Process Improvement of Thin Film Photovoltaic Devices
with Studies on the Effect of Electron Transporting Layer

August 2017

ARIYARIT, Atthaporn



A Thesis for the Degree of Ph.D. in Integrated Design Engineering

Process Improvement of Thin Film Photovoltaic Devices
with Studies on the Effect of Electron Transporting Layer

August 2017

Graduate School of Science and Technology
Keio University

ARIYARIT, Atthaporn



Abstract

Given depleted petroleum reserve levels and increasing global warming, studies of
photovoltaic devices have increased in volume. However, the production cost of
photovoltaic energy is still higher than other types of energy devices. Therefore,
increasing the power efficiency of photovoltaic is one choice to solve this problem.
Generally, there are many ways to increase power efficiency such as developing new
structures of photovoltaic, designing the photovoltaic module in an improved manner,
and developing new material for photovoltaic devices. This study focuses on the
development of photovoltaic devices and the effect of titanium dioxide in types of organic
thin film solar cells (OSCs) and perovskite solar cells (PVSCs). The purpose of studying
OSCs are its characteristics: 1) non-toxic material 2) fabrication with wet process like
spin-coating, dipping or screen printing and 3) this type of device can be developed for
semi-transparent flexible devices. The purpose of studying PVSCs are as follows: 1)
fabrication at low temperature 2) the material for fabricating these devices is cheaper than
other type of photovoltaic and 3) these devices have high efficiency. Both of these devices
require electron transporting layer. Therefore, this thesis also includes the fabrication,
optimized process and characterize of electron transporting layer thin film and studies the

effect of electron transporting layer in photovoltaic devices.
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Chapter 1

Introduction

Solar photovoltaic devices are commonly known for their ability to generate electrical
power from light energy. These products are sustainable, can be used in every area around
the world and offer cleaner energy. However, the production cost per watts and
production power consumption are still high. Therefore, the development of reduced
production cost, lower process temperature and less toxic environment for fabricating this

product are very interesting to studies, and to future potential use.
1.1 History of photovoltaic

The first photovoltaic was developed by Charles Fritts in 1883 on the substrate selenium
wafers. In 1954, the first generation of photovoltaic commenced, with the success of
crystalline silicon solar cell [1-2]. The research of first generation photovoltaic focused
on theory with homo-junction structure and studied it on crystalline wafer based substrate
such as monocrystalline-Silicon solar cell(c-Si) [3-4], polycrystalline-silicon solar

cell(poly-Si) [5-6], Gallium-Arsenide [7] and multi-junction solar cell [8-11].



However, the costs of the substrate to fabricate the photovoltaic in the first generation
were high. Therefore, the researchers in the second generation of photovoltaic focused on
decreasing the cost of fabricated photovoltaic. A key idea from this era was developing
the thin film structure for photovoltaic. The examples of the second generation
photovoltaic are amorphous silicon solar cell(a-Si) [12-14], tandem solar cell (a-si/u-Si
Solar cell) [15-19], heterojunction intrinsic thin layer solar cell(HIT) [20,21], CdS/CdTe

solar cell [22-24] and Cu(In,Ga)Se solar cell (CIGS) [25-30].

The next generation of photovoltaic, the third generation, also focused on decreasing
fabrication cost by material engineering of photovoltaic. The main objective of
development in this era was higher power conversion efficiency (PCE) with lower cost
and a greener process [31-35]. The main type of solar cell in this era are organic thin film
solar cell (OSC) [36-40], Dye-sensitized solar cell (DSSC) [41-43], Cu(Zn,Sn)Se solar

cell (CZTS) [44-47] and Perovskite solar cell (PVSC) [48-52].

The summary generation of photovoltaic are shown in Fig. 1-1. Fig. 1-2 shows the
development of highest PCE of each type of photovoltaic by time. From this graph, the
type of photovoltaic cell which demonstrates the highest efficiency among photovoltaic
cells is the multi-junction cell developed by Fraunhofer-Institute for Solar Energy

Systems(ISE) [53].



1.2 Background

1.2.10rganic thin film solar cell

The recent development of photovoltaic field required improvements in material like
OSCs and PVSCs. The OSCs were developed based on the conductivity in halogen doped
organic compound in 1954, but these compounds were not stable [54]. Over several
years, much research has focused on the charge transport properties of small molecules

[55].

The first OSCs were based on active layer by single material with different work function
material of two-sided electrodes [56]. However, these devices still have low efficiency,
with PCE lower than 1%, due to not enough process temperature and the thickness of
sample being too high (much higher than exciton diffusion length). After that, the first
organic bilayer solar cells were developed by Tang et al. in the late 1970s [57]. This
organic bilayer solar cell devices were made of two conjugated small molecules and
achieved a PCE of around 1%. The typical type of OSCs is shown in Fig. 2(a). The
limiting factor of this concept is the layer thickness of the absorbing material, which is

much higher than the diffusion exciton length.

In the early 1990s, this problem was addressed solved by combining donor and acceptor
in the same layer, which named as “bulk heterojunction solar cell” [58]. The structure of
the bulk heterojunction solar cell is show in Fig 2(b). This structure has the advantage of
being able to dissociate excitons very efficiently over the whole extent of the solar cell,
and thus generating electron-hole pairs throughout the films. The requirement for efficient
bulk heterojunction solar cells is good control of surface morphology. However, this type

of OSCs remain in need of improved efficiency and optimization.



After the first devices of bulk heterojunction solar cell, many research groups improved
the efficiency of OSCs by making use of new processes: Li et al. developed high-
efficiency solution processable polymer photovoltaic cells by self-organization of
polymer blends in 2005 [59], Aernouts et al. developed polymer-based organic solar cells
using ink-jet printed active layers in 2008 [60], and Srinivasan et al. developed
PTB7:PC71BM by using the Spray-Coating Method in 2015[61]. Some research groups
developed new material for OSC: Peumans et al. developed small molecular weight
organic thin-film photodetectors and solar cells in 2003 [62], Collins et al. developed

PTB7: PC71BM solar cells in 2012 [ 63].

1.2.2 Perovskite Solar Cell

The first perovskite solar cell device was developed by Miyasaka et a/ in 2009 with

efficiency of 3.8% [64]. However, the first devices contained a liquid electrolyte and

received little attention as they were inefficient and unstable. In 2012, the first solid-state
cells were developed with an efficiency around 10%. Since then, the device performance
of perovskite solar cell have rapidly progressed and the best PCE record over 22% in mid-

2016 [65, 66]. This rapid improvement in performance was because of inexpensive
fabrication, easy processing and excellent material properties [67-70]. Moreover, high

quality perovskite thin films can be fabricated with solution and vapor based deposition
methods. Many of these methods are possible to fabricate with large-scale, flexible and
semitransparent, which increased the features of commercialization of perovskite solar

cells [71-76]. In addition to the choice of fabrication process, perovskite materials also

have outstanding optoelectronics properties that can benefit photovoltaic application [77-

801.



The outstanding properties of this material are 1) the band gap of MAPbI; is 1.55 eV
which is nearly ideal of single-junction solar cells exposed to the solar spectrum, and it

can be adjust the band gap from 1.5 to 2.3 eV[81, 82], 2) this material also has a higher

absorption coefficient than other photovoltaic material like Si,CdTe/CdS, CIGS and a-Si,

so the thickness of this material can decrease to 300 nm[83, 84], 3) high electron and hole

mobility of this material are in order of 10 to 60 cm?/Vs and long carrier lifetime (around
100 nm) resulting in long diffusion lengths(around 1 um) so the charge carriers can easy
to transport across the 300 nm thickness of perovskite absorber layer before
recombination [85, 86], and 4) Due to electronic defect are shallow and relatively
harmless so the non-radiative recombination rates are low, benefitting an increase the

open-circuit voltage (Voc) over 1 V [87, 88].

The first PVSCs were used as a direct replacement for dye sensitizer in the DSSCs. The
conventional DSSC structure use a thick porous TiO> layer that is coated and absorb dye

material [89-90]. In these devices, TiO; is used to transport the electron and block the

hole, while the electrolyte is used as a hole conductor. The original perovskite solar cell
was also developed with this structure. After that the mesoporous electron transporting
layer (ETLs) were developed and replaced the liquid electrolyte with solid-state hole
conductors, which have the advantage of being developed for thin-film structure like
OSCs [91-95]. The name of this structure is n-i-p mesoporous perovskite solar cell (Fig.
1-3a). To develop the structure of PVSCs, some research groups succeeded in developing
a planar device structure for PVSCs. The planar devices use perovskite material for
absorber with sandwiched layer between dense ETLs, without mesoporous layer, and hole

transporting layers (HTLs) [96-99]. The planar PVSCs can be classified into two types,

based on which layer one first encounters. The two types of perovskite solar cell are n-i-



p (Fig. 1-3c) and invert-type p-i-n structure (Fig. 1-3d). Recently, a mesoporous p-i-n

structure has also been developed (Fig. 1-3b). Due to having many choices for fabrication,

the band gap architecture used for determining the material selection of transporting layer,
both ETLs and HTLs, and collector material, cathode and anode, for optimizing the best

structure of solar cell [100-105]. Many kinds of materials can fabricate ETL and HTL,

and these include metal oxide material such as ZnO, SnO», Al,O3; and NiOx [106-112]

and organic material such as P3HT, PCBM, PEDOT:PSS and PTB7 [113-120].

Due to early era of PVSCs, the problems in the fabrication process still have many point
which improvement is necessary. One of the major problems in this type of devices is

that they aren’t stable in humid conditions [121-122]. This severely affects cells’ lifetime.

Therefore, some researches try to increase the lifetime of cells using encapsulate
technique, changing the perovskite solvent in fabrication or trying to fabricate a two-

dimensional perovskite solar cell [123-125]. This problem also has effects on the surface
morphology of perovskite when fabricated [126-127]. The other problem with these

devices is they are not stable and react with some materials such as silver or Cul, so this

type of material can’t be fabricated directly on the perovskite layer [128-129].

1.3 Objective of Study

Global warming is currently an international key issue [130-131]. Moreover, the energy
produced by petroleum has nearly been exhausted. Therefore, people want to produce
energy without fuel. Photovoltaic is one choice for renewable energy. It can produce
electricity but does not use oil and therefore does not contribute to global warming. It

cans covert solar energy to electrical energy. However, solar cell face’s problems to do



with efficiency, toxicity and production cost. The thesis dissertation is arranged as shown

in Fig. 1-4.

In Chapter 2, Titanium oxide material(TiOx) is considered. This is commonly material
using for material application such as anti-refraction layer, super hydrophobic surface,
photocatalyst and electron transporting layer in solar cell (ETL) [132-135]. In this
chapter, the TiOy layers were fabricated by Spray layer-by-layer (spray-LBL) used for
ETL in semitransparent organic thin film solar cell [136-138]. The properties of TiOx
when fabricated with spray LBL are explained, and we study the effect of post annealed
temperature. Moreover, TiOy fabricated by spray LBL are also chosen for ETLs layer in

OSCs, and we study the post annealed temperature and the changing PCE of OSC devices.

In Chapter 3, OSCs were developed for decreasing the toxicity effect by using organic
solvent that is very environmentally-friendly. However, this type of solar cell still has
problems, owing to the high cost of materials like PCBM, PTB7 or P3HT [139-141]. The
high temperature to fabricated metal oxide layer in OSCs also problem for fabrication.
Therefore, one target for this study is tried to decrease the fabrication temperature with
safety materials for OSCs. We use the benefit of low absorption wavelength of organics
solar cell to fabricated semitransparent organic thin film solar cell [142,143]. The organic
thin film solar cell are fabricated on F:Sn;O; (FTO) glass. Then laminated the back
electrode contact with silver nano-network (Ag-NWs). The device structures of this study
are FTO/TiO2/P3HT:PCBM/PEDOT:PSS/Ag-NWs. Due to benefits of our experiment
process, the flexible solar cell can also be fabricated on flexible substrate [144]. This
chapter also introduces the fabrication of flexible of OSCs on ITO PEN substrate with

structure ITO PEN/TiO2/P3HT:PCBM/ PEDOT:PSS/Ag.



To decrease the production cost of photovoltaic, the developed material of photovoltaic
materials are required. One option to fabricate low cost solar cell is PVSCs. This type of
device can be fabricated with low cost material, a simple fabrication process and low
temperature. In chapter 4, PVSCs were fabricated using a two-step method because this
technique can improve surface coverage with high reproducibility [145-147]. To finding
the “optimum condition” through such a variety of systems in fabricating PVSCs might
make the process complicated. This chapter also explains the development of an
optimization tool for perovskite layer. The development with the low-temperature
fabrication process of PVSCs, based on structure FTO/SnOz/perovskite/Spiro-
oMeted/Au, by using Latin hypercube sampling (LHS)[148-150] for Design of
experiment(DoE), where we randomly chose only 12 conditions for two factors with 12
levels each. DoE by LHS drastically decreases the number of experiments while keeping
the uniformity through the experimental space. After conducting the experiment, we
investigated the reasonability of result efficiency via material characterizations such as
morphology and crystalline property. Then we utilized kriging model and a fast and elitist
multiobjective genetic algorithm (NSGA-II) to model the output efficiency and optimum

condition random efficient with a low sampling point [151-153].

The high PCE of PVSCs are demonstrated across multiple independent research studies
[65-66]. Most of the reports which improve fabrication method of PVSCs are focused on
the small active area, and only few report on large surface (in cm? scale area) fabrication
processes [154-155]. However, there are only a few reports of fabricating a large area
PVSCs at atmospheric pressure. Such areas face several hindrances: 1) a large amount of
incomplete reaction, remain high amount of Pbl,, 2) large amounts of pin-hole in

perovskite surface and 3) low reproducibility rate.



In chapter 5, the designed fabrication process of perovskite layer is demonstrated, which
is named “dynamic spin-washing method” with a conventional mesoporous-TiO; based
structure device for a cm? scale area at atmospheric pressure, and humidity of less than
40%. The key for developing a two-step method is “dynamic spin-washing” process after
dipping in an MAI solution. This experiment demonstrates that our washing process has

benefits to improving the uniformity and quality of perovskite crystalline thin film.

Chapter 6 gives conclusion and implication for future works as a last chapter. Here, the

overall conclusion indicates the significance of this thesis.
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Fig. 1-2 The highest PCE of each type of solar cell with time published by Progress in Photovoltaics [66]
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Fig. 1-3 Schematic diagrams of perovskite solar cells in the (a) n-i-p mesoscopic, (b) n-

i-p planar,(c) p-i-n planar, and (d) p-i-n mesoscopic structures.
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Fig. 1-4 The overview of this thesis
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Chapter 2

Titanium Dioxide Layer in Organic Thin
Film Solar cell

2.1 Introduction

Titanium dioxide (Ti0>) is one of the most popular materials to use for many applications
like anti-refraction layer, photocatalytic, super-hydrophobic and electron transport layer
in solar cells, [1-4] its because of high band gap, high chemical and optical stabilities,
non-toxicity, low cost and corrosion resistance. [5-7] There are four common crystal
structures found in nature; i.e. Anatase(tetragonal), Rutile(tetragonal), brookite
(orthorhombic), and TiO2(B)(monoclinic). [8-10] However only Anatase and Rutile
phases are acceptable to use for electron transport layer in photovoltaic.[11-12] TiO>
Rutile phase is the most thermodynamically stable of TiO: at all temperature, the total
free energy of it is lower than metastable phase of anatase and brookite. Anatase phase is
the best TiO» structure for photovoltaic application due to high conduction band edge

energy and lower recombination of electron-hole pairs. [13]

In the previous studies, the TiO, layer has been prepared from toxic materials such as
TiCls and TiF4, [14-15] which should constrict industrialization from the perspective of
safety, short fabrication time and applications for large area devices. Poly
(diallyldimethylammonium chloride) (PDDA), titanium (IV) bis (ammonium lactato)
dihydroxide (TALH) was selected for this experiment to deposit TiO» layer on FTO

substrate.
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In this chapter, TiO> fabricated by spray LBL with water base and non-toxic pollution are
used for ETLs in organic solar. This chapter also studies the effect of film thickness and

annealed temperature related with the photovoltaic performance.

2.2 Experiment

2.2.1 TiO; electron transport layers

In this experiment, we fabricated TiO; for organic solar cell by Spray-LBL. An automatic
spray-LBL machine was developed in our previous research. To prepare a single bilayer,
the FTO glass and the glass substrate were alternately sprayed with a PDDA cationic
solution (10 mM, pH 5.5) and a TALH anionic suspension (0.1 wt.%, pH 3.5), and were
rinsed three times with pure water after deposition of each layer. The film thickness was
controlled by controlling the number of bilayers that were applied. The spray conditions
including a spray nozzle diameter of 1.2 mm, droplet sizes in the 10-100 pm range,
solution and water flow rates adjusted to 4.0 mL/min. The distance between substrate and
nozzle was fixed at 15 cm, and the spray pressure was controlled at 0.05 MPa. After
precursor film preparation by spray-LBL, the samples were annealed at various
temperatures (300, 350, 400, 450 and 500°C) for 60 min to prepare titanium dioxide

layers.

2.2.2 Characterization

Field emission scanning electron microscope (FE-SEM) images were taken using a FE-
SEM (S-4700, Hitachi, Japan) with an accelerating voltage of 5 kV to characterize the
surface topography of the films. Film thickness and the refractive index of the thin films
coated on the substrates were determined by ellipsometry (MARY-102, Five Lab, Japan)

and film thickness measurements (Dektak; 3030, ULVAC, Japan). Transmittance in the
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spectral range of 200 to 1000 nm were measured by a spectrophotometer (UVmini-1240,
Shimadzu, Japan). Haze values of the films were measured by a haze meter (NDH-5000,
Nippon Denshoku Industries, Tokyo, Japan) with a white light-emitting diode (5 V, 3 W)
as an optical source. Crystallization of TiO2 layer was analyzed by a XRD (DS,
DISCOVER, Bruker, Japan) with Cu Ka radiation (40 kV, 40 mA), at a scan rate and a
step size of 2°/min and 0.01°, respectively. The surface elemental composition of samples

was identified by X-ray photoelectron spectroscopy (XPS: JEOL JPS-9000MX).

2.3Result and Discussion

2.3.1Temperature dependent of TiO: by spray LBL

The Spray-LBL process consisted of four steps for one bilayer: 1) spraying of cations; 2)
first rinse; 3) spraying of anions; and 4) second rinse, which promoted uniform film
growth with 5 nm film thickness per bilayer (Fig.2-1). Based on the difference in mass
for a single bilayer (Fig. 2-2), the growth rate of spray TALH layer was higher than spray

PDDA layer solution.

The crystalline structures of the TiO: films that were deposited on glass after the spray-
LBL and annealing processes at different temperatures were analyzed using XRD
measurements (Fig. 2-3). The film changed into an amorphous form at annealing
temperatures of more than 450°C. The main peaks of the two-theta angles at
approximately 37.36° and 43.59° corresponded to anatase (004) and rutile (210) phases,
respectively. The anatase and rutile phase are forming by mainly component of TiO>
tetragonal structure in TALH precursors. After precursors dilute with water and coating
on the substrate, the TiO; tetragonal are arrangements of rutile and anatase.[16] The

crystalline formation arrangement mechanism is show in Fig. 2-4. The crystalline sizes
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of anatase (004) and rutile (210) phases at the different annealing temperatures were

determined using Debye-Scherrer’s formula (Fig. 2-3, Fig. 2-5 and Table 2-1):
D = kA/(Bcosb) [2-1]

where D is the crystalline size, A is the wavelength of the Cu Ka X-ray source, which was
equal to 0.154 nm, k is shape factor equal 0.9, B is the full width at half maximum of the
peak and 0 is the maximum peak angle. The crystalline size of the anatase phase was
higher because the PDDA compound evaporated at annealing temperatures lower than
300°C.[17] In the case of annealing temperatures of between 300°C and 400°C, the
crystalline content of the anatase phase and the rutile phase were both reduced because
of thermal decomposition. In particular, annealing at temperatures between 310°C and
385°C caused low evaporation rates in terms of weight loss, and the crystalline sizes after
annealing at between 300°C and 400°C were also reduced, which indicated that the TiO2
structure was mixed with the PDDA compound and formed a metal-organic structure. In
the case where the annealing temperature was higher than 450°C, the crystalline size was
large and changed into an amorphous form, because the PDDA compound was
completely evaporated at approximately 415°C. Therefore, in this temperature range, the
thin films contained only the TiO> compound. However, in this annealing temperature

range, the crystallinity of TiO2 was again reduced because of the calcination effect

XPS measurements were performed to investigate the effects of the different annealing
temperatures on crystalline change and to confirm the changing crystallization of the
amorphous TiO; nanoparticles at temperatures of more than 400°C (Fig. 2-6). The oxygen
peaks at 530 eV and 531.5 eV, which corresponded to O* and OH", derived from the
oxygen component of the TiO: nanoparticle and the hydroxyl group of titanium

ammonium lactate, respectively.[ 18] After annealing, the intensity at the OH™ peak was
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reduced and that at the O> peak was increased because of the oxidation effects of the
titanium ammonium lactate component containing the OH™ compound in this chemical
functional group in the films. The OH™ component has been found to be acceptable for
inverted organic solar cells in previous reports.[ 19] The titanium ammonium lactate was
changed into titanium dioxide according to the XPS peak, which showed the high quality
Ti0; thin film crystallization at annealing temperatures higher than 450°C. These results
and the associated discussion were supported by the results of previous research,[20]
which resulted in the oxidation of titanium nitride at annealing temperatures higher than

400°C.

The surface morphologies of the TiO> films deposited on glass before and after annealing
at the different temperatures are shown in Fig. 2-7. The film surfaces consisted of titanium
oxide nanoparticles. As the annealing temperature increased, more of the PDDA
compound evaporated, which indicated that the more porous film structure was derived
from the nanoparticles on the surfaces of the films. The thin film roughness also increased
with increasing annealing temperature, because the crystalline sizes of the rutile and
anatase phases were dependent on the annealing temperature. The high surface roughness
can increase the efficiency of the resulting solar cells,[21] and therefore was appropriate
for use in solar cells. The surface morphology of the TiO» layer deposited on FTO glass
after annealing at 450°C is shown in Fig. 2-8. The surface roughness and the sizes of the
T102 nanoparticles on FTO glass were larger and the films were more porous than those

fabricated on the glass substrates. (Fig. 2-9)

2.3.2 Optical properties of TiO: fabricated by spray LBL

Fig. 2-10 shows the transmittance of a TiOz layer on a glass substrate. The transmittance

of the TiO; layer before annealing showed the highest value, because the polymer
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compound was blended with the titanium dioxide layer and reduced the refractive index.
However, with increasing annealing temperature, the transmittance was reduced, because
the polymer compound in the film evaporated and the refractive index thus increased. The
refractive index increased from 1.68 (before annealing) to 1.90 (after 350°C anneal). The
refractive index, the haze value and the energy band gap are shown in Table 2-3. The

haze value was saturated at temperatures higher than 350°C.

A Tauc plot is shown in Fig. 2-11 that can be used to indicate the energy band gap from

the following relation:
ahv = A(hv — E)? [2-2]

where a is the absorption coefficient determined from the transmittance value, hv is the
optical energy, A is a constant and Eg is the optical band gap. The energy band gap also
depended on the annealing temperature, and it was reduced from 3.30 eV in the as-
deposited case to 3.20 eV at annealing temperatures of around 350°C. This result
corresponds with the XRD results: the energy band gap has a relationship with the
crystalline quality of the TiO, layer, where the crystalline quality can be determined based
on the full width at half-maximum (FWHM) of the XRD data (Fig. 2-4). The reduction
in the energy band gap was caused by the evaporation and thermal decomposition of the
polymer component in the TiO> layer. The reduction of the crystalline quality of the rutile
type and contrasting increase in crystalline quality of the anatase phase can be estimated
from the XRD analysis, which was explained earlier. For annealing temperatures higher
than 350°C, the optical energy band gap was stable at around 3.20 eV, corresponding to
the energy band gap of the anatase and rutile phases of titanium dioxide.[21]Also, the

haze value of TiO2 on FTO increased after annealing (Table 3-2) because the PDDA
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compound evaporated after annealing and was replaced by air gaps that produced a more

porous structure in the thin films.

2.4 Conclusion

We have successfully fabricated TiO; electron transport layers, based on PDDA and
TALH from a water-based solution, via the spray-LBL method for solar cell applications.
The titanium dioxide structure deposited on glass by the spray-LBL method was
composed of both anatase (004) and rutile (210) phases. The largest crystalline sizes of
the anatase (004) and rutile (210) phases were achieved after annealing at 450°C and
without annealing, respectively. Before annealing, the films had high surface roughness
that was derived from the titanium nanoparticles. After an increase in the annealing
temperature, the film refractive index was increased by increasing the high crystallinity
of TiO», and the haze value was also increased because of the formation of a porous

structure in the film. The optical energy band gap was reduced from 3.30 eV to 3.20 eV.
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Fig. 2-4 The crystalline formation arrangement mechanism of TALH precursor to mix
rutile and anatase thin film. Reprinted with permission form.[16] Copyright 2015,

American Chemical Society.
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Fig. 2-7 SEM images of TiO> layers deposited by spray-LBL on glass before annealing
(a) and after annealing at various temperatures: (b) 300°C, (c) 350°C, (d) 400°C, (e)

450°C, and (f) 500°C.
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Fig. 2-8 SEM image of TiO: layer fabricated by spray-LBL on FTO substrate after

annealing at 450°C.
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Fig. 2-9 AFM image of (a) FTO layer, Rms of surface=32 nm (b) TiOz layer on FTO

when fabricated with Spray LBL and annealing at 450 °C, Rms of surface=50 nm
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Table 2-1 The crystalline size of anatase (004) and rutile (210) after annealing at

different temperatures.

Temperature (°C) Anatase (004) (nm) Rutile (210) (nm)
As-deposited 28.43 32.14
300 29.00 25.83
350 25.61 23.64
400 25.61 21.69
450 31.96 27.40
500 22.23 24.41

Table 2-2 Haze value and transmittance of FTO, TiO2/FTO and TiO,/FTO after

annealing at 450 °C
Transmittance Haze
(%0) (%)
FTO 79.81 13.61
TiO2/FTO 81.1 19.31
TiO2/FTO after annealing 79.3 22.1
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Table 2-3. The refractive index, haze and energy band gap of TiO» fabricated by Spray-

LBL and annealing with difference temperature.

Energy
Annealing Refractive Haze  Thickness

band gap

temperature (°C) index (%) (nm)

(eV)

No annealing 1.68 3.30 12.3 112

300 1.86 3.28 13.9 109

350 1.90 3.20 15.2 105

400 1.90 3.21 17.5 104

450 1.89 3.21 18.2 103

500 1.89 3.20 18.2 103
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Chapter 3

Process Improvement for Organic Thin

Film Solar Cell

3.1 Introduction for organic solar cell

Organic solar cells offer numerous specific advantages as renewable energy sources since
the development of semiconducting polymers which has made these cells highly suitable
for flexible applications. In term of their properties, organic solar cells are lightweight,
have large surface areas and can be colorful.[1-5] While the widespread use of inorganic
solar cells remains limited because of the cost of the required fabrication processes, which
require elevated temperatures between 400°C and 1400°C, high vacuum processing and
several lithographic steps, polymer-based solar cells can be processed more simply from
solution.[6-8] This has enabled these devices to resolve the processing challenges and

emerge as a low-cost alternative to inorganic solar cells over the past few decades.

Over the past three decays, many research groups have developed many types of organic
thin film solar cell and have demonstrated very good PCE result with planar
heterojunction organic thin film solar cell[9,10], bulk heterojunction solar cell [11,12],
co-evaporated organic small molecular devices[13-15]. Results indicate the performances
of organic solar cell achieved PCE around 6-8% and bulk heterojunction /fullerene solar

cell can achieve PCE over 11%.[16-17]

In this work, I successfully demonstrated semitransparent polymer-based bulk
heterojunction solar cells using these TiO> layers to increase the maximum efficiency of

the solar cells. Each TiO» layer was processed from water-based solutions with a simple
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fabrication process, and this process is likely to be applicable to other types of solar cells,
e.g., dye-sensitized solar cells (DSSCs)[18,19] or perovskite solar cells.[20] To enhance
the maximum efficiency of the solar cells by modifying the TiO> layer, an automatic spray
layer-by-layer (spray-LBL) self-assembly method that we established in our previous

study was used.[21]

3.1.1 Solar Radiation

The solar radiation is related with Planck radiation spectrum from the surface of the sun
with source temperature of 5800K. However, the solar radiation on the world surface is
distorted a mainly because of the absorption by atmosphere. Fig. 3-1 shows the solar
radiation spectrum for various condition. The air mass X(AMX) is defined by equation

[3-1] as;

X= cos(9) 3-1]

Where 0 is the angle between the zenith and the position of the sun under terrestrial
condition. Air mass 0 is the solar radiation above the earth atmosphere, the standard of
AMO is 135.3 mW/cm?. Air mass 1is when the sun overhead. The AM1.5 is when the sun

is at 48.19° from the zenith, the standard of AM1.5 is 100.5 mW/cm?.

3..1.2 Basic Parameters of Photovoltaic

The major physical mechanism of solar cell is absorption of photon, which changes to
electrical carrier: electron and hole, by generation and recombination process. To
understand this mechanism the p-n junction is one of the theories to explain this

mechanism. Fig. 2-2 shows the carrier distribution in p-n junction. From this figure, the
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total current density ( J) is sum of hole current at x, position and electron current at -x,

position given by equation;

J = AlJp(Xn) + Jn(—%p)] [3-2]

=Jo (e(yg—“:T> - 1) — Jpn [3-3]

Where Jo is dark saturation current density, Jyn is photo current density, V is applied
voltage, q is value of electron charge, y is ideality factor, K; is Boltzmann's constant and
T is temperature. Fig.3-3 shows the current-voltage characteristic of solar cell with and

without illumination. The open circuit voltage (Voc) of p-n junction is;

_YkT ) (Tn
Voec = . ln( +1) [3-4]

0

Short circuit current J=-Js
Jsc =] ph [3-5]

The fill factor(FF) of the current density-voltage characteristic of solar cell is defined by

ratio;

FF = ~mm [3-6]

]SCVOC

The PCE of solar cell is defined by[20];

PCE = Ymlm _ Vmlm pp [3-7]

~JscVoc  Popt
Where P, is the incident optical power on the solar cell surface.
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To consider deeply about loss in solar cell, the series resistance (Rs) and shunt
resistance(Ry;) are included in the circuit model. Fig.3-4 shows the equivalent circuit of

one diode model. The solution for one diode is given by equation [22];

a(V+JRs)

J=Jpn—Jo(e " —1)—(V+]Rs)/Rg [3-8]

3.2 Experiment

3.2.1 Organic Semitransparent Solar Cell

Firstly, the Fluorine-doped tin oxide (FTO) glass (SPD Laboratory, Inc., Hamamatsu,
Japan) were cleaned in Acetone and KOH solution (1:120:60 wt% KOH/H>O/IPA) for 5
min and 10 min, respectively, and then rinsed thoroughly with ultra-pure water before
use. In this experiment, we fabricated TiO; for organic solar cell by 2 methods. The first
method is liquid phase deposition technique (LPD): it was prepared by immersing a
fluorine-doped tin oxide (FTO; 7 Q/cm2, 80%, SPD Laboratory) glass slide in an TiF4
solution (40 mM, pH 2.0) at 60 °C inside a controlled temperature cabinet for 1 hour.
After precursor film preparation by liquid phase deposition, the samples were annealed
at various temperatures 450 °C for 15 min. The second method is Spray-LBL, the
explaination of spray LBL already explain in Chapter 2. The active layers of solar cell
were fabricated by Poly(3-hexylthiophene) (P3HT) (Wako Pure Chemical Industries,
Ltd., Osaka, Japan) and [6,6]-phenyl C61-butyric acid methylester (PCBM) (Wako Pure
Chemical Industries, Ltd., Osaka, Japan) blend solution that prepared at a concentration
of 50 mg/mL in monochlorobenzene. The weight ratio between P3HT and PCBM was
1:1. The solution were deposited on TiO; layer by spin-coating at 1200 rpm and then
annealed at 150°C for 15 min on a hot plate. Simultaneously, D-sorbitol (Wako Pure

Chemical  Industries, Ltd., Osaka, Japan) mixture in poly(3, 4-
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ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (PH500, Clevious,
Heraeus, Leverkusen, Germany) solution at a concentration 1 wt% were deposited on the
Ag nano-network PET film(Toda Kogyo Corp., Hiroshima, Japan) by spin-coating at
3000 rpm. The finished solar cells were fabricated by pressing the Ag film component
and the active layer component together at approximately 0.01 MPa as a simple wet
lamination process, and then the devices were annealed at 140°C for 10 min. The active

area in this experiment is 0.28 cm?.

3.2.2 Flexible Organic Thin Film Solar Cells

Firstly, the Indium-doped tin oxide (ITO) PEN (SPD Laboratory, Inc., Hamamatsu,
Japan) were cleaned in Acetone and KOH solution (1:120:60 wt% KOH/H>O/IPA) for 5
min and 10 min, respectively, and then rinsed thoroughly with ultra-pure water before
use. The TiO2 ETLs were fabricated on the ITO PEN using automatic Spray-LBL. The
active layers of solar cell were fabricated by P3HT and PCBM blend solution that
prepared at a concentration 50 mg/mL in monochlorobenzene. The weight ratio between
P3HT and PCBM was 1:1. The solution were deposited on TiO; layer by spin-coating at
1200 rpm and then annealed at 150°C for 15 min on a hot plate. Simultaneously, D-
sorbitol mixing in PEDOT:PSS solution at a concentration of 1 wt% were deposited on
the Ag PET substrate, the Ag PET substrate fabricated by thermal evaporation Ag on PET
substrate, by spin-coated at 3000 rpm. The finished solar cells were fabricated by pressing
the Ag film component and the active layer component together at approximately 0.01
MPa as a simple wet lamination process, and then the devices were annealed at 140°C for

10 min.
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3.2.3 Characterization

Film thickness and the refractive index of the thin films coated on the substrates were
determined by ellipsometry (MARY-102, Five Lab, Japan) and film thickness
measurements (Dektak; 3030, ULVAC, Japan). Transmittance in the spectral range of
200 to 1000 nm were measured by a spectrophotometer (UVmini-1240, Shimadzu,
Japan). Haze values of the films were measured by a haze meter (NDH-5000, Nippon
Denshoku Industries, Tokyo, Japan) with a white light-emitting diode (5 V, 3 W) as an
optical source. The current density-voltage (J-V) characteristics of the solar cells were
measured using an AM 1.5 solar simulator (100 mW cm) and an automatic polarization
system (Hokuto Denko HSV-100) with a 500-W Xe lamp (UXL-500SX, Ushio) as a light
source. The active areas of these devices are fixed at 0.2827 cm?. Series resistance (Rs)
and Shunt resistance (Rsh) were approximate using one diode model via MATLAB

program, the diagram to fitting the J-V characteristic is shown in Fig. 3-5.

3.3 Result and Discussion

3.3.1 Band Diagram

Fig. 3-6 shows the band diagram of semitransparent organic thin film solar cell fabricated
by spin-coating and lamination process. This band diagram is using the HOMO and
LUMO level from previous literature. Table 3-1 show the HOMO and LUMO level value
with literature reports for this value. We choose TiO; for ETLs and fabricated by spray
layer-by-layer and annealed at 450 °C for improve phase, rutile phase, and crystalline
quality of TiO2 layer.[23-24] The P3HT and PCBM were used for active layer, it can be
fabricated by mixing P3HT and PCBM in proportion 1:1.[25] On the other side,

PEDOT:PSS using for HTLs were coated on Ag-nano network and annealed at 100 °C
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for 15 mins. The PEDOT:PSS were mixed with D-sorbitol for improved performance and
using it for blinder for lamination process.[4] Before deposited PEDOT:PSS, the Ag-
nano-network PET film were modified the wet contact of it by plasma treatment for 15
mins.[26] Fig. 3-7 show characteristics of the solar cells when fabricated with LPD and
spray LBL technique. This result show that the TiO, fabricated by spray LBL is suitable
for organic solar cell due to the PCE of this result is almost same when compared with

fabricated Ti10O; layer with LPD method.

3.3.2 Effect of annealing temperature of TiO; layer

The variations in the properties of solar cells with changing annealing temperature are
shown in Table 3-2. The characteristics of the solar cells depended on the annealing
temperature, because the structures and grain sizes of the TiO> nanoparticles varied. The
maximum efficiency was 1.51% after annealing at 450°C. As shown in the XRD results,
when the grain size was large, the grain boundary was reduced according to the peak of
the anatase (004) phase after annealing at 450°C, and the rutile (210) phase was formed,
which reduced the conductivity and increased the recombination at the interface between
TiO, and the active layer. The series resistance (Rs) was reduced at annealing
temperatures below 450°C, because the TiO, phase was changed to the amorphous
anatase phase. At annealing temperatures above 450°C, Rs increased, because the TiO;
rutile phase had higher resistivity than the anatase phase.[27] The shunt resistance (Rsn)
was higher at annealing temperatures below 450°C, because the crystal quality of the
Ti0; anatase phase was higher. However, at annealing temperatures above 450°C, Rgn
was reduced, because the anatase phase changed to the rutile phase and the grain size
(from XRD and SEM imaging) was reduced because of the increased grain boundaries

that make the mobility in the titanium dioxide layer decrease and the efficiency of the
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solar cell drop. These results are in good agreement with the results of the experimental
report by Roy et al[28]. They fabricated TiO> nanorods for DSSCs, and found that the
annealing temperature affected both the grain size and the crystalline structure of the TiO»
nanorods: at annealing temperatures above 500°C, the crystalline phase changed from the
anatase to the rutile phase. In addition, they explained that the changes in the grain
boundaries and the mobility in the TiO; layer also have a major effect in changing the

efficiency of solar cell devices.

3.3.3 Effect of thickness TiO;

Table 3-3 show the optical characteristics of TiO> layer depending on the thickness of
Ti0; layer, the optical characteristics were measured by using ellipsometry. The thickness
of TiO2 nanoparticles layers were controlled by changing the number of bilayer of TALH
and PDDA. We observed the thickness of TiO: layer in case of before annealed are vary
from 100-150 nm and the refractive index are varied from 1.64-1.68. However, after
annealed at 450 °C the film thickness of TiO: decreased and refractive index value

increased due to the evaporated of polymer contaminated in mix metal-organic thin film.

Fig. 3-8 and Table 3-4 showed the J-V characteristic of bulk heterojunction solar cells.
In case of 22 bilayers (112 nm), the PCE, Vo, Jsc and FF were 2.04%, 0.54 V, 6.73
mA/cm?. and 0.56, respectively. The benefit of TiO layer can decrease recombination
between generation area and electrode contact, and the leakage current can be also
decreased by TiO2 layer. However, TiOz layer has high resistivity when TiOz> film is thick,
and the series resistance (Rs) also increased, which has more negative effect on the
efficiency of solar cells. In this case, the series resistance increased from 8.8 Q (at 20
bilayers) to 27.3 Q(at 26 bilayers). On the other hand, the recombination effect increased

when TiO: layer was thin, and the shunt resistance was increased when the number of
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bilayer was increased from 20 bilayers (103nm) to 22 bilayers (112nm). In this
experiment, 112 nm of the film thickness was the most appropriate for bulk heterojunction
solar cells in terms of the efficiency. Ou et al. fabricated TiO; layer by CVD.[29] The
thickness at the maximum efficiency was thinner than that of our solar cells, because our
solar cells consisted of the TiO» layer with the lower density and the more porous than
CVD technique, derived from the solution process and to form metal-organic compound
and the evaporation of the organic compound to transform into the only titanium dioxide

layer.

3.3.4 The Optical Transparent of Semi-transparent OSC

The transmittance of solar cells at longer than 700 nm of light wavelength was higher
than 60% as shown in Fig. 3-9, which showed better results than the previous report,[4]
because of increasing the haze value caused by high surface roughness on TiO> layer, the
haze value shown in Table 3-5. With increasing the haze value, the transmittance at near-
infrared regions relatively increased due to the diffuse transmittance.[30] Fig. 3-10 shows
the current density—voltage of the semitransparent solar cells by optical incidences in
direction from front and back side of the solar cells. The efficiency from the front
illumination was higher than that from the backside illumination, because the structure of
PEDOT:PSS layer had lower bandgap than PCBM and P3HT, which absorbed the high
energy photon and reduced the generation effect at active layer. The transmittance during
the front illumination was also lower than that during the backside illumination due to the
difference of photo adsorption. The cells during the backside illumination had lower
conversion efficiencies than that during the front illumination, which was caused by 60%
of the transmittance on the press-Ag NW counter electrode covered with PEDOT/PSS

(PEpress-Ag NW); in other words, the PEpress-Ag NW counter electrode prevented 40%
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of the light transmission that should pass into the cells, as proved by the lower
photocurrent densities (Jsc) of cells from the backside illumination. Although electron
was generated by the both sides illumination, the cells during the backside illumination

showed lower cell performances.

3.3.5 Flexible Devices

Moreover, we successfully fabricated the bulk heterojunction solar cells without
annealing process on ITO PEN substrate. The Table 3-6 show the properties of solar cell
when fabricated the electron transport layer with spray-LBL method without annealed
process and Fig. 3-11 show the Current density —Voltage characteristic of bulk
heterojunction solar cells when fabricate the electron transport layer by spray-LBL
without annealing. Form this result, we can succeed to fabricated flexible bulk
heterojunction solar cells when fabricated TiO» layer with 22-26 bilayers and observed

the maximum PCE with 0.7 % when fabricated TiO» at 24 bilayers.

3.3.6 Improved the PCE of solar cell module.

Based on the related studies using PCBM and P3HT for active layer in bulk
heterojunction solar cells, the maximum efficiency of this type was improved by changing
the electrode contact to vapor-deposited silver thin film on PET substrate. Fig. 3-12 shows
the Current density—Voltage characteristics and parameters of bulk heterojunction solar
cells with the electron transport layer fabricated by Spray-LBL after annealing with silver
nano- network and silver thin films on PET substrate for electrode contact. In this case,
the conditions of these solar cells with 22 bilayers after annealing 450°C were selected
(the best condition at Table 3-4). The maximum efficiency of this type of solar cells was
2.90%. The efficiency of the cells with silver thin film was higher than that of the cells

with the silver nano-network, because the sheet resistivity of the silver thin film (less than
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0.5 Q/cm?) was lower than silver nano-network (around 10 Q/cm?), which decreased the

series resistivity of solar cells.

3.4 Conclusions

We successfully fabricated TiO> by using spray-LBL using for ETLs in semi-transparent
bulk heterojunction solar cells and optimized the annealing temperature and film
thickness of it. The current density-voltage characteristics of semi-transparent organic
bulk heterojunction solar cell depends on the film thickness of TiO: layer and observed
the maximum PCE at 2.04% when annealed the TiO; thin film at 450 °C and thickness of
TiO2 layer was around 112 nm. Moreover, we also observed the transmittance over 60%
at wavelength over 600 nm. We also observed PCE value around 3% when change the
structure to general type of organic bulk heterojunction solar cell. This study may
contribute to development of semitransparent polymer solar cells through non-toxic
process with low-cost, eco-friendly and short fabrication time for larger area devices in

the future.
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Fig. 3-5 Flow chart for fitting parameter: Rs, Rsh, n, Jo and Jpn by using one diode model

with Trust-region algorithm.
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Fig. 3-6 Structure of bulk heterojunction solar cell, and (b) band diagram of bulk

heterojunction solar cell in this experiment.
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Table 3-1. The value of LUMO and HOMO level of each layer of organic thin film

solar cell

Layer Work Function HOMO LUMO Reference

FTO -4.8 - - [31]

TiO2 - -7.5 -4.2 [32]

PCBM - -6.0 -3.8 [33]

P3TH - -5.0 -3.0 [33]

PEDOT:PSS - -4.9 -3.8 [34]

Ag -4.7 - - [35]

Table 3-2. Electrical properties of solar cells with the electron transport layer fabricated

Spray-LBL method before and after annealing at different temperatures.

Annealing temperature Jse Ve PCE Rs Rsh
S FF o
0 (mA/em?) (V) ") @ k)
300 2.02 0.55 0.297  0.33 59 800
350 4.18 0.51 0325  0.69 46 1000
400 5.50 0.52 0479  1.37 19 2000
450 5.25 0.53 0.542 151 11 2200
500 5.05 0.54 0.388  1.06 22 270
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Table 3-3 The optical properties of electron transport layers fabricated by Spray-LBL

method after annealing at 450°C with changing the thickness of TiO, layer

Number of Thickness Refractive index

bilayer (nm)
before after annealing before annealing  after annealing
annealing

20 111 103 1.68 1.89

22 124 112 1.66 1.85

24 136 121 1.62 1.82

26 142 127 1.64 1.82

Table 3-4 Electrical properties of solar cells with electron transport layers fabricated by

spray-LBL method after annealing at 450°C for various TiO2 layer thicknesses.

Number of | Js Voc FF PCE Rs Rsn
bilayer (mA/cm?) (V) (%) (Q) (Q)
20 5.52 0.53 0.54 1.58 8.8 361
22 6.73 0.54 0.56 2.04 9.8 1213
24 6.40 0.52 0.58 1.82 13.5 939
26 5.51 0.47 0.43 1.11 27.3 758
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Table 3-5 Haze value and transmittance of FTO, TiO2/FTO and TiO,/FTO after

annealing at 450 °C
Transmittance Haze
(%) (o)
FTO 79.81 13.61
TiO2/FTO 81.1 19.31
TiO2/FTO after annealing 79.3 22.1

Table 3-6 The properties of solar cell when fabricated the electron transport layer with

spray-LBL method without annealing and change the number of bilayer

Number of Jsc Voc FF PCE Ti0O; Thickness
bilayer (mA/cm?) V) (%) (nm)
20 - - - - 100
22 0.55 0.18 0.275 0.027 110
24 4.02 0.58 0.302 0.704 120
26 1.13 0.46 0.295 0.153 130
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Chapter 4

Optimization Technique with Low
Temperatrue Process for Perovskite

Solar Cell

4.1 Introduction

Lead halide perovskite solar cells (PVSCs) have been much studied by using various
materials and have possibility to be fabricated onto flexible substrate with easy
process.[1-3] Those perovskite materials exhibit excellent photonic properties such as
high absorption coefficient, long carrier life time, and low recombination rate with a
tunable bandgap.[4-5] PVSCs already achieved the maximum efficiency over 22% in
short period of time.[6] The efficiency of perovskite has been improved and developed
with variety of fabrication techniques, device structure and optimization of parameters.|7-

8]

Developing photovoltaics for wearable devices requires low temperature process because
flexible plastic substrates have low thermal durability.[9] In addition, it requires special
materials for the process to fabricate wearable PVSC. To improve this problem, we
choose tin oxide layer for ETLs. This material already improves PVSCs by report of Ke
et. al.[ 10] The property of SnO» is suitable for PVSCs because of this material have higher

electron mobility than that of TiO».

However, to finding the “optimum condition” through such a variety of systems in
fabricating PVSCs might make the process complicated. The features that make achieving
high-performance PVSCs difficult are; multi-layered structure and composite material
used for fabrication[ 11]; difficulty of controlling the uniformity, grain size and crystalline
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quality of perovskite layer that have, both individually and interactively, high effect to
the output efficiency.[12] Due to this wide range of manufacturing problems, the
optimization process of PVSCs requires vast numbers of experimental trials that could

slow down the research of PVSCs.

In many industries, the design of experiment (DoE) is chosen for decreasing the number
of experiments that has benefited for reducing the cost and time for optimizing the process
condition.[13,14] In previous reports, Chen et al. used a combination of DoE and the
response surface models for the optimized manufacturing conditions of dairy tofu.[15]
Bashiri et al. also used DoE and the response surface models for optimizing the
parameters and studied optical properties of Cu and Ni-doped TiO: in

photocatalysts.[16]

I this chapter, we report the low-temperature fabrication of PVSCs process with using
Latin hypercube sampling (LHS)[17,18] for DoE, where we randomly chose only 12
conditions for two factors with 12 levels each. DoE by LHS drastically decreases the
number of experiment with keeping the uniformity through the experimental space. After
making the experiment, we investigated the reasonability of result efficiency via material
characterizations such as morphology and crystalline property. Then we utilized Kriging
model to model the output efficiency and to find the optimal condition.[19,20] The
optimization process was verified using the computational optimization through the
genetic algorithm.[21-23] Our method is one of the technique for simulating the system
model based on experimental data, which has benefit to predict the optimum point
independent of any theoretical model like coarsening effects of crystals or ionic motion

inherent to perovskite materials.[24,25]
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4.2 Method

To design the experiment, we utilized LHS method. [17,28] The LHS method is one of
the techniques for random value sampling that has large diversity. After DoE process, an
Ordinary Kriging interpolation method[19,20] was used to predict their output function
from the data generated through DoE. The outputs of this experiment are fill factor (FF),
short circuit current density (Jsc), open circuit voltage (Vo) and power conversion

efficiency (PCE).

Next, the genetic algorithm with Nondominated sorting genetic algorithm-II (NSGA-
11)[26,27] was used to investigate the best condition by finding the maximum values of
FF, Jsc and V.. In this process, the number of population was 50 and number of generation

was 500. The algorithm of our optimization process is shown in Fig. 4-1

4.2.1Kriging Model Method

Kriging model[19,20] is an expression of unknown function y as;

§x) = px) +e(x) [4-1]

where u(x) is a global model and &X) is a local model. Sample points (x) are
interpolated with Gaussian random function. The correlation between Z(x;) and
Z(xj) is related to the distance between the two corresponding points x; and x;. The
distance function between the point and is expressed as;

|2

d(x;, x;) = XpL, 0K |xi* — x

j [4'2]

where ek(O <ok < o) is the k™ element of the correlation vector parameter

6. The correlation between the points x; and x;is defined as;

Corr[Z(x;), Z(x;)] = exp(—d(x;, X;) [4-3]
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Then the Kriging prediction can be expressed as;
y(x) = 4(x) +r"R7Y(F — ) [4-4]

where F = [f(x4), f(x;), f(X3), ..., f(xN)] is the value of the evaluated function
value at X, = {Xq, Xy, X3, ..., Xp }, R denotes the nXn matrix whose (i,j) entry is

Corr[Z(x;), Z(x;)]. r is the vector whose i element is;
r;(x) = Corr[Z(x), Z(x))] [4-5]

The unknown parameter, 6 for the Kriging model can be estimated by finding the

maximum likelihood estimation:
Ln(p, 02,0) = —2In(c?) — 2 In(|R]) [4-6]

MLE is an m-dimensional unconstrained non-linear optimization problem. In this

paper, a genetic algorithm (NSGA-II) is used to solve this problem. For a given 6,

o’ can be defined as;

52 = FZRE)RTI(F-)

- [4-7]
Then, £(x) is assumed to be a constant value in the original Kriging as;
IR™F
IJ'(X) - l’R—ll [4_8]

4.2.2 NSGA-II

Genetic Algorithm (GA)[21-23] is a stochastic search method using the genetic
operators, e.g., the selection, crossover and mutation. Fig. 4-2 shows the algorithms
of simple GA. In this work, the Non-dominated Sorting Genetic Algorithm-II

(NSGA-II)[26,27] was selected to search the minimum mass and stress of structure.
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NSGA-II is widely employed to solve the multi-objective optimization problem.
NSGA-II is characterized by non-dominated points and crowding distance sorting.
The individuals of the next generation are selected by elitism. The new generation
is sequentially filled by each front until the population size exceeds the current
population size, shown in Fig. 4-3. In this work, the blended crossover-0.5 (BLX-

0.5) and the simple mutation were also applied.

4.3 Experiment

4.3.1 Synthesis of Methyl Ammonium Iodide (MAI)[28]

In this experiment, we synthesized MAI powder by mixing 5.8 mL of HI (57 wt% in
water, Sigma-Aldrich), 5 mL of Methylamine (40 wt% in methanol, Tokyo Chemical
Industry Co. Ltd) and 20 mL of ethanol in a round bottom flask and stirred at 0 °C (ice
bath) for 2 hours. After that, MAI was crystallized by rotary evaporation of the solvent at
50 °C for one hour. MAI powder was washed three times with diethyl ether (99%, Wako)

in ultrasonic bath, and dried in vacuum oven at 50 °C for 8 hours.

4.3.2 Devices Fabrication

In this experiment, we fabricated the perovskite solar cell in air-glovebox at humility
under 15% without N> or Ar flow. F-doped tin oxide (FTO) glass (TEC7, Pilkington) was
patterned with 4M of HCI and Zinc powder. After etching, substrates were cleaned by
sonication with isopropyl alcohol (IPA) and deionized water (DIW) for 5 and 10 min,
respectively. Then the substrates were heated at 60°C for 30 mins to remove the remnant
solvent. The SnO; electron transport layer was deposited via spin coating 0.1M solution
of SnCl (98%, Sigma-Aldrich) in ethanol at 3000 rpm for 30 s. The samples were

annealed at 180°C for 1 hour in laboratory oven to surely convert SnClz into SnO». To
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prepare the perovskite layer with two-step method, 1M of Pbl> dissolved in mixed solvent
that contains dimethylformamide (DMF, 99%, Wako) and dimethyl sulfoxide (DMSO
99%, Wako). The volume ratio of solvent was 9:1. The samples and precursor solution
were preheated at 70°C before deposition. The precursor solution was coated on the
substrate by spin-coating typically at 500 rpm for 3 s and high spin speed, high spin speed
change by each condition, for 30 s. The Pbl, films were annealed at 70°C for 15 min to
remove the remnant solvent in the film. After the surface temperature of Pbl, thin films
were decreased to room temperature, the samples were dipped in MAI solution (10
mgmL! in IPA) typically for 10 min followed by rinsing with IPA and annealing at 90°C
for 20 min. To fabricate the hole transport layer, the samples were spin coated at 2000
rpm with HTLs solution. The HTLs solution was prepared by mixing 68 mM spiro-
OMeTAD (Sigma-Aldrich), 26 mM Li-TFSI (Sigma-Aldrich), and 55 mM 4-tert-
butylpyridine (TBP, Sigma-Aldrich) in acetonitrile and chlorobenzene (V/V=1:10).
Finally, 100 nm of gold electrodes were deposited by magnetron sputtering process. The
active device area was 0.09 cm?. The band diagram and devices structure are shown in
Fig. 4-4.This band diagram are using the HOMO and LUMO level from previous

literature.[29]

4.3.3 Characterization

Surface topographies of perovskite layer were observed by field emission scanning
electron microscope (FE-SEM, S-4700, Hitachi, Japan) with an accelerating voltage of 5
kV. The thickness of each layer was measured by stylus profilometry (Dektak 3030,
ULVAUC, Japan). Light transmittance over the range of 200 to 1000 nm was measured
using spectrophotometry (UVmini-1240, Shimadzu, Japan). Crystallization of the
perovskite layer was analyzed by X-ray diffraction (XRD, D8 DISCOVER, Bruker, USA)

using Cu Ka radiation (40 kV, 40 mA), with a scan rate and a step size of 2 °/min and

77



0.01 °/min, respectively. The surface elemental composition of the samples was identified
by XPS (JEOL JPS-9000MX). The current density-voltage (J-V) characteristics of the
solar cells were measured using an AM 1.5 solar simulator (100 mWecm™2) and an
automatic polarization system (Hokuto Denko HSV-100) that used a 500 W Xe lamp

(UXL-500SX, Ushio) as a light source.

4.4 Result and Discussion

4.4.1 Design of experiment

To design the experiment, we focused on two parameters as dominant parameters. The
first parameter is the thickness of perovskite layer, which can be controlled by spin-speed
for depositing Pbl; layer. The second parameter is dipping time of Pbl> thin film in MAI
solution. Other possible parameters in the perovskite layer are as follows; duration time
of spin coating, annealing temperature, and environmental humidity. The set of conditions
was selected following the LHS as Table 4-1. The optimization problem can be written

as follows;

Maximize: f; = FF

Maximize: f2 = Jsc

Maximize: f3 = Vo

Subject to: 2000 < Spin speed <5000

300 s < Dipping time <780 s

4.4.2 Control film thickness of perovskite layer

One of the important parameters to control the efficiency of solar cell is the film thickness

of perovskite layers. Fig. 4-5 shows the relation between film thickness of perovskite
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layer fabricated on SnO> layer and spin speed. We used conditions determined by LHS
model (Table 4-1) for this measurement. One can easily see the spin speed is uniformly
distributed through the whole range, which is one of the benefits of DoE based on LHS.
The film thickness was decreased from 630 nm at 2314 rpm to 125 nm at 4794 rpm. From

this graph, we can obtain the relationship between thickness and spin-speed by;

L = 3.05 % 109 /x? [4-9]
Where L is perovskite film thickness and x is spin speed.
4.4.3 Photovoltaic characteristics

Table 4-2 shows the output parameters of PVSCs fabricated using the conditions in Table
4-1. From Table 4-2, we plotted the relationship between Jsc and V. in Fig. 2 From the
original current density-voltage graph, we calculated fill factor (FF). Jsc and V.. The

conventional efficiency of solar cell can be calculated by the equation as follows;
PCE = J;.XV,.XFF [4-10]

This means that in this experiment, we optimized the efficiency by optimizing the output

composed of three sub-outputs: Js,Voc, and FF.

From data from Table 4-2, the range of Jsc was from 0.1 to 15.7 mAcm™, V. from 0.19
to 1.03 V and FF from 0.28 to 0.49. According to low range of FF variance when
compared with those of Jsc and Vo, the FF was ignored for optimization here. Fig. 4-6
shows the relationship between output parameter Js and Vo.. We observed a general
population of Jsc depends on Vo, having only some data have a trading off relationship:

the data in the red cycle is trading off data which have high V. with low Js. value.
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Fig. 4-7 shows the relationship between input parameters and efficiency from original
experimental data. We observed the large difference in efficiency when we change the
spin-speed and dipping time, so these input parameters are effective for finding the
optimum point of the experiment. To explain the high range of efficiency difference, we
have characterized the surface morphology and crystalline quality of perovskite layer,

which is explained in the next part.

4.4.4 Surface Morphology and Crystalline Property

The surface morphology of perovskite layer fabricated under conditions in Table 4-1 is
shown in Fig. 4-8. This figure shows the difference of roughness and grain size of
perovskite with Pbl, spin-speed and MAI dipping time. We observed the high roughness
of perovskite in the case of low spin speed and smooth surface in case of high-spin rate
coating of Pblz. For improving the efficiency of solar cell, the low roughness of perovskite

and large grain size are required.[30]

Fig. 4-9(a) shows the relationship between average grain size of surface perovskite thin
film fabricated by spin coating and input parameter. This graph was plotted by using
analysis data of grain size average from SEM images, which is shown in Fig. 4-10. We
found the grain size of thin film is larger when fabricated at low spin speed. This large
grain size occurs from high film thickness. Usually, large grain size has benefit to increase
the efficiency, [31] however in this report we could not observe the high efficiency at low

spin speed, which can be explained by poor homogeneity of grain size distribution.[32]

Fig. 4-9(b) shows the standard deviation of the grain size of surface perovskite film and
input parameters. We observed the high S.D. value when we fabricated perovskite thin

film at low spin speed. This can explain the poor uniformity of grains and high roughness
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of the thin film. Some previous reports concluded the familiar tendency that the high

roughness of thin film makes the efficiency of solar cell drop.[33,34]

To investigate the crystalline property of perovskite layer for each condition, we
measured the XRD spectra. The XRD results are shown in Fig. 4-11. In previous reports,
the ratio of Pblr and perovskite peak strength can explain the crystalline quality of
perovskite thin film. Hsieh et al. defined the conversion ratio of Pbl, into

methylammonium lead iodide (MAPbI3) with following equation[35];

lig2
=142 4-11
CmaPbI, T tlins [4-11]

Where I12.7 is the intensity of Pbl, peak at 12.7° and 142 is the intensity MAPbI3 peak at
14.2° The values of conversion ratio are shown in Table 4-3. For fabricating the high-
efficiency solar cell we need high conversion ratio into MAPbI;. We found the high
amount of Pbl> remained in conditions of low spin-speed rate and short dipping time. The
highest conversion ratio of MAPbI3 was found in condition 1, which should lead to

highest efficiency from the experiment.

Fig. 4-9(c) shows the relationship between each experimental input parameters (spin-

speed and dipping time) and Cysapp; , We observed the low Cvarb 1, in case of low spin

rate, which shows incomplete crystallne conversion due to thick Pbl> film or low contact

time to MAI solution.
4.4.5 Predicting the mapping surface via Kriging Model

For using Kriging model, we used output parameters from Table 4-2. The results of
computational optimization by the Kriging model are shown in Fig. 4-12. This figure

shows the simulation of output surface distribution Js, Vo and power conversion
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efficiency (PCE). From these surface plots, we can approximate the reasonable region of

input parameters for reaching the high value of output.

From Fig. 4-12(a), we approximated the region for getting high Jsc output, Jsc higher
than 12 mAcm™, as 3400-3600, 4600-4800 rpm for spin speed and 600-740s for dipping
time. For V, higher than 0.9 V, the region was approximated as 2200-3800 rpm and 600-
720 s (Fig. 4-12(b)). And for power conversion efficiency, we define the local maximum
area 1 as ared color cycle, area 2 as a black color cycle and area 3 as a brown color cycle

(Fig. 4-12(c)).

4.4.6 Validation of the Optimization via Genetic Algorithm (NSGA-II)

To check our best fabrication condition, we used NSGA-II, which predicts the best
condition in a different manner. Fig. 4-13 shows the non-dominated solution of output
parameters; Voc and Js; this graph is obtained by NSGA-II simulation from random best
region data along Jsc and Vo in Fig. 4-12 (a), (b). From this graph, the predicted highest
Js from this system is around 15.8 mAcm™ and Vo around 1.03V. The region for high
efficiency of solar cell is obtained as Js around 14.8 mAcm™? to 15.8 mAcm™ and Vo

from 0.8 to 1.05 V.

To understand the two group of data, the data from area 1 and 2 from Fig. 4-12(c), we
analyzed the SEM image, XRD data and used Kriging modeling for simulating the surface
of conversion of MAPbI3 and S.D value: we already explained in the S.D value are related
to homogeneous of perovskite thin film in SEM characterization part. Fig. 4-14(a) shows
the Kriging surface of S.D value of perovskite grains, on which lower value shows higher
uniformity. Fig. 4-14(b) show Kriging surface of conversion ratio into MAPbIz. We

found that high uniformity and high conversion of MAPbI3 are important to get the high
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efficiency of the solar cell; the conversion of MAPDbIz has the high effect to efficiency

than uniformity of perovskite thin film.

Fig. 4-15 shows the relationship between efficiency and input parameters (spin speed and
dipping time). The efficiency from this graph comes from the simulation result of FF, Js,
and V.. To search the global optimum condition, we chose the best condition point (Data
group 2) at spin-coating rate vary from 3600 rpm and dipping time around 690-720 s. The
optimum area of data set come from data group 1 and data group 2. The reason to have 2
group of data is the trading-off effect between film homogeneous and high conversion of

MAPbBI3

Through this computational optimization, we chose the best condition as spin-speed at
3600 rpm and dipping time at 710 s. We made 6 devices under this condition and
evaluated the device performance. The average efficiency under this condition is 8.04%
with standard derivation of 0.42, and average Jo=15.51 mAcm?, Vo=1.03 V and
FF=0.51. The full data of each device is shown in Table 4-4. The maximum efficiency of
this experiment was 8.75% with J«=15.97 mAcm™, Voc=1.03 V and FF=0.52, whose
graph of the current-voltage characteristic is shown in Fig. 4-16. It is notable that all the
optimization process was done only through 18 samples in total even though we have two
experimental parameters with 12 levels, which ordinary means that 2'>=4096 of samples
are required for obtaining full information of the system. This improvement comes from
(1) highly effective sampling of LHS method, (2) high accuracy of Kriging method for a
few data sets, and (3) high effectiveness of NSGA-II for selecting the best point from

Kriging result.
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4.5 Conclusion

In conclusion, we have successfully fabricated PVSCs with structure
ITO/SnOy/Perovskite/Spiro-OMeTad/Au. This structure is a good candidate for flexible
devices with low-cost material. To find the maximum efficiency, we optimized the
experimental conditions using the Kriging model method from experimental data given
through Latin hypercube sampling. With only 12 conditions of experiments, we could
approximate the best condition for fabricating PVSCs as the spin speed 3600 rpm and
dipping time 710s. Under this condition, we observed a high efficiency of PVSCs at
8.75%(Jse= 15.97 mAcm™, Voc=1.03 V, FF=0.52). From the LSH sampling, we could
observe the spin-coating speed and MAI dipping time have strong relationships with
efficiency due to the conversion ratio of Pbl; to MAPbI; and the surface morphology of
the perovskite film. This optimization method will allow researchers to go much faster

through a variety of system in PVSCs.
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Fig. 4-4 a) Energy band diagram and b) Devices structure of our cell.
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Fig. 4-8 SEM images of perovskite layer under conditions in Table 4-1
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Fig. 4-11 The XRD spectra of perovskite layer on FTO/SnO; fabricated under

conditions in Table 4-1.
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Fig. 4-14 Surface plot of the relationship between experimental parameters (Spin speed,

time) and a) S.D of grain and b) conversion of MAPbI.
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Fig. 4-15 Relationship of efficiency and input parameters (spin speed and dipping time)
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Fig. 4-16 Current-voltage characteristics of the highest performance devices fabricated

with optimal condition.
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Table 4-1 Input parameters for fabricating perovskite layer assigned by LHS

method.
Condition spin speed Dipping time
(rpm) (s)
1 3580 712
2 3810 447
3 2314 514
4 4152 378
5 3336 402
6 2208 644
7 2824 510
8 3242 748
9 4430 492
10 4738 320
11 2726 602
12 4794 674
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Table 4-2 Output parameters of perovskite solar cells fabricated by using the

conditions in Table 4-1.

Output
Condition Jse Voe PCE
FF

(mA/cm?) V) (%)

1 14.92 1.03 0.49 7.57
2 4.41 0.19 0.28 0.23
3 3.60 0.34 0.42 0.51
4 0.65 0.31 0.42 0.08
5 11.02 0.84 0.41 3.81
6 3.14 0.99 0.46 1.44
7 10.28 0.75 0.33 2.54
8 5.43 0.84 0.42 1.90
9 1.98 0.42 0.35 0.29
10 2.32 0.48 0.32 0.36
11 11.25 0.96 0.39 4.22
12 15.71 0.90 0.38 5.47
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Table 4-3 The conversion ratio of Pbl, to MAPDI3, grain size average and S.D value of

perovskite grain when fabricated with difference condition

Condition  Cwmarbi3 Ave. STDEV.

(pm)
1 0.87 0.25 0.07
2 0.71 0.28 0.08
3 0.65 0.17 0.18
4 0.58 0.21 0.06
5 0.78 0.24 0.08
6 0.62 0.23 0.06
7 0.81 0.32 0.12
8 0.83 0.22 0.07
9 0.68 0.19 0.04
10 0.55 0.23 0.06
11 0.84 0.19 0.04
12 0.83 0.18 0.05
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Table 4-4 Current density-voltage parameters of perovskite solar cell when fabricated

with optimal condition

Sample Voe FF Jse Eff
number (V) (mA/ecm?) (%)
1 1.03 0.52 16.56 8.87
2 1.02 0.49 15.99 7.99
3 1.02 0.51 15.05 7.83
4 1.02 0.49 15.58 7.79
5 1.03 0.52 15.35 8.22
6 1.02 0.50 15.14 7.72
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Chapter 5

Process Improvement for cm? Perovskite
Solar Cell with Studies Effect of TiO>

5.1 Introduction

Various material combinations have been used in the study of lead halide perovskite solar
cells (PVSCs), which could potentially be fabricated as flexible devices and also
fabricated with large areas as a commercial product [1-3]. The perovskite layer has many
benefits, such as a high absorption coefficient, long carrier lifetime, and low
recombination rate with a tunable bandgap [4-5]. In 2016, PVSCs achieved a maximum
efficiency of over 22% in a paper co-written by researchers at KRICT and UNIST [6].
The efficiency of the PVSCs has been improved by testing different fabrication

techniques, device structures, and optimizing the experimental parameters [7-9].

Most of the reports on improving the fabrication methods of PVSCs are focused on small
device active areas (i.e. an active area smaller than 0.2 cm?). There have only been a few
investigations into cells fabricated with areas of several centimeters squared via methods
such as doctor-blading, inkjet printing, spray deposition, and spin coating [10-12]. Le et
al. fabricated large-scale PVSCs using a vacuum flash—assisted solution process [13]. By
using such processes, the crystalline quality of perovskites has improved and power
conversion efficiencies (PCEs) above 20% have been achieved. Gouda et al. developed a
vapor treatment method for the surface of perovskite films and thus achieved a PCE of
around 15% [14]; their findings demonstrated that improving the crystalline quality and

homogeneity of perovskite films is beneficial for scaling up PVSC products. However,
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the studies were all conducted with fabrication processes requiring a grove box with an

inert atmosphere.

To date, there have only been a few reports on the fabrication of large-area PVSCs at
atmospheric pressure [15] despite many research groups successfully developing PVSC
fabrication processes at atmospheric pressure for small device areas (<0.25 cm?). Tai et
al. fabricated PVSCs in ambient air using a Pb(SCN); solution [16]. Sveinbjornsson et al.
developed an ambient air process for mixed-ion perovskite films [17]. Most fabrication
techniques for PVSCs developed at atmospheric pressure focus on solving the following
problems that generally occur during fabrication, namely 1) the high degree of incomplete
reactions leading to a high amount of Pbl, remaining in the films; 2) the high number of
pin-holes in the perovskite film surface; and 3) the low reproducibility of the film quality.
It is not too difficult to solve these problems for small-area cells, but this problem has a

large effect on decreasing the PCE when fabricating cells with areas >1 cm?.

Here, we designed a fabrication process for a perovskite layer that is referred to as the
"dynamic spin-washing method", which involves a conventional mesoporous TiO>-based
device to produce cells with areas >1 ¢cm? at atmospheric pressure (for a humidity level
below 40%). The key component of this two-step method is the "dynamic spin-washing"
process conducted after dipping the film into a MAI solution. This experiment
demonstrates that our washing process has the potential to improve the uniformity and
quality of perovskite crystalline thin films. Moreover, we also designed the experiments
to optimize the deposition conditions for the electron transporting TiO2 layer. After
optimizing our process, we achieved a PCE of 13.5% for small-area devices and 11.8 %

for large-area devices.
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5.1.1 Fabrication method for perovskite layer

One of the crucial factor to improve the performance of PVSCs is morphology of
perovskite thin film. Therefore, the fabrication process of PVSCs layer should be
developed for higher surface coverage, crystalline quality and uniformity of perovskite
layer. Until now, it has mainly 2 types of method for fabricated perovskite layer are one-

step method and two-step method.[18-20]

5.1.1.1 One-step method

One-step method is first developed by Lee et al. in 2012. The original process for one-
step method is shown in Fig. 5-1.[3] In that report, they were making stoichiometry
precursors by containing 3:1 molar ration of MAI and lead chloride (PbClz) in DMF
solvent. By using this technique, Lee et al can improved this technique for wearable
devices with PCE around 10%.[18] After that, many research group try to be developed
it with changing process parameters such as; changing the starting precursor, mixing with
difference solvent and changing the proportion of precursors. However, simple one-step
methods have big problem to control the reproducibility especially when fabricated in

higher humidity condition.

To improve this problem, Xiao et al. report the surface improvement of perovskite thin
film my adding an antisolvent on the top of wet precursor film during spin coating process.
They found the difference type of antisolvent such as; chlorobenzene, benzene, toluene
can improve the fast nucleation, which can be improved the micro size of perovskite
crystal and improve the PCE close to 14%.[21] After that, Jeon et al. can improve the
maximum PCE of that time by modify this technique by changing the precursors in
mixture solvent contain; y-butyrolactone (GBL) and DMSO with using toluene for

antisolvent. After optimized the proportion of mixture solution, they can be achieved PCE
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around 16.2%. After that this method is one of the best choice to fabricated perovskite
layer with many type of modification method such as; changing solvent, changing starting

precursor or changing the type of antisolvent.[22]

5.1.2.1 Two-step method

Two-step method is the first method to fabrication perovskite solar cell by miyazaka et al
in 2009.[2] This method is starting to fabricate by first; deposition Pbl, thin film by
coating Pblx in DMF solvent with difference method such as; spin coating, spray or
thermal evaporation. [23-25] Then convert the Pblx thin film to perovskite by dipping
Pbl, precursor thin film in MAI solution, during this process the color of precursor film
were convert from yellow to black-brown color. The conversion process of Pbl> to
perovskite is shown in Fig. 5-2.[26] By fabricated PVSCs by this method, Burschka et al.
can achieved PCE over 15% on mesoporous TiO layer.[27] However, this method has

problem to control the amount of perovskite conversion.

To improve this problem, Docampo et al. modify this method by mixing MAI and MACI
together. The result is PCE can improve to 15.7% by improved the high conversion rate
of perovskite crystal.[28] After that, many research group try to increase the conversion
of perovskite crystal such as spin-coating with higher concentrated of MAI solution [29],
pre-wetting of solvent [30] and using solvent vapor annealing [31]. The modification of
two-step process not only improved the conversion of MAPDI; ratio. However, they can
be improved the grain size and homogeneous of thin film that have benefit for improved
the scale up PVSCs. Yang et al. explain the mechanism for conversion Pbl; crystal to
MAPDI; crystal: named in-situ conversion. The morphology of Pbl; crystal is converted
to MAPbI; by incorporation of MAI ions. However, the Pbl crystal dissolves and the

perovskite recrystallizes in a thermodynamically favored shape[32]. After that, this
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concept was developed for improve the conversion rate of MAPDI3 crystal of two-step

method.

5.2 Experiment

5.2.1 Substrate preparation

FTO glass substrates (2 cm x 2.5 cm) were etched with HCI and zinc power. After that,
the pattern-etched FTO substrates were cleaned by ultrasonication in deionized water,

acetone, and ethanol (20 min in each solvent) and dried by blowing air onto them.

5.2.2 Devices Fabrication

The overall process for this experiment is shown in Fig. 5-1. In this experiment, we fabricated
adense layer of TiO2 by spin coating a solution composed of 0.1 M titanium diisopropoxide
biscacetylacetonate) (Sigma-Aldrich) dissolved in n-butanol (99, Wako) at 3000 rpm. Then,
the samples were annealed at 150 °C for 5 min. These processes were repeated three times
to deposit a dense TiO; precursor film. After that, the films were annealed at 500 °C for
60 min. After cooling, the mesoporous TiO; layer was deposited by spin coating 0.4 g of
TiO2 nanoparticles diluted in ethanol (1.4 g) at 3000 rpm for 30 s; the samples were then
post-annealed at 500 °C for 60 min. To prepare the perovskite layer with the two-step method,

1 M of Pbl, was dissolved in a mixed solvent that contained dimethylformamide (DMF, 99,
Wako) and dimethyl sulfoxide (DMSO 99%, Wako). The volume ratio of the solvents was 9:1. The
samples and precursor solutions were preheated at 70 °C before deposition. The precursor solution
was coated onto the substrate by spin coating (typically at 500 rpm for 3 s and subsequently at

5000 rpm for 30 s). The Pbl, films were annealed at 70 °C for 15 min to remove the remnant
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solvent in the film. After the surface temperature of the Pbl, thin films decreased to room
temperature, the samples were typically dipped into the MAI solution (10 mgmL™! in IPA) for 90
s. Then the perovskite thin films were transferred to the spin coater to remove the remaining
solution on the surface by spinning at 4000 rpm with IPA for 30 s. After that, the films were
annealing at 90 °C for 30 min. To fabricate the hole transport layers, the samples were spin coated
at 4000 rpm with a solution of the hole transport material. This solution was prepared by mixing
68 mM of spiro-OMeTAD (Sigma-Aldrich), 26 mM Li-TFSI (Sigma-Aldrich), and 55 mM 4-tert-
butylpyridine (TBP, Sigma-Aldrich) in acetonitrile and chlorobenzene (V/V = 1:10). Finally, 100-
nm-thick gold electrodes were deposited by magnetron sputtering. The active device area was 0.09
cm? for the small surface area and 1 ¢cm? for large surface area devices. Fig.5-2 show the image

of 1 cm? scale area PVSCs when fabricate with modificated two-step method.

5.2.3 Characterization

The surface topographies of the perovskite layers were studied using a field emission
scanning electron microscope (FE-SEM, S-4700, Hitachi, Japan) with an accelerating
voltage of 5 kV. The thickness of each layer was measured by stylus profilometry (Dektak
3030, ULVAC, Japan). Light transmittance between wavelengths of 200 to 1000 nm was
measured using spectrophotometry (UVmini-1240, Shimadzu, Japan). The crystallization
of the perovskite layer was analyzed via X-ray diffraction (XRD, D8 DISCOVER,
Bruker, USA) using Cu Ka radiation (40 kV at 40 mA) with a scan rate and a step size of
2 deg/min and 0.01 deg/min. The surface elemental composition of the samples was
identified by XPS (JEOL JPS-9000MX). The current density—voltage (J-V)
characteristics of the solar cells were measured using an AM 1.5 solar simulator (100 mW
cm™) and an automatic polarization system (Hokuto Denko HSV-100) that used a 500 W
Xe lamp (UXL-500SX, Ushio) as a light source.
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5.3 Result and Discussion

5.3.1 Surface modification by dynamic spin coating

In this experiment, we fabricated a perovskite solar cell by modifying a two-step spin
method for a mesoporous TiO, based structure, namely for a FTO/dense
TiO2/mesoporous TiO2/perovskite/spiro-OMeTAD/Au stack. This structure has already
been improved to achieve a very high PCE (over 20%) in many reports [33,34]. However,
only a few studies succeeded to fabricate this structure in ambient air and for a large
surface area; this is because of the difficulties in controlling film uniformity to achieve
fewer pin-holes and a high reproducibility of the film quality [35]. To modify the two-
step spin method, we changed the washing process for the perovskite film by dropping

IPA onto the samples during the spin coating of the film.

Fig.5-5 shows the perovskite surface characteristics via SEM and AFM images. From this

figure, we can observe that the surface morphology changes depend on the spin speed of

the IPA during the washing of the perovskite thin film. The lower the surface roughness
of the perovskite films is, the more the efficiency of the solar cell can be improved. The
surface of the perovskite thin films appears smoother for higher washing spin speeds.

Moreover, we observed that the surface roughness of the perovskite films dropped from
74 nm when washing at 2000 rpm to 35 nm when washing perovskite thin film at 4000

rpm. The surface roughness of the perovskite films was measured by AFM. Not only did
the smoothness of the perovskite film surface increase, the number of pin-holes also

decreased when the washing spin speed was increased.

The crystalline quality of the perovskite films is an important parameter to optimize the

PCE of PVSCs. One way to investigate the quality of a perovskite layer is via XRD. Fig.
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5-6 shows the XRD pattern of a perovskite thin film washed with IPA at different spin
speed. In a previous report on assessing the crystalline quality of a perovskite thin film,

Hsieh et al. defined the conversion ratio of Pbl> into methylammonium lead iodide

(MAPDI3) with following equation [36];

l142
C = — [5-1]
MAPDI; Iip 741142

where I127 is the intensity of the Pbl peak at 12.7° and 142 is the intensity of the MAPbI3
peak at 14.2°. The values of the conversion ratio when changing the washing spin speed
are shown in the Table 5-1. We found that a large amount of Pbl> remained at low
washing spin-speeds. A higher conversion ratio of MAPbI3; was observed when we

increased the spin-washing speed.
5.3.2 Investigated the surface morphology change

We designed an experiment to investigate the phenomena that cause the formation of high
roughness films and different conversion ratios for different spin speeds. First, a Pbl, thin
film was deposited via spin coating on top of the TiO: layer and dried to evaporate the
solvent in the Pbl thin film; after that, the film was dipped into the MAI solution. Then,
the sample was mounted onto the holder of the spin coater and we waited until some areas
of the film were dried (as shown in a photograph in Fig. 5-7); subsequently, we conducted
the dynamic spin-washing step. Fig. 5-7 shows a picture of the sample before and after
using the dynamic spin-washing method, highlighting the surface morphology of the dry
and the wet area. The dry area of the sample reveals a non-uniform perovskite film with
arough surface area. Further, Fig. 5-7 demonstrates that the surface of the perovskite film

was directly affected by the IPA evaporation: this is because we observed a smooth and
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uniform surface in the wet area of the film before the dynamic-spin drying process. Not
only was the film's surface affected by the presence or absence of the solvent, but the
crystalline quality of the Pbl, appeared also to be much higher in the dry area than in the
wet area; the XRD result of dry surface area and wet surface area are shown in the Fig.

5-8 and Table 5-2.

To explain the reason for the differences in the structures and the quality of Pbl> when
washing and drying the film with difference spin-speeds, we needed to model the results
of Koo et al [37]. In that report, they investigated the effects of water and IPA content in
air in a single wafer cleaning system. Their simulation showed that the content of water
and IPA in the air and the spin-speed rate are related to the evaporation rate of the IPA
and water; further, a higher evaporation rate of both water and IPA was confirmed when
the spin-speed was increased. Additionally, the evaporation rate of water is lower than
that of IPA owing to the higher boiling point of water. In humid conditions, it is necessary
to consider the influence of water condensation. This phenomenon is harmful to the
surface of perovskite films because the perovskite surface readily reacts with water,
converting the surface back to Pbl, [38]. Fig. 5-9 shows the schematic of the film
formation process for different film surfaces. For the dry part of film at atmospheric
pressure, the amount of condensed water (from water vapor in the ambient air) is higher
than the amount of water evaporated from the perovskite surface; thus, the presence of
ambient vapor that condenses on the surface converts an additional portion of the
perovskite film into Pblo. Moreover, the evaporation rate of IPA is non-uniform owing to
the amount of IPA on the surface not being the same across the entire area of the film; for
example, areas at the edge of the film have a lower IPA content than central areas. For
this reason, the surface of a normal dry process results in a non-uniform film with a high

surface roughness. Moreover, it can be seen from a cross sectional image (shown in Fig.
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5-10) that the wet and dry areas have different thicknesses; different surface morphologies
of the perovskite film were formed during the waiting step while the films dried. The
MAI solution did not dry uniformly and some areas retained a small amount of solvent.
In the completely dried area the film thickness gradually decreased as the size of the
crystallites from the re-converted perovskites to Pblo grew. Schlipf el al. reported that the
size of a perovskite crystal is larger than that of Pbl, [39]. At a low washing spin-speed,
the water evaporation rate is still higher than the water condensation rate, and thus the
surface of the film also has a high surface roughness. However, the conversion of
perovskite crystals into Pbl; is lower than for the normal dry fabrication case because of
the reduced amount of water on the surface owing to a higher rate of water evaporation.
At high washing spin-speeds, the water evaporation rate is lower than the rate of water
condensation. Thus, most of the perovskite surface has a low surface roughness with a
low amount of residual Pbl,, because the surface of the film is not converted into Pbl,

owing to the low amount of water in the vicinity of the film surface.

Table 5-3 shows the J-V parameters for the small area PVSCs fabricated with different
IPA spin-washing speeds. These results show a correlation between the spin speeds and
the surface morphology and crystalline quality of the perovskite films. The PCE of the
PVSCs gradually increased as we increased the spin-washing speed. We observed a
significant increase in the fill factor (FF) and short-circuit current density (Js¢); the FF
increased from 0.47 to 0.59 and J increased from 16.5 to 22.5 mA/cm?. The J-V curves
also confirmed that the dynamic spin-washing method can improve the PCE of PVSC
devices. In particular, in the case of the 1-cm?-area device, the PCE of the devices when
washing at 4000 rpm were almost double than those at 2000 rpm. The J-V parameters of
large area PVSCs fabricated with different washing IPA spin speeds are shown in Table

5-4. When we fabricated perovskites with a large surface area, the benefit of our method
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could be more clearly observed because of the higher crystalline uniformity and area of
the perovskite coverage required for the large-scale device [39-41]. The FF increased
from 0.32 to 0.53 when we increased the washing speed from 2000 to 4000 rpm and the

Js increased from 15.3 to 19.7 mA/cm?.

5.3.3 Optimization by Design of experiment

To optimize the efficiency of the PVSC devices in this experiment we chose the
experimental methods using the kriging model to optimize the TiO; layer; this method
was already used in our previous studies and a diagram for the optimized parameters. [42]
In this study, we optimized the TiO: layer, as this layer has a large impact on increasing
the Voc and Jsc by reducing the recombination at the interface between the perovskite layer
and the FTO substrate [43]. In a device with a mesoporous structure there are two kinds
of TiO» layers, the first of which is a dense TiO; layer and the second of which is a
mesoposous TiO; layer. Therefore, we selected the input parameters to be the spin-speed
for fabricating a dense TiO> layer (Spin Speed 1) and the spin-speed for fabricating a
mesoporous Ti0; layer (Spin Speed 2). To optimize the real effect of the TiO- layer and
to reduce the cost of optimization, we designed a half-cell that has no hole transporting

layer.

5.3.4 The selection of parameters range

Before starting to design the experiment, we set the parameter values of the dense TiO2
layer by fabricating devices with only a dense TiO: layer and a perovskite layer
(FTO/dense TiO»/perovskite/Au). By changing the spin-speed for fabricating the dense

TiO2 layer we estimated the range of input parameters.

The J-V parameters of the PVSCs fabricated with different spin speeds for the compact
Ti0; layer are shown in Table 5-5. From this table, we could choose the range of spin
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speeds for fabricating the films (around 2000 to 6000 rpm). The reasons we chose this
range were 1) we observed a high PCE at spin speeds of around 3000 rpm, and 2) we
observed a high FF at 5000 rpm. The film thickness of the dense TiO; films was measured
using profilometry. We plotted the relationship between the film thickness of the dense
Ti0O; layer and the spin speed in Fig. 5-11. This graph shows that the thickness of the
dense TiO» layer was inversely proportional to the spin speed for fabricating the TiO>

layer.

We started the design of the experiment by choosing the parameters by Latin hypercube
sampling (LHS). Table 5-6 shows the input parameters for fabricating the dense and
mesoporous TiO; layers assigned by LHS [44]. The benefit of random data sampling by
LHS is that we can decrease the number of experiments while maintaining uniformity

throughout the experimental space. The optimization problem can be written as follows:

Maximize: f1 = Jg

Maximize: f2 = Ve

Maximize: 3 = FF

Maximize: f4 = PCE

Subject to: 2000 rpm < Spin Speed 1 <6000 rpm

2000 rpm < Spin Speed 2 < 6000 rpm

After we randomly selected the input parameters, we ran the experiment and got the
output parameters. The output parameters were the J-V parameters (Jsc, Voc, FF, and

PCE). Fig. 4 shows the relationship between the input and the output parameters (Jsc, Vo,
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FF, and PCE) from the original experimental data. The output parameters found based on

the input parameters gathered using the LHS method are shown in Table 5-7.

We observed a large difference in the efficiency when we changed the dense and
mesoporous TiO> layer; thus, these input parameters are effective for determining the

optimum parameters for the experiment.

5.3.5 Predicting the mapping surface via Kriging model

Applying the output parameters in the kriging model [45-46] yielded the computational
optimization results shown in Fig. 5-12. This figure shows the simulation of the output
surface distribution for the Js, Voe, FF, and PCE. From these surface plots, we can

approximate a reasonable region for the input parameters to achieve a high output value.

Fig. 5-12 (a) and (b) show the effect of the input parameters on Jsc and Voc. We can
observe that Spin Speed 2 (mesoporous TiOy) has a large effect on Js. Fig. 8(c) shows
the effect of the input parameters on FF. With regards to choosing the range of parameters
for the experiment, the input parameter FF is related only to Spin Speed 1 (dense TiO»)
with a near linear relationship. Based on the data in Fig. 12(d) we can approximate the
best conditions for fabricating the TiO» layer; the best conditions for fabricating dense
Ti10; are a spin speed of around 5600-5800 rpm and for mesoporous TiO: a spin speed
of around 24002600 rpm 1s ideal. Therefore, we chose 5700 rpm for the dense TiO> layer

and 2500 rpm for the mesoporous TiO; layer.

We made 6 small and 3 large-area devices under these conditions and evaluated the device
performances. The average efficiency was 5.81% with a standard deviation of 0.25% and
an average Jsc of 12.01 mA cm 2, Vo of 0.80 V, and FF of 0.57. Current density-voltage

parameters of each cells are shown in Table 5-8. The maximum efficiency in this
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experiment under optimized conditions for fabricating TiO» with a full cell are given in
Table 5-9 along with the results of the best cells and the average values. The average for
a small-area device was 13.47% and the average Jsc, Voe, and FF values were 21.21 mA
cm 2, 0.99 V, and 0.64, respectively. The average for the large-area devices was 11.47%,
and the average Js, Voc, and FF values were 19.53 mA cm 2, 0.99 V, and 0.59,

respectively. Current density-voltage parameters of each cells are shown in Table 5-10.

Fig. 5-13 shows the J-V characteristics of the highest performance cell of (a) the small-

area devices and of (b) the large-area devices when fabricated under optimized conditions.

5.4 Conclusion

In conclusion, we fabricated PVSCs at atmospheric pressure with a ITO/dense
TiO2/mesoporous TiOz/perovskite/Spiro-OMeTAd/Au structure with a large surface area
by using a modified dynamic spin-washing method. We found that a high spin-washing
speed had a significant effect on increasing the PCE by preventing vapor reactions. Vapor
reactions strongly effect re-conversion of perovskites into Pbl> and cause the surfaces of
perovskite films to be rough. From this experiment, we conclude that not only is the
growth of the crystalline phase of the perovskite film important, but the washing step of
the perovskite film is also important when it comes to scaling up the area of PVSCs.
Lastly, we succeeded in achieving a PCE of 13.5% for a device area of 0.09 cm? and
11.8% for a device area of 1 cm? by using the optimized process. This modified two-step
method will allow researchers to develop PVSCs for practical devices or commercial

products in the near future.
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Fig. 5-1 Schematic of one step method deposition. Reprint with permission form.[3]

Copyright 2015, The American Association for the Advancement of Science.
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Fig. 5-2 (a) Schematic illustration of in situ formation of FAPbIz by in situ dipping
reaction of Pblr and FAI on the TiO; surface.Reprinted with permission form.[26]
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Fig. 5-3 Schematic of fabrication of perovskite solar cell based on the modified two-step

spin method.

Fig. 5-4 The image of 1 cm? scale area PVSCs when fabricate with modificated two-step

method.
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Fig. 5-5 Surface morphology analysis of perovskite layer when washing surface with

different spin speed.
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Fig. 5-8 XRD pattern of perovskite films area with the residual solution and the dry area.
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Table 5-1 Conversion ratio of Pbl, to MAPbI3 when washing them with IPA at

difference spin speeds.

Washing spin speed Cmapbiz
(rpm)
2000 0.63
3000 0.76
4000 0.92

Table 5-2 The conversion ratio of Pbl, to MAPDI; between dry area and wet area.

Condition CmMmarbi3
Dry area 0.68
Wet area 0.79

Table 5-3 Current density-voltage parameters of small area of PVSCs fabricated with

difference washing IPA spin speed.

Washing Spin speed Jse Voc FF PCE
(rpm) (mA/em?) (V) (%)
2000 16.5 0.91 0.47 7.2
3000 18.2 0.97 0.58 10.3
4000 22.5 0.95 0.59 12.7
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Table 5-4 Current density-voltage parameters of cm? area of PVSCs fabricated with

difference washing IPA spin speed.

Washing spin speed Jse Voc FF PCE
(rpm) (mA/cm?) V) (%)

2000 15.3 0.95 0.32 4.79
3000 17.3 0.98 0.41 6.95
4000 19.7 0.98 0.53 10.3

Table 5-5 Current density-voltage parameters of perovskite solar cell (FTO/Dense-

TiO2/perovskite/Au) when fabricated with changing fabrication spin speed of compact

TiO; layer.
Spin speed Jse Voc FF PCE
(rpm) (mA/cm’) V) (%)
2000 10.99 0.49 0.28 1.53
3000 9.99 0.7 0.37 2.64
4000 5.27 0.69 0.45 1.79
5000 3.01 0.67 0.49 0.99
6000 2.17 0.65 0.45 0.65
6500 1.34 0.23 0.32 0.1
7000 0 0 0 0
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Table 5-6 Input parameters for fabricating dense-TiO> and mesoporous TiO; layer

assigned by Latin-hyper cube method.

Condition Dense-TiO> Mesoporous-TiO>
(rpm) (rpm)
1 4676 2962
2 2430 4696
3 5028 5358
4 3126 4116
5 2038 5912
6 5608 2754
7 5424 3482
8 3556 2272
9 4296 3830
10 3836 4996
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Table 5-7 Current density-voltage parameters of perovskite solar cell (half-cell) when

fabricated by using the conditions in Table 5-6.

Condition Jse Voc FF PCE
(mA/cm?) V) (%)
1 12.83 0.75 0.35 3.31
2 10.21 0.71 0.29 2.12
3 16.07 0.78 0.34 431
4 12.41 0.68 0.27 2.25
5 7.005 0.75 0.12 0.61
6 12.62 0.80 0.57 5.76
7 12.51 0.81 0.45 4.48
8 1.44 0.73 0.37 0.37
9 8.355 0.79 0.33 2.21
10 10.67 0.83 0.46 4.12
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Table 5-8 Current density-voltage parameters of perovskite solar cell(half-cell) when

fabricated with optimal condition

Sample Jse Ve FF PCE
number (mA/cm?) V) (%)
1 12.11 0.81 0.592 5.81
2 12.05 0.80 0.589 5.68
3 12.45 0.80 0.592 5.90
4 11.63 0.82 0.591 5.64
5 11.89 0.82 0.594 5.79
6 12.51 0.82 0.592 6.07
Average 12.11 0.81 0.591 5.81

Table 5-9 Current density-voltage parameters of perovskite solar cell when fabricated

with 0.09cm? and 1 ¢cm? scale area.

Condition Jse Voc FF PCE
(mA/cm?) V) (%)
Best cell(0.09cm?) 21.51 0.99 0.65 13.75
Average(0.09 cm?) 21.21 0.99 0.64 13.47
Best cell(1 cm?) 19.83 0.99 0.60 11.76
Average(1 cm?) 19.53 0.99 0.58 11.56
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Table 5-10 Current density-voltage parameters of perovskite solar cell when fabricated with

optimal condition

Area Sample Jse Voe FF PCE
number (mA/cm?) V) (%)

0.09 cm? 1 21.51 0.99 0.646 13.75

2 21.36 0.99 0.646 13.66

3 21.12 0.99 0.643 13.44

4 21.04 0.99 0.643 13.39

5 20.89 0.99 0.639 13.21

6 21.36 0.99 0.633 13.38

Average 21.21 0.99 0.641 13.47

1 cm? 1 19.83 0.99 0.599 11.76
2 19.26 0.99 0.597 11.38

3 19.39 0.99 0.589 11.30

4 19.66 0.99 0.589 11.46

Average 19.535 0.99 0.5935 11.47
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Chapter 6

Summary

6.1 General summary
This thesis demonstrates the design of an experiment for semitransparent organic thin

film solar celll and lead tri-halide perovskite solar cell.

In studies of OSCs devices, the TiO; electron transport layers, based on PDDA and TALH
from a water-based solution, are fabricated via the spray-LBL method for solar cell
applications. The titanium dioxide structure deposited on glass by the spray-LBL method
was composed of both anatase (004) and rutile (210) phases. The largest crystalline sizes
of the anatase (004) and rutile (210) phases were achieved after annealing at 450°C and
without annealing, respectively. The optical energy band gap was reduced from 3.30 eV
to 3.20 eV. After preparation of the TiO: layer via the spray-LBL using a water-based
solution with the best conditions for the surface morphology, precise thickness control
and the optical properties, semitransparent bulk heterojunction solar cells were
successfully fabricated. The efficiency of these organic thin film solar cells depended on
the thickness of the titanium dioxide layer, and the semitransparent polymer-based solar
cells had power conversion efficiencies of more than 2% after improving the TiO2 layer

thickness, which was controlled via the spray-LBL method.

In the studies of PVSCs, first is the developed tool for optimising the structure for the
fabricated PVSCs. The structure ITO/SnO»/Perovskite/Spiro-OMeTad/Au has been
chosen for our purposes — this structure is a good candidate for flexible devices with low-
cost material. To find the maximum efficiency, we optimised the experimental conditions
using the Kriging model method from experimental data given through Latin hypercube

sampling. We could approximate the best condition for fabricating PVSCs with only 12
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conditions of experiment. Under the best condition, we observed the high efficiency of
PVSCs at 8.75%. From the LSH sampling, we could observe the spin-coating speed and
MAI dipping time have strong relationships with efficiency due to the conversion ratio of

Pbl> to MAPDI; and the surface morphology of the perovskite film.

The second studies for PVSCs are focus on fabrication process for an up-scaled size of
PVSCs based on TiO; layer. We found high washing-spin speed has the large effect to
increase PCE by preventing the vapor reaction. The vapor reaction strongly affects re-
conversion perovskite to Pblo and making a rough surface of perovskite film. This
experiment proposed that not only crystalline grown phase of perovskite film but also the
washing step of perovskite film is important to scale up the area of PVSCs. Lastly, we
succeeded in achieving 13.5% for the 0.09 cm? area and 11.8% for the 1 cm? area by using

the optimised process.

6.2 Future Approach

Until now, many researchers for photovoltaic devices already succeeded in fabricating it
with high PCE. However, these devices are in need of further attention as problems
remain. These include the degradation effect from humility, damage from hot
temperature, using many toxic material and the recycling of out of date products. To
improve them, not only the structure of photovoltaic should be developed, but also the
outside product packaging also should be developed too, comprising encapsult layer,
antirefraction and cooling system. For the future development of OSC, this device must
focus on reducing the production cost of ETLs and HTLs material such as PCBM, P3HT
and PTB7. Moreover, this device have to investigated some mechanism to improve the
stability of it at high temperature with high humidity. PVSCs devices already improve for

high PCE, but lack of knowledge about crystalline stability in high temperatures is crucial
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for solar farms. Moreover, the amount of lead in these devices must be decreased in the

near future.
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