl> was applied as sputtering target. Csl and Pbl, mixed powder (molar ratio 1:1)

was used as sputtering target.

Figure B.7 shows photo images of sputtered CsPbl; films at 200°C. The pristine film showed
blackish color as shown in Figure B.7 (a). After exposed to air, the color became yellow as shown

in Figure B.7 (b).

It is reported that CsPbl; has several crystal structures [4, 5]. Black color a-CsPbls, which shows
photovoltaic performance, is obtained at high temperature (over 300°C). When the a-CsPbls is
exposed to air at room temperature, it becomes yellow color 6-CsPbls, which does not show
photovoltaic performance. Because the behavior of sputter-processed films is similar to above
phenomena, it is considered that the sputter-processed films are CsPbls. Actually, it was confirmed

that the sputtered films become black color again after annealing in N2 filled glovebox.

XRD patterns of sputter-processed yellow films are compared with that of solution-processed
8-CsPbls films. The sputtered yellow films showed similar XRD patterns with solution-processed
films as shown in Figure B.8. Therefore, it is considered that CsPbls films were successfully

obtained by 1-step sputtering process.

Results in this section indicate that it is necessary to choose non-sublimation cation and metal

halide as starting materials to achieve 1-step sputter-processed perovskite films.
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Figure B.7 Photo images of sputtered CsPbl; films. (a) Pristine film and (b) after air exposure.

(@)

(b)

SIEWY

10 20 30 40
20 (Degree)

Intensity (a. u.)

Figure B.8 XRD patterns of (a) sputter processed (b) solution processed CsPbl; films.
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C. EDX mapping of sputter processed Pbl> and MAPDbI; films

C.1 EDX mapping of sputter Pbl; films

When the sputter process is applied to fabricate mesostructured PSCs, there is a concern that
sputtered Pbl, particles cannot penetrate in mp-TiO> layer. Therefore, cross-sectional SEM
observation was carried out. Figure C.1 shows cross-sectional SEM image of a Pbl, deposited on
FTO/mp-TiO: substrate. It seemed that Pbl, film was formed on mp-TiO> layer. To evaluate in
more detail, EDX mapping was taken using same sample. Figure C.2 shows EDX mapping of Sn,
Pb, and Ti elements. Sn element existed along with FTO region. Pb element showed
inhomogeneous distribution and surface region showed brighter color than bottom side. By
contrast, T1 element showed blight color near the FTO region. These results indicate that sputtered
Pbl, films cannot penetrate uniformly in mp-TiO; layer. Therefore, planar structure was chosen as
device architecture of sputter processed PSCs in this thesis. However, large noise in the EDX

mappings indicates that further investigation is necessary to conclude suitable device architecture.
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Figure C.1 cross-sectional SEM image of Pbl, film sputtered on FTO/mp-TiOs.

Figure C.2 EDX mapping of FTO/mp-TiO»/Pbl,.The pink, yellow, and aqua color mapping represent Sn,
Pb, and Ti, respectively.
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C.2 EDX mapping of sputter processed CH3NH3Pbl3 films

In order to evaluate the composition of sputter processed perovskite films, EDX measurement
was carried out with perovskite films deposited on Si substrates. Figure C.3 shows EDX mapping
of C, N, Pb, I, and Si elements. The perovskite/Si substrate interface could be recognized from Si
and Pb/I mapping. It was also confirmed that carbon and nitrogen elements existed at around the

interface of perovskite/Si substrate. It indicates CH3NH;I gas can penetrate in sputtered Pbl, films.

200.0nm +—

Figure C.3 EDX mapping of sputter processed perovskite films deposited on random-pyramid-textured Si
substrates. The red, green, yellow, pink, and blue color mapping represent C, N, Pb, I, and Si,
respectively.
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