Development of Nanostructured ZnO
Films as Electron-Transporting Layer for

Perovskite Solar Cell Applications

(RABTRADA FKREEMDEFEIEBANDIS
RICE T =7 / BEEL B inEE DB )

Christian Mark Pelicano

July 2019

Graduate School of Materials Science

Nara Institute of Science and Technology



Abstract

The recent rise of perovskite solar cells (PSCs) brought a new era to the photovoltaic
industry owing to the exceptional improvement of their efficiencies, surpassing 24% within a
decade of comprehensive research. This outcome places them as a frontrunner to replace
expensive Si solar cells. Most state-of-the-art PSCs utilize an electron-transporting layer
(ETL) to ensure selective extraction of electrons and to suppress charge recombination.
Mesoporous TiO; is largely used as ETL in high performance PSCs, however, a high-
temperature annealing at 500-550 °C is generally required to prepare TiO, layers, which
drastically limited the application of PSCs in flexible devices. Among metal oxides, ZnO is
the most promising due to its high electron mobility, high transparency and abundant
nanostructures (NSs). However, existing ZnO growth methods involve toxic chemical
reagents, sophisticated process, expensive equipment, and high temperature systems. Thus,
the challenge now is to develop a low cost, green and energy efficient technique to produce
novel ZnO NSs that is compatible for sustainable commercialization of PSCs. Herein, we
employ two low-temperature methods (T < 100°C) to produce ZnO NSs. We first explored
electrodeposition, which has the capability to obtain high-quality ZnO NSs at a faster rate.
Then, we developed a highly novel, facile, low temperature technique called H,O oxidation,
which simply involves the immersion of Zn thin films in pure H,O. Detailed growth
mechanisms for the synthesized NSs are discussed and their application as ETL for PSCs is
examined through comprehensive structural, chemical composition, surface chemistry,
optical and electronic characterizations.

A brief introduction about the history of PSCs, as well as their device architecture
and operating principle, is introduced in the first chapter. The significant role of ETL,

especially the advantages of nanostructured ZnO, for efficient charge extraction is discussed.



Then, a short review of ZnO growth techniques is given to establish the importance and
goals of this research. Chapter 2 examined the synergistic effect of high-quality
electrodeposited ZnO nanorods (NRs) and rubrene interlayer to improve the performance of
PSCs. The effects of NR length and the presence of an interlayer were investigated. A solar
cell device optimized with ZnO NRs and rubrene:P3HT bilayer showed a PCEnax of 4.9%
and reduced hysteresis behavior. The formation of nanostructured ZnO films via low-
temperature H,O oxidation is presented in chapter 3. The first subchapter explored the
influence of growth time and temperature on ZnO-based PSCs. A PCEnax 0of 6% was
achieved with PSCs based on pointed NRs. In the second part, the effect of pH on ZnO-
based Pb-free PSCs is investigated. PSCs based on ZnO NPs generated in an acidic H,O
attained a competitive PCEqax 0of 0.083% with good stability.

Chapter 4 described the transformation of H,O-oxidized ZnO NRs into Al-doped
ZnO nanotubes (AZO NTSs) via simultaneous etching and Al doping. The AZO NTs showed
superior charge transport properties compared with ZnO NRs. Chapter 5 presented the
integration of microwave technology with H,O oxidation to generate novel nanostructured
ZnO films at a significantly reduced time duration. High-quality ZnO NRs were successfully
fabricated even only after 30 min of microwave-assisted H,O oxidation. The as-synthesized
NSs were also effective ETL for solar cells as seen on the quenching of perovskite emission
from their steady-state PL spectra.

In summary, effective low-temperature strategies were presented to form novel ZnO
NSs as ETL for PSCs. H,0-oxidized ZnO is proven to be a better ETL compared with
electrodeposited ZnO. The results highlight the potential of H,O-oxidized ZnO not only for
future photovoltaics, but also in other ZnO-based electronic devices. Lastly, there are still lots
of unexplored area in this study, thus, this is very interesting to continue and to extend for

possible commercialization plans.
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Chapter 1

General Introduction

1.1 Solar Cell Technology

The expected rise in global energy consumption and growing worldwide concern
about climate change has shifted research interests on renewable energy sources, among
which solar energy is the leading example’ 2. Solar energy is broadly considered to be one of
the primary alternatives to the fossil fuels, which have caused climate and pollution problems.
Through the use of photovoltaics (PVs), solar energy can be utilized by directly converting
sunlight to electricity. However, PVs supply just a small (<2%) portion of world energy
consumption despite its immense potential and remarkable development®. Higher energy
costs in comparison with the conventional generation methods prevented the extensive
deployment of PV. So far, PV technologies can be divided into three generations. The first
generation solar cells include monocrystalline and polycrystalline Si solar cells. About 90%
of the PV industry is controlled by Si PVs due to its high performance (about 15-20%) and
excellent stability*. Conversely, Si PVs have naturally expensive manufacturing and
installation costs®. The second generation solar cells are thin-film solar cells including
cadmium telluride (CdTe), copper indium gallium selenide (CIGS), copper indium diselinide
(C1S), amorphous Si solar cells (a:Si) and cadmium sulphide (CdS). These devices have
reduced semiconducting layer thickness, hence, lower production costs. However, a slight

decline in efficiency (10-15%) is also expected due to the limited crystalline quality of these



thin films. In addition, their production requires the utilization of rare earth materials®. Lastly,
novel PV technologies that are recognized as the third generation solar cells include solution-
processed dye sensitized solar cells (DSSCs), organic solar cells (OSCs), quantum dot

sensitized solar cells (QDSCs), and perovskite solar cells (PSCs) .

1.2 Perovskite Solar Cells

The development of thin-film solar cells utilizing an organic-inorganic perovskite
compound as light absorber has recently generated enormous attention in the PV research
field due to their remarkable efficiencies®'. As shown in Figure 1.1, organic-inorganic
perovskite has a 3D cubic structure with a general formula of ABX;, where A is a cation
(CH;NH;*,NH = CHNH;*,Cs*)"*"!°, B is an inorganic divalent or trivalent cation (Pb%*,

Sn?*,Bi3*, Sb3*)">"® and X are negatively charged halides (I”, Br~, C17)""*%,

Figure 1.1 Cubic crystal structure of organic-inorganic halide perovskite.



The rapid efficiency enhancement can be associated to the superb photovoltaic
properties of lead halide perovskite, such as strong absorption in a broad range of the visible

23,24

spectrum” %%, small excitonic binding energy of around ~ 2 meV>>?, long charge diffusion

29:3% and tunable band gap over the

length of 100-1000 nm*”**, high charge-carrier mobilities
range of 1.1-2.3 eV>"*2 This PV technology integrates individual advantages of previously
established solar cells: high efficiency (crystalline Si), lightweight and flexible (GaAs and
CIGS inorganic thin-film PVs), and scalable low-temperature solution processability and
color tunability (DSSCs, QDSCs and OSCs) **. Figure 1.2 presents the brief evolution of
PSC efficiency over the span of almost a decade. The first perovskite-sensitized solar cells

were reported by Kojima et al. in 2009, wherein CH3;NH;Pbl; and CH3;NH;PbBr; were used

as sensitizers achieving a PCE of 3.81% and 3.13%, respectively”.
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Figure 1.2 PSC efficiency evolutions over the years. The certified efficiencies by NREL are
represented by blue-colored numbers. Reproduced with permission®. Copyright 2018, 10P
Publishing Ltd.



In 2011, Park et al. reported an improved PCE of 6.5% from a CH3;NH;Pbl; quantum dot
(QD)-sensitized solar cell. However, their solar cell displayed poor stability (about 10 min)
under continued irradiation due to the reaction of the perovskite with the redox electrolyte®.
A solid-state DSSC with superior stability was finally fabricated in mid-2012 with a PCE of
9.7% with Spiro-OMeTAD as a solid hole-transporting layer (HTL) and CH3;NH;3Pbl; as the
absorber’’. Afterwards, comprehensive research efforts on materials optimization, innovative
device architectural design, morphological engineering, interfacial engineering, and improved
fabrication conditions have pushed the efficiency of PSCs at an incredible rate®®**°. These
great advancements played a major role in promoting widespread research interests in PV
community which resulted in an impressive rise in the number of publications in the last few
years. To date, the certified efficiency of PSCs has skyrocketed to 24.2% rivalling those of

commercial solar cells based on monocrystalline Si films*".

1.2.1 Working Principle and Device Architecture

Light absorption, charge generation, charge transport, and charge collection are
general solar cell operating processes which also take place in PSCs, as shown in Figure 1.3%,
A number of researches on the charge transport dynamics in PSC proposed that after photon
absorption, an electron-hole pair is instantaneously created in perovskite absorber. Then, this
electron-hole pair will dissociate into free-charge carriers in less than 2 ps by the built-in
electric field triggered by the difference in the work function between the cathode and the
anode' %3 Several groups also confirmed this phenomenon by reporting a small excitonic
binding energy (< 0.05 eV) for perovskite absorber demonstrating that basically the photon

absorption leads to free-carrier generation**°. In excitonic solar cells, substantial losses in



energy happens via exciton migration and dissociation*’, hence, this one-step and efficient

generation of free charge carriers is a huge advantage for PSCs.

Figure 1.3 Band diagram and main processes in PSC: (1) Absorption of photon and free

charge carrier generation; (2) Charge transport; and (3) Charge extraction.

Figure 1.4 presents the two well-known device configurations for PSCs which are
mesoporous- and planar-PSC structures. The charge transport channels in PSC are commonly
examined based on these two device architectures. In mesoporous structure, several voids
within the ETL layer are present allowing the infiltration of perovskite layer (Figure 1.4(a)).
Herein, the central roles of mesoporous ETL are to receive the photoexcited electrons from
the perovskite and transport them to the FTO substrate. It also performs as a frame to support
the growth of perovskite layer®®. The main advantage of this type of device configuration is

it can offer a better electronic contact between the ETL and active layer enabling faster

5



charge transfer”®. Additionally, mesoporous or nanostructured layers are known to improve

the stability of the overall device compared to planar heterojunction-based devices™.

HTM

Au

48
A

® electron O hole

Figure 1.4 (a) Mesoscopic PSC with mesoporous TiO, layer and (b) planar structure without
a mesoporous TiO; layer. Thin film (TF) on fluorine-doped tin oxide (FTO) substrate is an n-
type semiconductor. Reproduced with permission®?. Copyright 2014, Wiley-VCH.

On the other hand, a compact ETL is usually employed in the case of planar
heterojunction PSC, as illustrated in Figure 1.4(b). The main functions of the compact ETL
are to ensure the delivery of photoexcited electron from the absorber layer to the external
circuit and operate as a hole-blocking layer (HBL) to impede the diffusion of photogenerated
holes from the perovskite to the FTO side®’. Simultaneously, the compact ETL should
prevent the reverse transport of electrons from the FTO to the absorber®®. Hence, it is very
important for the ETL to be uniform, continuous and ultrathin. These properties also
guarantee that the FTO substrate will not have a direct contact with the perovskite or HTL to

avoid severe charge recombination and lower device performance®® **.
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1.3 Nanostructured ZnO Films as Electron-Transporting Layer

for Perovskite Solar Cells

For highly efficient PSCs, ETL materials should have the following ideal
characteristics: (1) high electron mobility; (2) excellent optical transmittance in the visible
range, which lessens the optical loss; (3) their energy levels should complement that of
perovskite, which could increase the electron-transport efficiency; and (4) high quality ETL
should be easily fabricated’™ *°. Accordingly, proper design of ETL is crucial for solar cell
operation. Most state-of-the-art PSCs utilize the compact or mesoporous TiO, as ETL" .
The conduction band level of TiO; is highly compatible with that of perovskite in such a way
that fast electron injection from the active layer is possible. However, its low electron
mobility (0.1-4 cm® V s') leads to high electron recombination and unbalanced charge
transport” °. High temperature sintering (T > 400 °C) is also normally required to attain the
conducting phase of TiO,®'. These reasons hinder the application of TiO, in flexible

photovoltaic devices through roll-to-roll processing. Hence, replacement materials for TiO,

need to be explored in order to realize stable, efficient and flexible solar cell devices.

A promising alternative is ZnO, which is another n-type semiconductor that has
equally excellent optoelectronic features, as shown in Table 1.1. It has a wide band gap of
3.37 eV and high electron mobility ranging from 200-300 cm” V s ' for bulk material and
about 1000 cm® V s~ for single crystalline nanowires, which are several orders of magnitude
higher than that of TiO,** ®. It also has a spontaneous piezoelectric polarization due to the
stacking of alternating and planes along the c-axis of its hexagonal wurtzite structure (Figure
1.5)**. ZnO has very high transmittance in the visible region and has almost identical energy
band position and physical properties to TiO,. High temperature annealing is also not a

requirement for fabricating high-quality nanostructured ZnO resulting in lower production



cost and possible application in flexible devices. These properties make ZnO a viable ETL for

PSCs. Hence, researches on ZnO-based ETL would further help in developing high

performance PSCs.

c=5.207 A

=bh= 3.249 A

Figure 1.5 Hexagonal wurtzite crystal structure of ZnO.
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Table 1.1 Comparison of the structural and physical properties of ZnO and TiO,%.

Zn0O

TiO;

Crystal Structure
Space Group
Band Gap Energy (eV)

Electron Mobility
(cm? Vv s?)

Refractive Index

Electron Effective Mass

(me)
Relative Dielectic Constant

Electron Diffusion
Coefficient (cm?s™)

Wourtzite (hexagonal)
P63mc
3.4

Bulk: 205-300
Single NW: 1000

2.0
0.26

8.5

Bulk: 5.2
Nanoparticle Film: 1.7 x 10

Anatase (tetragonal)
141/amd
3.2-3.3

0.1-4
2.5
9

170
Bulk: 0.5

Nanoparticle Film: 10® — 10




1.3.1 Fabrication Techniques for Nanostructured ZnO Films

High-quality ZnO films can be fabricated by different growth techniques to form
various surface nanostructures (NSs) including, but not limited to rods, tubes, belts, wires,
rings, and tetrapods®®’. These NSs have higher surface area than normal thin films which is
advantageous as ETL. The intrinsic properties of these nanostructured ZnO can be further
modified by controlling their orientation, dopant content, and structural composition® 7",
Therefore, a wide range of physical and chemical methodologies have been adopted to
synthesize ZnO NSs such as RF magnetron sputtering, atomic layer deposition (ALD),
chemical vapor deposition (CVD), electrochemical deposition (ECD), hydrothermal method,

sol-gel process, chemical bath deposition (CBD) and electrospraying method’"™*°. Table 1.2

summarizes the performance and structure of some nanostructured ZnO-based PSCs.

(a) (b)

Solder anode

contact FTO /ITO

layer

Spiro-ONeTAD

ClassPET—"
substrate

ZnO nanorods loaded
with Perovskite
ZnO compact
layer
Etched area

Figure 1.6 (a) Schematic illustration of the architecture for the perovskite devices, (b) device
on the FTO substrate, and (c) device on the flexible PET/ITO substrate. Reproduced with
permission’". Copyright 2013, The Royal Society of Chemistry.



Table 1.2 Photovoltaic parameters of different nanostructured ZnO-based PSCs

Morphology PCE Ref.
of Zn0 Method Structure [%]
Compact layer RF sputtering AZO/MAPDI3/spiro-OMeTAD/Au 126 (71)
Na”?NpgrSt)'C'eS ALD ITO/ZNO/MAPDI/spiro-OMeTAD/Ag 7.0 (72)
Nanocolumns CvD FTO/ZnO/MAPDI3/spiro-OMeTAD/Au 4.8 (73)
Nanorods (NRs) ECD FTO/ZnO/MAPDI3/spiro-OMeTAD/Au  10.3 (74)
NPs + NRs ECD + CBD FTO/ZnO/MAPDI3/spiro-OMeTAD/Au 8.9 (75)
Nanowalls CBD ITO/ZnO/MAPDI3/spiro-OMeTAD/Ag  13.6 (76)
NPs Sol-gel FTO/ZnO/MAPbIs/spiro-OMeTAD/Au 54 (77)
FTO/ZnO/PEI/MAPDI3/spiro-
NRs Hydrothermal OMeTAD/AU 13.4 (78)
FTO/N-ZnO/PEI/MAPbI/spiro-
NRs Hydrothermal OMeTAD/AL 16.1 (78)
Q“a?g& )DOtS Hydrothermal  FTO/ZnO/MAPbI4/spiro-OMeTAD/AU 7.5 (79)
FTO/ZnO/Graphene/MAPDI3/spiro-
QDs Hydrothermal OMeTAD/AL 15.2 (79)
NPs Electrospraying  FTO/ZnO/MAPbDIs/spiro-OMeTAD/Ag  10.8 (80
NPs Electrospraying FTO/AI-ZnO/MAPDI3/spiro- 12 (80)

OMeTAD/Ag

The earliest reported solid-state PSC, which is based on ZnO NRs grown by CBD,

showed a PCE below 3% on PET/ITO substrate and up to 9% on FTO/glass substrate (Figure

1.6)". Nanostructured ZnO grown by ECD was also used for PSCs with a PCE of 10.28%".

Mahmood et al. have obtained an efficient PSC based on hydrothermally grown high aspect

ratio N-doped ZnO NRs with a PCE of 16.1%’®. Based on Table 1.2, the fabrication methods

and the resulting ZnO morphologies are not the only major factors for achieving highly-

efficient PSCs. Clearly, doping and interfacial modification of ZnO can also effectively boost
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the device performance. Nevertheless, some issues are yet to be addressed, thus, further

optimization and improvement of ZnO-based PSCs have to be carried on.

1.4 Objectives and Research Outline

Developing a reliable and sustainable protocol to form NSs is of significant interest
due to the emergence of ZnO-based applications such as solar cells. However, the majority of
the conventional ZnO growth techniques listed above suffer from some drawbacks, such as
the requirement of high temperature, surfactants, expensive and sophisticated equipment, and
large volume of harmful chemicals. In addition, contaminations in the final products are
likely to occur when templates and catalysts are utilized in the reaction system. Likewise,
these traditional protocols involve multi-step preparation methods to achieve high yields
delaying the commercialization of multidimensional ZnO nanomaterials. Thus, the main
objective of this study is to develop a simple, low temperature, surfactant-free and
environmental-friendly route for fabricating nanostructured ZnO films that is compatible for

sustainable large-scale production of PSCs.

This research proposes two low temperature growth techniques for developing
nanostructured ZnO films that can be used for PSCs. The first method is electrochemical
deposition using chloride medium. This process allows fast deposition rate at low
temperatures in large surface areas. But it still uses a complex set-up so we developed a
highly novel, facile, low temperature technique called H,O oxidation. This process involves
the immersion of Zn films in pure H,O to produce diverse ZnO NSs. Then, the ZnO NSs

obtained from the two methods will be applied as ETL for PSCs.

The general outline of this research is as follows:

11



Chapter 1 provides a brief introduction about the rapid development, device
architecture and working principle of PSCs. The essential role of ETL in PSCs and the need
for substitute ETL materials, such as nanostructured ZnO, are examined. Then a short review

of existing ZnO growth methods is presented to set-up the significance of this research.

Chapter 2 discusses the growth of ZnO NRs by electrochemical deposition using a
chloride medium. Additionally, the effect of rubrene as an interlayer between the perovskite

and P3HT is explored.

Chapter 3 introduces the novel low temperature H,O oxidation technique for
fabricating nanostructured ZnO films. First, the influence of growth time and temperature on
the performance of ZnO-based PSCs is investigated. Then, the effect of solution pH on H,0O-

oxidized ZnO and its application as ETL for Bi-based Pb-free PSCs is evaluated.

Chapter 4 aims to further improve the charge-transport properties of H,O-oxidzed
ZnO, hence, an innovative approach of simultaneous etching and Al doping of ZnO NRs is
developed. The resulting Al-doped ZnO nanotubes (AZO NTs) are systematically

characterized to establish its potential as ETL for PSCs.

Chapter 5 establishes the integration of microwave technology with H,O oxidation to
speed up the growth of nanostructured ZnO films. Likewise, comprehensive characterizations
of the resulting nanostructured films are done to uncover their underlying properties as ETL

for PSCs.

Chapter 6 gives an overall summary of the research and provides recommendations

for future studies.
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Chapter 2

Electrochemical Deposition of ZnO Nanorods for
Perovskite Solar Cells with Rubrene:P3HT as Hole-

Transporting Layer

2.1 Introduction

ZnO nanostructures (NSs) exhibit a remarkable set of physical and chemical
properties which makes them attractive in various applications such as light emitting diodes
(LEDs) and solar cells 2. Most importantly, their properties primarily depend on their
orientation, morphology, size, and structure density® *. Thus, designing ZnO NSs with
controlled dimensions is crucial to modify their properties and enhance photovoltaic device
performance. Among the low temperature routes existing, electrochemical deposition
technique offers a lot of advantages including fast and large scale deposition. Likewise,
deposition on substrates with different shapes and dimensions is feasible. The morphology
and size of NSs can also be manipulated through variation of deposition parameters. Finally,
excellent electronic contact between the substrate and NSs can be achieved®. A number of
studies have demonstrated different electrochemical deposition routes to assemble well-
ordered nanostructured ZnO. Lin et al. synthesized vertically aligned ZnO nanorods (NRs)
using galvanostatic process. They found out that higher precursor concentration and longer

deposition time led to larger ZnO NRs®. Another group reported the employment of
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potentiostatic deposition of nanostructured ZnO with controllable morphology’. The surface
coverage ratios and the diameters of nanostructured ZnO have increased in higher Zn(NO3),
concentration precursor. Zhang et al. described the fast electrochemical growth of fully-
covering ZnO layers using Zn(NOs3), as precursor and the first group to utilize these
electrodeposited film as electron-transporting layer (ETL) for perovskite solar cells (PSCs)®.
They confirmed that the deposited ZnO layers have high optical and structural quality. After

device fabrication, they discovered that the optimized ETL deposition time is only 2 min.

On the other hand, several materials have been designed as candidates for hole-
transporting layer (HTL) in PSCs such as NiO, CuSCN®*°, polymers (P3HT, PEDOT:PSS)'"
12 and small molecules (Spiro-MeOTAD, TPB)'* . Most efficient PSCs are based on Spiro-
MeOTAD owing to its matched energy level alignment with perovskite interface, minimizing
the energy loss from charge carrier recombination®® *°. However, the complex and costly
production of Spiro-MeOTAD, as well as, its instability in the presence of additives have

driven researchers to explore more stable, cheaper but viable hole-transporting materials®’.

Herein, high-quality ZnO NRs were grown by electrochemical deposition in a
chloride medium. Moreover, we introduced rubrene in a regular type PSC as an interlayer
between CH3NH3Pblz and P3HT films. Rubrene is a classical p-type organic semiconductor
with high hole mobility (10-40 cm? V* s™) and chemical stability. The origin of high carrier
mobility in rubrene crystals is due to molecular vibrations mediated carrier transport™®.
Moreover, Krellner et al. measured the density of states in a single rubrene crystal. A density
of deep trap states of around ~ 10%° cm™ was measured in the purest crystals, and
exponentially varying shallow trap density near the band edge were identified®. These

properties significantly affect the electrical performance of rubrene in practical devices.
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It also has a moderately low electron affinity and an ionization energy (IE) of about
5.3 eV, which is smaller than that of CH3NH3Pbls (5.7-6.4 eV) 2 2. These suggest that
rubrene could be appropriate as HTL for PSCs. In this study, we adopted the rubrene
interlayer for the first time in a PSC based on electrodeposited ZnO NRs. By optimizing
experimental parameters, we achieved a respectable PCEax of 4.87% for a PSC based on

rubrene:P3HT bilayer and electrodeposited ZnO NRs with neglible hysteresis?.

2.2 Experimental

2.2.1 Electrochemical Deposition of ZnO NRs

The indium tin oxide (ITO)-coated glass substrates (15 Q sq *, Luminescence tech.
Corp.) were cleaned through sequential ultrasonic treatments with detergent, ultrapure H,O,
acetone and methanol for 15 min each. Prior to electrodeposition, a 0.25 M zinc acetate
(Zn(CH3CO0O0),, Wako) in methanol:water (10:1) solution was spin-coated onto UV-Os-
treated 1TO-glass substrate at 1500 rpm for 30 s. After drying at 100 °C for 15 min, the films

were then annealed at 350 °C for 20 min to form ZnO compact layer®,

Potentiostat

RE]'

Zn

Sar;wple

0.1 M KCI +
3 mM ZnCl,

70 °C H,0 Bath

Figure 2.1 Illustration of the electrochemical deposition set-up.
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A three-electrode electrochemical configuration was employed for the synthesis of
ZnO NRs, as shown in Figure 2.1**. The seeded ITO-glass substrate acted as the working
electrode, a Zn wire operated as the counter electrode, and saturated calomel electrode (SCE)
worked as the reference electrode. The substrates were fixed to a rotating electrode with a
constant rotation speed of 100 rotations per minute (rpm). The deposition bath was
maintained at 70 °C containing 0.05 M KCI (99.5%, Nacalai Tesque) and 5 mM ZnCl; (98%,
Nacalai Tesque). The electrolyte was saturated with pure O by bubbling through a glass frit
before and during the growth process. The effective area of the electrodeposited surface was
about 1.54 cm?. Electrodeposition was performed at a constant applied voltage of —1.0
V/SCE for 10—20 min using a Hokuto Denko HSV-110 potentiostat. After deposition, the
samples were immediately rinsed with deionized water and annealed in air at 350 °C for 1 h.

Finally, the samples were transferred to a nitrogen-filled glove box for perovskite deposition.

2.2.2 Solar Cell Assembly

The CH3NH3Pbl; layer was deposited on top of ZnO NRs using fast deposition
crystallization as reported in the literature?. The perovskite precursor solution (45 wt%) was
prepared by mixing 1:1 mole ratio of Pbl, (99.999%, Wako) and CH3NH3l (98.0%, Wako),
respectively, in 1 mL of anhydrous N,N-dimethylformamide (DMF, Wako). Then, a 60 uL of
this perovskite precursor solution was spin coated on top of electrodeposited ZnO NRs for 30
s. The substrates were spun at 5000 rpm and after 8 s, 50 pL of toluene was quickly dropped
onto the center of the substrate and followed by thermal annealing at 70 °C for 10 min. After
cooling at room temperature, 60 pL of rubrene in toluene solution (5 mg/mL) was spin-
coated on top of the perovskite layer and the films were placed in a vacuum chamber for 15

min. Subsequently, P3HT (Sigma Aldrich) in chlorobenzene solution (15 mg/mL, Wako) was
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spin-coated at 1500 rpm for 120 s. For complete drying of P3HT layer, the samples were then
stored in nitrogen-filled glove box for 12 h in dark. Finally, 50 nm Ag electrodes were
deposited by thermal evaporation under a base pressure of 2x10~* Pa. The active area of the
devices is 0.09 cm® The solar cell devices were completed by putting silver paste in the

electrode areas and stored again in vacuum to dry up before measurements (Figure 2.2).

ZnO Seed Layer ZnO NRs CH;NH;Pbl;
(Spin-coating) (Electrodeposition) (Spin-coating)
LY — &7 —
1
Ag P3HT Rubrene
(Evaporation) (Spin-coating) (Spin-coating)

=l =t &

Figure 2.2 Systematic fabrication process of electrodeposited ZnO NRs-based PSC.

2.2.3 Device and Materials Characterization

The top-view and cross-sectional images were taken by a low-vacuum scanning
electron microscope (SEM, Hitachi SU6600). The focused ion beam-assisted (Hitachi
FB2200) cross-sectional SEM image and elemental EDX mapping analysis were obtained
through ultra-high-resolution field emission scanning electron microscope (UHR FE-SEM,
Hitachi SU9900). Atomic force microscopy (AFM) images were taken using a scanning
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probe microscope (Seiko SPA-400). Raman scattering measurement was performed at room
temperature using a JASCO NRS-4100 Raman Spectrometer. The XRD patterns were
characterized by a Rigaku X-ray diffractometer (RINT-TTR 11l) with CuK,, radiation (A=
1.542 A). The optical transmission and absorption spectra of the films were obtained on a
UV-Vis spectrophotometer (JASCO V-530). Photoluminescence spectra were measured
under ultraviolet excitation (Aex = 365 Nm) using a high-pressure mercury-vapour light source
(Olympus BH2-RFL-T3) coupled with a microscope (Olympus BX51) and a CCD
spectrometer (Hamamatsu PMA-12). Current-voltage (J-V) curves were recorded from a
Keithley 2611B System Source Meter unit under AM 1.5G illumination (100 mW cm?,
Bunko-keiki, CEP-2000RP). The external quantum efficiency (EQE) spectra were obtained
under illumination of monochromatic light using the same system at an intensity of 1.25 mW

cm 2,
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2.3 Results and Discussion

2.3.1 Morphological, Structural and Optical Properties of Electrodeposited

Zn0O

First, a methanolic solution of Zn(CH3COQ), was spin-coated on top of cleaned
ITO/glass substrates to form a compact layer of ZnO nanocrystals (NCs) with an average
thickness of 30 nm. These NCs operate as a compact hole-blocking layer and as nucleation
sites for NR growth simultaneously. The ZnO NRs for electron extraction were grown on the
seeded substrates by electrochemical deposition for 10—20 min using 0.05 M KCI and 5 mM
ZnCl, with an applied potential of —1.0 V vs. SCE at a temperature of 70 °C. Through
application of a cathodic potential, OH ions (eqn 1) are electrochemically generated which
increases the local pH near the seed layer-ITO electrode surface. At the same time, these OH
ions react with Zn®" ions, which eventually result in the precipitation of ZnO crystals, as

shown in Eq. (2):
OZ(g) + ZHZO(I) + 4e~ - 40H™ (1)
Znfy,y + 20Hg,) = Zn0 + H,0  (2)

Figure 2.3 illustrates the variation of current density with time of the electrodeposited
ZnO NRs. The curves have similar features observed from the electrodeposition of ZnO using

26, 27 . ) )
> <", The measured current is due to the reduction reaction of

nitrate and chloride media
molecular O, in the electrolyte. The application of the negative potential to the system

initiated a sudden increase in current.
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Figure 2.3 Variation of current density (lines) as a function of electrochemical deposition time
and total electrical charge density exchanged (square dots) for two deposition potentials.

At this instant, nucleation immediately starts and the active surface area rapidly
increases due to the three-dimensional growth of each newly formed ZnO crystal®®.
Additionally, the current density reached a maximum value of 0.95 mA cm * at around 1.5 s,
which can be linked with the coalescence of nuclei. After 1 min, the deposition current
reached a plateau at the range of 0.55-0.60 mA cm > specifying that the electrodeposited
ZnO film now completely covers the existing seed layer. The total electrical charge density

exchanged at the end of deposition process for each sample is also plotted in Figure 2.3.

Table 2.1 Electrochemically deposited ZnO NRs parameters as a function of deposition time.

. J Q Calculated Measured .
Eri%o(srlr?iﬂ;] (mA (C thickness thickness Dl(anrrrl]e)ter (E\g})
cm ) cmd) (nm) (nm)
10 0.572 0.3432 258 260 52 3.24
20 0.596 0.7152 538 580 90 3.22
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Consequently, the theoretical thickness of the electrodeposited ZnO film was

estimated from the total electrical charge density exchanged using eqn. (3)*:

T=(Q-Myw)/(nF.p) (3)

where, T is the thickness, Q is the total electrical charge density exchanged, My is the
molecular weight of ZnO (81.41 g mol™"), n is the number of electrons consumed in the
electrochemical reactions eqns. (1) and (2), F is the Faraday’s constant (96, 495 C mol ™), and
p is the density of ZnO (5.61 g cm ). The calculated thicknesses are then compared with
actual measured thicknesses based on SEM images (Figure 2.4). As shown in Table 2.1, the
actual values are slightly higher than the calculated ones and their difference increases with
deposition time. Figure 2.4 shows the surface morphologies of the deposited ZnO films.
Images (Figure 2.4(b) and (d)) are their corresponding cross-sectional images with perovskite
film on top of each sample. Hexagonal ZnO NRs with a mean diameter of about 52 nm and
thickness of ~ 260 nm were obtained, after 10 min deposition (Figure 2.4(a)). Increasing the
deposition time to 20 min initiated the evolution of clustered flat-topped ZnO NRs, possibly
through Ostwald ripening. These NRs have larger mean diameter of ~ 90 nm and thickness of
~ 580 nm, as seen in Figure 2.4(c). Large spaces can be seen between the clustered NRs due
to their high aspect ratio. These regions are critical for better penetration of perovskite since it
could lead to higher light absorption. A close inspection of the cross-sectional view of the 20
min-sample reveals the presence of some voids along the NRs length. These bulk surface
defects caused the underestimation of the calculated thicknesses when compared to the

measured values.
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Figure 2.4 SEM images of electrochemically deposited ZnO NRs for (a) 10 min and (c) 20
min. Images (b) and (d) are their corresponding cross-sectional views with perovskite film on
top of each sample.

Figure 2.5(a) shows the Raman spectra of the electrodeposited ZnO NRs under
excitation of a 532 nm laser line. The dominant peaks at 99 cm ' and 438 cm ' are attributed
to the E; (low) and E, (high) modes of non-polar optical phonons, respectively. In addition,
the small peak at around 333 cm ' can be related to the E, (high)-E, (low) multiphonon
mode. The A; (low) phonon mode at 569 cm ' is characteristically induced by defects such as
oxygen vacancies and zinc interstitials®. The high crystallinity of electrodeposited ZnO NRs
was verified by the existence of intense peaks and narrow line widths of the E;-mode peaks.
It should be noted that ZnO peaks on Raman patterns have intensified at longer reaction time

signifying the increase in ZnO concentration on the surface of the substrate.
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Figure 2.5 (a) Raman spectra, (b) optical transmittance and (c) room temperature
photoluminescence spectra of electrochemically deposited ZnO NRs for 10 and 20 min.

The optical transmission spectra of electrodeposited ZnO NRs are presented in Figure

2.5(b). The 10-min-ZnO sample displayed a higher transmittance of 86% at 600 nm
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compared with 64% of the 20-min-ZnO sample. The lower transmittance of the 20 min-ZnO
sample can be correlated to its higher thickness and moderately tilted orientation of NRs
which resulted in the Rayleigh scattering of light®®. The ZnO band gap was also estimated
using the absorption edge of each sample and tabulated in Table 2.1. The 20-min-ZnO sample
has a lower band gap due to its larger dimensions. Figure 2.5(c) shows room temperature
photoluminescence spectra of ZnO NRs. Under excitation wavelength of 365 nm, both
samples exhibited a major orange-red emission peak centered at 650 nm (1.90 eV) which

originated from deep level oxygen interstitials (O;)>'.

2.3.2 Charge Transfer Characteristics

The focused ion beam (FIB)-assisted cross-sectional SEM image and the energy level
diagram of the PSC utilized in this study are shown in Figure 2.6(a) and (c), respectively. The
device has a  configuration of  glass/ITO/ZnO  seed layer/20-min-ZnO
NRs/CH3NH;3Pbls/rubrene:P3HT/Ag, where the nanostructured ZnO and rubrene:P3HT
bilayer function as the ETL and HTL, respectively. Figure 2.6(b) illustrates the molecular
structure of rubrene. It can be noted that rubrene has the same HOMO level (5.4 eV) with
CH;NH;Pbl; and lower HOMO level (—5.0 eV) than P3HT. This band alignment suggests
that holes can be transferred more easily at the rubrene/CH3;NH;Pbl; interface than the

P3HT/CH3;NH;PbI; interface.
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Figure 2.6 (a) FIB-assisted cross-sectional SEM image of PSC based on electrochemically
deposited ZnO and rubrene:P3HT bilayer. (b) Molecular structure of a rubrene molecule. (c)
Energy band diagram and (d) steady-state photoluminescence spectra of perovskite films:
glass/ITO/CH3sNH;PbI; (black), glass/ITO/ZnO NRs/CH3;NH;3PbI; (blue),
glass/ITO/CH;3;NH;Pbl;/P3HT (yellow), and glass/ITO/CH3;NH;Pbls/rubrene/P3HT (red).

To confirm the synergistic effect of electrodeposited ZnO NRs and rubrene:P3HT
bilayer on the charge transfer process of PSCs, we performed steady-state photoluminescence
of glass/ITO/perovskite, glass/ITO/ZnO NRs/perovskite, glass/ITO/perovskite/P3HT, and
glass/ITO/perovskite/rubrene:P3HT, as shown in Figure 2.6(d). The strong

photoluminescence peak at 770 nm reveals that the perovskite film formed using one-step
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solution process has a high structural quality. Furthermore, about ~45% PL quenching was
observed when perovskite was deposited on top of ZnO NRs, which validates the electron
extraction capability of electrodeposited ZnO. On the other hand, CH3NH;3Pbl; emission peak
was quenched by almost 90% upon contact with P3HT which is in agreement with the
literature™. Interestingly, the PL intensity was further reduced up to 97% when rubrene was
deposited between perovskite and P3HT. This signifies that a more efficient hole-transport

process occurs between CH3;NH3Pbl; and P3HT with rubrene as interlayer.

The cross-sectional elemental mapping acquired by energy dispersive X-ray (EDX)
analysis is presented in Figure 2.7. The Zn signal matches well with the seed layer and NR
morphology of ZnO layer. The I and Pb signals indicate that the perovskite film is uniformly
distributed and has infiltrated the voids between each NR. Furthermore, the strong S and C
signals follow the shape of the P3HT layer. Some C signals below the P3HT layer could be
linked with the perovskite material and rubrene interlayer. Finally, the Ag signal corresponds
with the silver electrode. These results demonstrate that there is no evidence of layer-by-layer
mixing and all the elemental mappings are in good agreement with the device structure as

shown in Figure 2.6(a).
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Figure 2.7 Cross-sectional elemental mapping of electrochemically deposited ZnO NRs-
based PSC with rubrene:P3HT hole transporting layers.

Figure 2.8 shows the cross-sectional and top view SEM images of the as-prepared
CH;3NH;3PbI; film on top of the ZnO NRs. Porous and coarse perovskite film was formed on
top of the 10-min-ZnO sample, whereas a smoother film with larger crystallite size was
obtained on top of the 20-min-ZnO NRs. Lesser number of pinholes can also be seen for the

latter sample.
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Figure 2.8 SEM images of perovskite films on top of electrochemically deposited ZnO NRs
for 10 and 20 mins.
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Figure 2.9 (a) XRD patterns and (b) optical absorption spectra of perovskite films on top of
electrochemically deposited ZnO NRs. Inset: Tauc plot of perovskite film on top of 20 min-
Zn0O sample.

Figure 2.9(a) and (b) exhibit the XRD pattern and absorption spectra of the perovskite
films. Both patterns exhibit a dominant peak at 26 = 34.45° that can be indexed to the (002)
plane of hexagonal wurtzite crystal structure of ZnO. Major peaks (with square) can also be
indexed to the tetragonal crystal structure of CH3;NH;3Pbl; (See Appendix, Table 2). It should

be noted that a stronger peak intensity at 26 = 12.6° was detected for the 10-min ZnO-
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perovskite bilayer, denoting a higher amount of unreacted Pbl, precursor. Additionally,
ZnO/perovskite bilayers exhibit panchromatic absorption of light. It can be seen that the 20-
min-ZnO/perovskite sample absorbs more light than the 10-min-ZnO/perovskite sample. This
could be due to higher perovskite loading in the clustered NRs formed after 20 min
deposition. The band edge analysis shows that the perovskite films has a band gap of E, =

1.59 eV which is suitable for solar cell application.

2.3.3 Device Performance

Figure 2.10(a) and Table 2.2 present the photocurrent (J)-voltage (V) curves in reverse
scan under simulated AM1.5G illumination (100 mW cm %) and the complete photovoltaic
parameters with statistical results in different scan directions, respectively. We first determine
the effect of rubrene interlayer by fabricating PSCs with and without rubrene using the 10
min-ZnO NRs as electron selective layer. As shown in Table 2.2, the device without rubrene
exhibited an average short circuit current density (Ji.) of 15.4 mA cm 2, open circuit voltage
(Voe) of 0.58 V, fill factor (FF) of 0.37, maximum PCE (PCEy.x) of 3.4% and average PCE
(PCE4e) of 3.3%. On the other hand, upon addition of rubrene interlayer between the
perovskite and P3HT, most photovoltaic parameters increased including average Js. (17.5 mA
cm 2), FF (0.40), PCE,q (4.3%) and PCE,. (3.6%). This increase could be possibly
attributed to the filling effect of rubrene:P3HT bilayer, resulting in reduced leakage current
and better interfacial area between the active layer and HTL. However, the relatively low V.
values for both devices could be related to the utilization of P3HT as main hole-selective
layer. It is well known to have a low hole mobility, low charge carrier density and higher
recombination rate than spiro-OMeTAD***. Another possible reason for these relatively low

Voe values could be due to the presence of pinholes in perovskite layer leading to the direct
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contact between the NRs and hole-transporting materials.
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Figure 2.10 (a) J-V curves and (b) EQE spectra for PSCs based on electrochemically
deposited ZnO NRs and rubrene:P3HT bilayer.

Figure 2.10(b) presents the external quantum efficiencies (EQE) of the 10-min-ZnO NR
based devices with and without rubrene interlayer. As expected, the solar cell device with
rubrene:P3HT bilayer displayed a higher EQE over the entire wavelength range than the
P3HT only-device, which is in agreement with the Jy trend in Table 2. The current generation
starts at around A = 800 nm for both devices, which is compatible with the band gap of
perovskite layer. Additionally, the EQE peak at A = 680 nm, which is followed by a dip at A =

615 nm, is possibly triggered by the absorption edge of P3HT>™ .

To further confirm the beneficial effect of the addition of rubrene on the device
performance, we observed the surface morphology evolution of HTLs on top of
electrodeposited ZnO NRs/perovskite heterostructure, as shown in Figure 2.11. Fiber-like
microstructures were obtained when P3HT solution is directly spin-coated on perovskite film,

as shown in Figure 2.11(a).

36



A o 4

MS =3.74%m

-

Figure 2.11 SEM images of (a) CH3;NH;Pbls/P3HT (b) CH3;NH;Pbls/rubrene and (c)
CH;NH;Pbls/rubrene/P3HT spin-coated on top of electrochemically deposited ZnO NRs.

Images with (i) are their corresponding AFM images.

This P3HT layer shows a root-mean-square (rms) roughness of 3.71 nm (Figure
2.11(a)(i) with some pinholes in the range of 200—500 nm. On the other hand, rubrene layer
covered the pinholes of the perovskite film and penetrated its grain boundaries effectively.
The rubrene layer is composed of smooth grains with a mean diameter of ~ 100 nm and
smaller rms roughness of 2.95 nm (Figure 2.11(b)(i)). Figure 2.11(c) shows that the addition
of P3HT on top of rubrene layer further filled the grain boundaries of perovskite film with a
smoother surface roughness of 1.92 nm. These results show that the passivation of perovskite
film by rubrene clearly improved the interfacial area between the hole-selective materials and
the absorber layer. In turn, this led to the reduction of leakage current resulting in a higher

photocurrent generation and better photovoltaic performance.
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Table 2.2 Summary of photovoltaic parameters recorded for PSCs based on electrochemically
depgsited ZnO NRs and rubrene:P3HT bilayer, under 1 sun illumination (AM 1.5G, 100 mW
cm ).

Jsc Hysteresis
Scan Voc PCEave F)CEmax :
ETL/HTL direction (m_é (eV) FF (%) (%) index
cm )
forward ~ 120% 050 038% 4.0 487
: 3.7 0.11 0.07
20 min 0.020
ZnO/RuU:P3HT '
19.0 + 051+ 0.40
reverse 38 0.12 0.02 3.82+0.9 4.84
forward ~ 100% 052+ 040% .0, 00 409
. 2.2 0.02 0.03
10 min 0.086
ZnOMRUPIHT reverse  1/2% 052+ 040 40,05 56
1.4 0.04 0.03 Tt ’
forward ~ 7% 056 036x ... 0, 313
. 1.0 0.05 0.01
10 min 0.141
ZnO/P3HT :
154 + 0.58 + 0.37
reverse 0.7 0.03 0.00 3.33+0.1 3.43

Moreover, the 20-min-ZnO NRs based device with rubrene:P3HT bilayer exhibited
the highest average J,. of 19 mA cm_z, PCE,,. of 3.8% and respectable PCE,,,, of 4.9%. This
enhancement is possibly due to the suppression of recombination losses from the enhanced
electron transport within the longer NRs and shorter path length for electron transfer’”*®. The
increase in Jy. values (from 16—17.5 to 19 mA cm %) could also be associated to the clustered
morphology of the 20 min-ZnO NRs which led to improved perovskite infiltration and light

absorption, as seen in Figure 2.4(b)*.
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2.3.4 Hysteresis Behaviour

As shown in Table 2.2, the 10-min-ZnO NRs based PSC without rubrene exhibits
stronger hysteresis compared with the devices having rubrene interlayer, as indicated by the
difference of their efficiencies measured in forward (FS) and reverse (RS) scans. Herein, we
quantify the hysteresis extent on PSCs by defining hysteresis index (H/) as Eq. 4 according to

the literature™:

/- Jrs(0.6Voc) — Jrs(0.6Vpc)
Jrs(0.6Voc)

(4)

where, Jrs (0.6Voc) and Jrs (0.6 Vo) represent photocurrent density at 60% of V¢ for reverse
and forward scans, respectively. A HI of 0 denotes the absence of hysteresis, while a HI of 1
corresponds to the instance that the hysteresis is as high as the magnitude of the
photocurrent40. According to the estimated HI values, the 20 min-ZnO NRs based PSC with
rubrene passivation demonstrate the smallest A7 value of 0.02. This means that the hysteresis
behavior is synergistically diminished through the addition of rubrene interlayer and the
utilization of longer NRs. Recently, most researchers associate the hysteresis effect through
the ionic vacancy defect migration within the perovskite film which include Pb*, I and
CH;NH;" (MA™") ions*. Under increasing applied bias from 0 to Ve, of FS, these charged
defects migrate towards the anode and cathode electrodes, and subsequently travel back into
the bulk perovskite film under reducing applied potential of RS. This process initiates an
accumulation of charges on the interface between the carrier extraction layers and the active
layer and subsequently disrupts the collection of charge carriers’ efficiency on both
contacts**. Hence, through this mechanism, underestimation under FS and overestimation
under RS usually occur, and the hysteresis behavior becomes more evident. Herein, we

propose a mechanism for the suppression of hysteresis through the application of ZnO NRs
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and rubrene:P3HT bilayer as charge carrier selective contacts.

Forward Scan Reverse Scan

Rubrene

[] Perovskite Suppressed Charge Accumulation
== Grain Boundaries

Figure 2.12 Schematic illustration of the synergistic effect of electrochemically deposited
ZnO NRs and rubrene:P3HT bilayer to suppress hysteresis in PSC.

As shown in Figure 2.12, the ZnO NRs interact with I ions by converting them to I
atoms. This process inhibits charge accumulation on the interface resulting in the stabilization
of photocurrent generation at that part of the solar cell. In addition, the filling effect of
rubrene layer on the grain boundaries of perovskite film greatly enhances the hole extraction
process even in the presence of ionic defects. For the P3HT-only-device, the fiber-like
microstructures of P3HT could not cover the grain boundaries of perovskite film effectively.
This leads to the entrapment of generated holes simultaneously with the ionic defects along
the grain boundaries of the active layer. These results indicate that rubrene is a promising

passivation layer for efficient PSCs.
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2.4 Summary

The synergistic effect of electrochemically deposited ZnO NRs and rubrene interlayer to
enhance the photovoltaic performance of PSCs and suppress its hysteresis behavior is
presented in this chapter. XRD, photoluminescence and Raman spectroscopy analyses
showed that electrodeposited ZnO NRs had high-quality structural and optical properties. It
was found out that the rubrene layer covered the pinholes of the perovskite film and
penetrated its grain boundaries effectively. A PCEnax Of 4.9% and PCE,,. of 3.8% were
attained by a device based on 20 min-ZnO NRs and rubrene:P3HT bilayer. The devices with
rubrene interlayer also displayed higher EQE over the whole wavelength range and reduced
hysteresis behavior compared with the device having only P3HT as the HTL. Better
perovskite infiltration, reduced charge carrier path length and at the same time improved
photovoltaic parameters were observed by employing longer ZnO NRs as ETL. Based on the
results, electrochemically deposited ZnO NRs and rubrene interlayer can work synergistically

as ETL and HTL for efficient PSCs.
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Chapter 3

Perovskite Solar Cells Based on Nanostructured
ZnO Films Designed via Low Temperature H,0

Oxidation

3.1 Effect of Oxidation Time and Temperature on H,O-Oxidized

Nanostructured ZnO Films for Perovskite Solar Cells

3.1.1 Introduction

In the previous chapter, electrochemical deposition was presented as an alternative
low temperature technique for generating high-quality ZnO films. However, it still uses a
complex set-up and substantial amount of chemical reagents. Herein, we present the strategic
design of nanostructured ZnO from Zn thin films via H,O oxidation and its application as
electron-transporting layer (ETL) in perovskite solar cells (PSCs). H>O oxidation technique
offers a facile, low temperature (T < 100°C), environmental friendly and economical
fabrication of different ZnO surface morphologies. The formation of nanostructures (NSs)

from Zn thin film is induced by solely utilizing ultrapure H,O avoiding contamination issues.
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We initially employed H,O-oxidized nanostructured ZnO films as ETL in organic-inorganic

hybrid solar cells (glass/ITO/ZnO/P3HT:PCBM/MoQ;/Au) achieving a PCEy., of 1.18%".

In this study, H,O oxidation is further optimized to determine the ideal parameters
that could synthesize suitable morphologies for solar cell applications. Accordingly, various
surface architectures were tailored through varying growth time and H,O temperature. To
establish the potential of H,O-oxidized ZnO as ETL, we fabricated a simple device with a
configuration of glass/ITO/ZnO nanorods (NRs)/perovskite/P3HT/Ag, resulting in a
respectable PCE,,,, of = 6%. This PCE is higher than its electrochemically deposited ZnO-
based device counterpart having the same ZnO thickness and configuration. Moreover, H,O-
oxidized ZnO-based solar cells displayed low hysteresis and excellent stability. Based on
these results, we established that simple oxidation of Zn in H,O could produce high quality

7ZnO NSs that can be utilized for solar cells’.

3.1.2 Experimental

3.1.2.1 Formation of ZnO NRs by H,O oxidation

Indium tin oxide (ITO)-coated glass substrates (15 Q sq”', 0.80 mm thick,
Luminescence Tech. Corp.) were etched from regions under the anode contact by HCI and Zn
paste. The substrates were then cleaned sequentially with detergent, distilled H,O, acetone
and methanol for 15 min each in an ultrasonic bath. After drying, the substrates were treated
by UV ozone cleaner for 10 min to remove organic impurities. Prior to Zn thin film vacuum
deposition, a 0.25M zinc acetate (Zn(CH3COO),, Wako) in methanol:H,O (10:1) solution was

spin-coated onto cleaned ITO-glass substrate at 1500 rpm for 30s. The films were dried first
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at 100°C for 15 min and then annealed at 350°C for 20 min to form ZnO compact layer. Zn
thin films were then deposited on top of ZnO compact layer samples by a vacuum evaporator
(JEOL JEE-400) at a base pressure of 4x10™* Pa. The thermally evaporated Zn thin films were
subsequently immersed in ultrapure H,O at varying temperatures (room temperature, 50°C,
70°C, and 90°C) for 2-24 h to form nanostructured ZnO. The H,0O-oxidized ZnO samples
were washed with H,O and then dried at 350°C for 1h. Finally, the glass/ITO/ZnO samples

were transferred to a nitrogen-filled glove box for the film deposition.

Thermocouple «
H,O
«— Beaker
Zn U

\— )

e )

Hot Plate

Figure 3.1 Illustration of the H,O oxidation set-up.

3.1.2.2 Solar Cell Assembly

The CH3;NH;Pbl; layer was deposited on top of ZnO NSs using fast deposition
crystallization as reported in the literature®. The perovskite precursor solution (45 wt%) was
prepared by mixing 1.2 mmol of Pbl, (99.999%, Wako) and 1.2 mmol of CH3;NH;I (98.0%,
Wako) in 1 mL of anhydrous N,N-dimethylformamide (DMF, Wako). A 60 puL of perovskite

precursor solution was spin coated onto the substrates for 30 s. The substrates were spun at
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5000 rpm and after 4-6 seconds, 150 pL of toluene was quickly dropped onto the center of
the substrate and followed by thermal annealing at 70°C for 10 min. After cooling at room
temperature, 60 pL of P3HT (Sigma Aldrich) in chlorobenzene (15 mg/mL, Wako) was spin-
coated at 1500 rpm for 120 s. For complete drying of P3HT layer, the samples were then
stored in nitrogen-filled glove box for 12 h under dark conditions. Finally, 50 nm Ag
electrodes were deposited by thermal evaporation under a base pressure of 2x10™ Pa. The
active area of the devices is 0.09 cm”. The solar cell devices were completed by putting silver

paste in the electrode areas and stored again in vacuum to dry up before measurements.

ZnO Seed Layer Zn Film ZnO Nanostructures
(Spin-coating) (Evaporation) (H,O Oxidation)
A — &) — -
Ag P3HT CH;NH;Pbl;
(Evaporation) (Spin-coating) (Spin-coating)

%%Q

Figure 3.2 Systematic fabrication process of H,O-oxidized ZnO-based PSC.

3.1.2.3 Device and Materials Characterization

Surface and cross-sectional morphologies were investigated by low vacuum scanning
electron microscope (SEM, Hitachi SU6600). The focused ion beam-assisted (Hitachi
FB2200) cross sectional SEM images and EDX analysis were observed using ultra high-

resolution field emission scanning electron microscope (UHR FE-SEM, Hitachi SU9900) at
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5kV. TEM and high-resolution TEM images were obtained using JEOL JEM-3100FEF at 300
kV. The XRD patterns were recorded on Rigaku X-ray diffractometer (RINT-TTR III) with
CuK, radiation (A= 1.5418 A). The optical transmission and absorption spectra of the films
were measured on a UV-Vis spectrophotometer (JASCO V-530). PL spectra were obtained
under ultraviolet excitation (Aex = 365 nm) using high-pressure mercury-vapor light source
(Olympus BH2-RFL-T3) coupled with a microscope (Olympus BX51) and a CCD
spectrometer (Hamamatsu PMA-12). Current-voltage (J-V) curves were recorded from a
Keithley 2611B System Source Meter unit under AM 1.5G illumination (100 mW cm™,
Bunko-keiki, CEP-2000RP). The external quantum efficiency (EQE) spectra were obtained
under illumination of monochromatic light using the same system at an intensity of 1.25 mW

-2
cm .
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3.1.3 Results and Discussion

3.1.3.1 Influence of Growth Time on Nanostructured ZnO-based Solar Cells

Figure 3.3 shows the SEM images of the resulting NSs after H,O oxidation of Zn thin
film at different oxidation times at a constant growth temperature of 90 °C. Their
corresponding cross-sectional images are shown as inset. First, ITO/glass substrates were
spin-coated with a 30 nm-compact layer made up of small ZnO nanocrystals (NCs). This
layer functions as the nucleation point for Zn thin film and at the same time as a compact
hole-blocking layer. The Zn thin film is composed of hexagonal nanoplatelets with diameter
of ~ 90 nm and thickness of ~ 100 nm, as shown in Figure 3.3(a). After 2 h of H,O oxidation,
bigger hexagonal ZnO nanoplatelets with a mean diameter of ~ 200 nm and thickness of ~
300 nm developed. The lattice matching between Zn and ZnO crystals possibly dictated the
ZnO to follow the nanoplatelet structure of Zn thin film. The significant increase in
nanoplatelet diameter can be explained through Ostwald ripening process, wherein the
smaller nanoparticles (NPs) seen in Figure 3.3(a) merged with the existing nanoplatelets
during H,0 oxidation process (Figure 3.4(a)) *. The growth of rod-like structures on selected
nanoplatelet regions can be noticed by increasing the reaction time to 4 h, as seen in Figure
3.3(c). At this moment, the dissolution of ZnO starts reducing the thickness of these NSs to
250 nm. When the growth time is increased to 8 h, the nanoplatelets were fully converted into
pointed NRs as seen in the inset cross-sectional image of Figure 3.3(d). These NRs have a
diameter of about ~ 180 nm and average length of ~ 200 nm. This preferential growth
orientation of ZnO crystal along c-axis is due to its well-known reconstruction of high-

surface energy polar (001) plane™°.
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Figure 3.3 SEM images of (a) Zn thin film and ZnO NSs formed after H,O oxidation at 90°C
for (b) 2 h, (c) 4 h, (d) 8 h, (e) 16 h, and (f) 24 h. Inset images are the corresponding cross-
sectional images for each oxidation time.

As ZnO molecules are generated in the solution, its negatively charged O* terminated
(001) plane favorably adsorb onto the Zn*" terminated (001) plane of the existing ZnO layer,
driving the formation of 1D ZnO NRs (Fig. 3.4(b)). Likewise, by further extending the

growth time to 16 h and 24 h, honeycomb NSs with small hollow tubes and collapsed NSs
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with rough surface evolved, respectively (Figure 3.3(e)-(f)). At this point, ZnO dissolution
becomes the dominant reaction and natural selective etching occurs along the (001) plane of
each ZnO crystal’. The rough surface of collapsed NSs could be attributed to the subsequent
dissolution and recrystallization of ZnO crystals. It should be noted that the film thickness of
both samples have reduced extensively, exposing the underlying ZnO seed layer. This
phenomenon could be observed clearly for the sample oxidized for 24 h which is caused by

the massive dissolution of the existing layers at a prolonged oxidation time.

A simple corrosion process can explain the growth mechanism of the formation of
ZnO NSs from Zn nanoplatelets in H,O, as shown in Figure 3.4(a). The anodic reaction takes
place at the poorly oxygenated or strained regions of Zn nanoplatelets and releases Zn>" ions

in H,O as expressed in Equation (1):
7 2+ -
n(s) - Zn(aq) + 26 (1)

The ultrapure H,O used is weakly acidic to alkaline in nature (pH = 6.5-7.5). In this instance,

the anodic dissolution of Zn develops sufficient energy to split H,O as in Equation (2)*”:
2H,0) + 2e™ = H, + 20H™ (2)

In addition, the corrosion of Zn takes place in an open system and H,O contains dissolved
oxygen that could be simultaneously reduced by consuming electrons from oxidation reaction
(Equation (3)):

02(g) + 2H20(l) + 4e” - 40H™ (3)

Finally, when the amount of Zn*" and OH™ ions reached the supersaturation point of ZnO,

hydrolysis of ZnO nuclei in the solution occurs as shown in Equation (4):

Znily + 20Hg, — Zn0 + H,0 (4)
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Figure 3.4 Growth mechanism for the formation of ZnO NSs from Zn thin film in H,O.

Figure 3.5(a) shows the XRD patterns of the Zn thin films oxidized after 2, 4, 8, 16
and 24 h at a constant growth temperature of 90 °C. All the diffraction patterns exhibited four
major reflection peaks on 26 = 31.70°, 34.45°, 36.3°, and 47.60°, corresponding to the (100),
(002), (101) and (102) planes of hexagonal wurtzite crystal structure of ZnO (See Appendix,
Table 1). No impurities were detected except of the underlying ITO layer. It can be seen that
the intensity of the (002) peak is gradually intensified starting from 2 h to 8 h suggesting the

preferential growth of ZnO NSs along the c-axis, as oxidation proceeds.
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Figure 3.5 XRD patterns of the resulting ZnO NSs formed at different oxidation times. (b)
TEM and SAED pattern and (¢) HRTEM image of an individual pointed ZnO NR.

This was confirmed by TEM and HRTEM images of an individual pointed ZnO NR,
as shown in Figure 3.5(b) and 3.5(c). The single ZnO NR has a diameter of 175 nm and
possesses a high quality single-crystalline structure based on the selected area electron
diffraction (SAED) pattern in the inset of Figure 3.5(b). Figure 3.5(c) demonstrates that the
NR has a lattice fringe separation of 0.26 nm, which corresponds to the d-spacing of (001)
planes. This confirms its preferential growth along the [001] direction. However, prolonged
oxidation treatment of 16-24 h resulted to the decrease in the intensity of (002) peak

confirming the inherent selective etching process on the (001) planes of ZnO NRs and the
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development of honeycomb and collapsed NSs.

O
—_
O
~

PL Intensity (a.u.)

300 500 700 900 350 500 650 800

Wavelength (nm) Wavelength (nm)

Figure 3.6 (a) Optical transmission spectra of ITO and H,O-oxidized ZnO NSs grown at

different oxidation times. (b) Photoluminescence spectra of the corresponding ZnO samples.

Optical transmission spectra of bare ITO and H,0O-oxidized ZnO NSs are presented in
Figure 3.6(a). The samples displayed enhanced transmittance from 70.8% at 600 nm for the 2
h-sample to the maximum value of 87.5% for both 16 h and 24 h H,O-oxidized samples. The
lower transmittance for the platelet and rod-like NSs is associated to the Rayleigh scattering
of light due to their tilted orientation that originated from the Zn thin film morphologym. The
improved transmittance at longer reaction time is related to the reduced film thickness of the
samples as described earlier. Furthermore, the 8-24 h H,0O-oxidized samples have higher
transmittance than the bare ITO at wavelengths >600 nm, which could be attributed to the
anti-reflection feature of nanostructured ZnO. This property of ZnO promotes sufficient light
harvesting that leads to higher photocurrent generation and efficient PSCs''. Figure 3.6(b)
shows the photoluminescence of ZnO NSs formed at different oxidation times. Under an

excitation wavelength of 365 nm at room temperature, all the samples exhibited visible
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emissions including blue PL centered at 450 nm (2.75 eV) and orange-red peak emission
centered at 650 nm (1.90 eV). Zeng et al. revealed that the blue emission originated from the
radiative transition of electrons from the local interstitial zinc (Zn;) level to the valence
band'?. On the other hand, deep level oxygen interstitials (0;) trigger orange-red emission'”.
Both emission peaks were quenched as oxidation time is increased, indicating that the
concentrations of zinc and oxygen interstitials similarly dropped as oxidation progresses. This
reduction of defect concentration suggests that the carrier recombination in solar cells could

be partly eliminated by utilizing nanostructured ZnO grown at an extended oxidation period.

To evaluate the preliminary charge transfer capability of H,O-oxidized ZnO, the
steady-state photoluminescence of glass/ITO/perovskite, glass/ITO/8 h-ZnO/perovskite and
glass/ITO/perovskite/P3HT are presented in Figure 3.7(a). The strong PL emission peak
around ~770 nm confirms the high structural quality of the perovskite film formed using fast
crystallization deposition. Perovskite emission was quenched by almost ~50% when it was
deposited on pointed ZnO NRs, demonstrating that H,O-oxidized ZnO could extract electrons

effectively.
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Figure 3.7  Steady-state  photoluminescence  spectra  of  perovskite  films:
glass/ITO/CH3NH3Pbls (black), glass/ITO/ZnO/CH3NH3Pbl;3 (red), and
glass/ITO/CH3NH3Pbls/P3HT (yellow). (b) Energy band diagram and (c) device architecture
and cross-sectional SEM images of the H,O oxidized ZnO-based PSCs.

Perovskite/P3HT bilayer reveals a stronger PL quenching than ZnO, which is
consistent with previous reports'* '°>. The energy level diagram and schematic illustration
with cross-sectional image of PSC based on H,O-oxidized ZnO NSs are shown in Figure
3.7(b)-(d). The device consists of glass/ITO/ZnO seed layer-ZnO
NSs/CH3;NH;3Pbl;/P3HT/Ag, wherein the H,O-oxidized ZnO and P3HT work as the electron

and hole selective layers, respectively.
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Figure 3.8 Cross-sectional elemental mapping of ZnO NR-based PSC.

Figure 3.8 shows the cross-sectional elemental mapping obtained by energy dispersive
x-ray (EDX) analysis. The Zn signal follows both the shape of the compact ZnO seed layer
and the pointed ZnO NRs. The Pb and I elements are seen to be well distributed three-
dimensionally onto the pointed ZnO NRs. The strong C signal corresponds to the P3HT film
and some to the perovskite layer. The estimated thicknesses for each layer are as follows: 200

nm-ZnO NRs, 250 nm- CH3NH3Pbl;, 100 nm-P3HT and 50 nm-Ag.

Figure 3.9(a)-(b) display the XRD pattern and absorption spectrum of the perovskite
film deposited on top of pointed ZnO NRs. Most of the diffraction peaks can be indexed to
the tetragonal crystal structure of CH3NH;3;Pbl;. A small peak at 260 = 12.7° denotes the
presence of unreacted Pbl,, and peaks corresponding to ZnO and ITO/glass substrate can also
be observed. Additionally, the ZnO/CH;NH;3Pbl; bilayer shows a broad range of light
absorption from 350 nm to 800 nm. The calculated direct band gap of CH3;NH;Pbl; from

absorption edge analysis is about 1.56 eV.
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Figure 3.9 (a) XRD pattern and (b) optical absorption spectrum of perovskite film on top of 8
h-ZnO sample.

Figure 3.10 presents the photovoltaic parameters and statistical results of H,O-
oxidized ZnO-based PSCs, plotted as a function of oxidation time and scan direction. The
corresponding photocurrent (J)-voltage (V) curves under simulated AM1.5G illumination
(100 mW cm™) are shown in Figure 3.11. A device based on ZnO NRs, which are grown after
H,0 oxidation of 8 h, exhibited the highest short circuit current density (Js.) of 16.46 mA cm’
2 open circuit voltage (Vy) of 0.82, fill factor (FF) of 44.2, maximum PCE (PCEpay) of
5.96% and average PCE (PCE,y.) of 5.28%. Based on the literature, our PCE,,,, of ~6% is
either higher or comparable with other studies that used P3HT as hole-transporting layer and

ZnO (or TiOy) as the ETL as shown in Table 3.1.
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Figure 3.10 Photovoltaic parameters of PSCs based on ZnO NSs formed by H,O oxidation of
Zn thin film in H,O. Values are plotted as a function of oxidatime time and scanning
direction. (F: forward, R: reverse)

The 16 h- and 24 h-ZnO based solar cells followed with PCE,,. of 4.00% and 2.94%,
and PCEy.x of 4.42% and 3.40%, respectively. It can be seen that the V. dramatically
increased from 0.51 V to around 0.80 V for the 4 h- to 8-24 h ZnO based devices. This could
be attributed to suppressed recombination losses from the enhanced electron-transport

properties within the rod and honeycomb NSs'® !,
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Figure 3.11 J-V curves and EQE spectra for PSCs based on H,0O-oxidized ZnO NSs grown at
different oxidation times.

Table 3.1. Materials and photovoltaic parameters of PSCs based on ZnO or TiO, as ETLs.

ETL Perovskite HTL Vo (eV) PCEmax Reference
%

ZnO NRs CH3NH3PDbl; P3HT 0.82 5(93> This work
ZnO NRs CH;3NH3Pbl; P3HT  0.56 3.05 (18)
ZnO NRs/TiO, CH3NH3PDbl; P3HT  0.50 341 (18)
TiO, compact film CH;3NH3Pbl; P3HT 0.64 4.24 (19)
ZnO nanowires CH3NH3PDbl; P3HT  0.79 4.8 (20)
TiO, compact film CH;3NH3Pbl; P3HT  0.64 5.67 (21)
TiO,compact film  CH3NH3Pbl;Cly P3HT  0.74 6.06 (22)
ZnO film CH3NH3Pbl3Clx P3HT  1.04 6.3 (23)

The relatively low V,. of the devices could be due to the utilization of P3HT as the
hole-transporting layer, since it has higher HOMO level (-5.0 ¢V) than Spiro-MeOTAD (-
5.22 eV) **. On the other hand, 2 h-ZnO based device exhibited the lowest PCE,y. of 2.04%
and PCEy.x of 2.77% followed by 4 h-ZnO based device with PCE,,. of 2.88% and PCE,x

of 3.24%. The planar surface architecture of 2 h-ZnO device possibly reduced the effective
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interfacial area between the perovskite film and ZnO leading to more recombination and
relatively low Ji. and FF values of 13 mA cm™ and 0.30-0.35, respectively. The increase in
Jie values from 2 h to 8 h-ZnO based solar cell (from 13 to 18 mA cm™) can be related to the
larger surface area of the nanostructured layer resulting in better perovskite infiltration,
shorter path length for electron transfer and higher FF values™ . Another possible reason is
the reduced recombination due to the smaller amount of defect concentration on the surface
of nanostructured layers grown at longer oxidation times, as stated earlier. However, the
continued oxidation up to 24 h, which led to the massive dissolution of ZnO, significantly
affected the J. values and decreased them to around 9 mA cm™. The exposed ZnO seed layer
in some areas of the 24 h-ZnO based device functions as the only ETL left, which is not

enough for efficient electron extraction and transfer.

As shown in Figure 3.10, the 2-4 h ZnO-based devices demonstrate strong hysteresis,
whereas the 8-24 h ZnO-based devices reveal weak hysteresis, as indicated by the difference
in their efficiencies measured in forward and reverse scan directions. Currently, the origin of
hysteresis effect is still under debate, but the dominant proposed mechanism is the ionic

defect migration within the perovskite film*"°

, as illustrated in Figure 3.12. These intrinsic
1onic defects include vacancies and interstitials of Pb2+, I and CH5NH;" (MA+) ions>!. Under
an applied electrical field, these charged defects travel towards their appropriate electrodes
and create a p-i-n like junction within the active layer. Through forward bias, this junction
arises to a complementary electronic contact for charge extraction. Conversely, this has a
negative effect during reverse bias®*. This explains the higher PCE measurements recorded for
most fabricated devices by forward scan direction, as shown in Figure 3.10. Moreover, De

Bastiani et al.”* established the importance of electron extraction, which mainly depends on

the nature of the perovskite/transporting layer interface and thin film polarization condition.

62



(a) Strong Hysteresis

Forward Reverse
e

00.—??‘ Q) o
%090 ¢ :2::: 6636

ZnO Nanoplatelet Charge Accumulation Charge Redistribution

(b) Weak Hysteresis

Forward

0.00 —

ZnO Nanorod Suppressed Charge Accumulation

Figure 3.12 Mechanism of ion migration in PSC based on ZnO (a) nanoplatelet and (b) NR.

They found that phenyl-C61-butyric acid methylester (PCBM) layer is chemically
doped through the diffusion of I' ions from the perovskite film. This process creates
electrostatic traps and hinders the iodide back diffusion/drift stabilizing the open circuit
voltage and suppressing hysteresis. Herein, the perovskite layer could not easily diffuse into
the large platelet-like NSs of the 2 h- and 4 h-ZnO samples (Figure 3.12(a)). This prevents
ionic interaction between the ZnO and perovskite layers, allowing the ionic defects to move
freely within the active layer and resulting in the observed hysteresis®*. Consequently, as
discussed in Chapter 2, I ions are converted to I atoms through interaction with ZnO NRs

leading to weaker hysteresis (Figure 3.12(b)).

Figure 3.11(b) presents the normalized external quantum efficiencies (EQFE) of the

devices. 8 h-ZnO NR-based solar cell displayed the highest EQFE over the entire wavelength
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range, which is in agreement with the trend for J;. in Figure 3.10. The onset of photocurrent
is around A = 800 nm for all the devices, which is consistent with the calculated band gap of
CH;NH;Pbl; layer. Furthermore, the absorption edge of P3HT possibly caused the EQF peak
at around A = 660 nm?'. The EQE spectra also showed a notch at around 4 = 620 nm which

could be due to the reduced contribution from P3HT after the formation of excitons>">>.

Figure 3.13 shows the preliminary stability test for 8 h-ZnO based solar cell over a
40-day period. Increasing trend over time can be observed for the V., FF and PCE values.
All devices attained their highest efficiencies after 15-20 days in vacuum at room
temperature. On the 25th day of storage, hysteresis effect became almost negligible. It should
be noted that the devices were completed by annealing the perovskite precursor at a
moderately low temperature of 70 °C and the P3HT layer is slowly dried at room temperature
for 12 h, before silver electrode deposition. As these solution-processed layers gradually dry
up, enhanced interfacial area between them develops over time™. This was verified by
examining the focused ion-beam (FIB)-assisted cross-sectional SEM images of the ZnO NR-
based solar cell taken on the 1% day and 40™ day after fabrication, as illustrated in Figure
3.13(e)-(f). The freshly prepared device (Figure 3.13(e)) shows that the perovskite film
partially covered the NRs resulting in the formation of voids between the layers. These voids
caused the high series resistance of the solar cell devices (R, = 180-300 Q. cm?) leading to
low fill factor values in spite of relatively high shunt resistance values (Ry;= 1.0 x 10° —2.9 x

10° Q cm?).
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Figure 3.13 Photovoltaic parameters of ZnO NR-based PSC (Glass/ITO/ZnO
NR/perovskite/P3HT/Ag) as a function of storage time in vacuum. FIB-assisted cross-
sectional SEM images of ZnO NR-based PSC after (e) 1 day and (f) 40 days of fabrication.

After 40 days of storage, the pinholes can no longer be observed and the perovskite
has fully permeated into the ZnO NRs (Figure 3.13(f)). However, J values were reduced
steadily after 10 days and hysteresis behavior became more evident due to the noticeable
degradation of Ag electrode. This corrosion of Ag electrode is attributed to the formation of
silver iodide (Agl) from the reaction of silver and iodine-containing volatile compounds
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(MAI and/or HI)*’. These volatile compounds are produced from the degradation of
perovskite due to its reaction with water in air. Subsequently, the compounds could diffuse

through the pinholes in P3HT and consequently corroding the Ag electrode.

3.1.3.2 Influence of Growth Temperature on Nanostructured ZnO-based

Solar Cells

It has been well established that the growth temperature dictates the resulting
morphologies of ZnO NSs>* *°. To examine the influence of oxidation temperature, the Zn
thin films were immersed in H,O under different oxidation temperatures (room temperature,
50°C, 70°C and H,0O vapor) at a constant growth time of 8 h. Figure 3.14 shows the surface
morphologies and XRD patterns of the resulting ZnO NSs grown in increasing oxidation
temperature. At room temperature, the platelet-like structure of Zn thin film developed into
NPs with diameters ranging from 10-20 nm. It can be seen that these NPs tend to align,
forming fiber-like structures parallel to the substrate, as shown in Figure 3.14(a). The
formation of NPs could be possibly related to the lower kinetic energy and slower diffusion
rate of ZnO molecules to form rod-like structures at a low temperature and surfactant-free
system. Owing to their low kinetic energies, these NPs could not exceed the free energy
barrier of the (001) plane to promote growth in axial direction and tend to aggregate to
minimize their surface energies. Figure 3.14(b) shows that NRs with rounded tip having a
mean diameter of 100 nm started to grow at an oxidation temperature of 50 °C. These NRs
have a low aspect ratio and are composed of aggregated NPs resulting in a relatively planar
surface morphology of the overall film. The visible presence of NPs indicates that their
acquired energy at this given temperature (50 °C) is still not sufficient to form well-faceted

rod-like structures. Increasing the growth temperature to 70 °C resulted in the development of
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pointed NRs, as shown in Figure 3.14(c). These NRs have a smaller mean diameter of about
115 nm but have almost the same morphology with the NRs produced at 90 °C. Figure
3.14(d) shows that when the Zn thin film was oxidized by H,O vapor, clustered NRs and the
underlying ZnO seed layer were observed. The NRs were evidently longer, with a mean
diameter of about 140 nm. The exposure of the underlying seed layer could be associated
with the high temperature of steam, which subsequently damages and removes the initial ZnO

NSs formed during H,O oxidation.
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Figure 3.14 SEM images of ZnO NSs formed after H,O oxidation for 8 h at (a) room
temperature, (b) 50 °C, (c) 70 °C, and (d) H,O vapor. () XRD patterns of the corresponding
ZnO samples, respectively.

Figure 3.14(e) shows the XRD patterns of the Zn thin films H,O-oxidized for § h at
different oxidation temperatures. The diffraction peaks positioned at 26 = 31.85°, 34.45°,
36.3°, and 47.70° can be indexed to the hexagonal wurtzite phase of ZnO. Similarly, no
characteristic peaks from impurities are detected except those of the underlying ITO/glass
cathode. This indicates that the Zn thin film can be fully converted to ZnO even at low H,O
temperatures. ZnO NPs formed at room temperature exhibited a stronger (101) plane

intentsity. This is in agreement with Figure 3.14(a), wherein fibrous structures parallel to the
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substrate developed through the aggregation of NPs. The (002) plane became the dominant
peak starting at 50 °C which signifies the appearance of rod-like structures. However, the
intensity of ZnO peaks visibly decreased after vapor oxidation implying a reduction in ZnO
concentration on the substrate. This result supports the presence of holes and exposure of

underlying ZnO seed layer in Figure 3.14(d).
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Figure 3.15 (a) Optical transmission spectra of ITO and H,O-oxidized ZnO NSs grown at
different growth temperatures. (b) Photoluminescence spectra of the corresponding ZnO
samples.

Figure 3.15(a) and (b) present the optical transmission and photoluminescence spectra
of Hy0O-oxidized ZnO NSs grown under different temperatures for 8 h. The room
temperature-oxidized sample displayed the highest transmittance of 90.6%, whereas the
vapor-oxidized sample exhibited a comparable transmittance of 82.3% with the 90 °C sample
(at 600 nm). All the samples demonstrate similar violet-blue and orange-red emissions but are
noticeably quenched at lower temperatures, as shown in Figure 3.15(b). This could be
attributed to the lower concentration of ZnO on lower temperatures. The vapor-oxidized

sample also matches the PL emission intensity of the 90 °C sample.
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Table 3.2 Summary of photovoltaic parameters recorded for PSCs based on nanostructured
ZnO formed by H,O oxidation at different growth temperatures for 8 h, under 1 Sun
illumination (AM 1.5G, 100 mW cm)

Temperature [°C] Scan Direction [m AJ%Cm-Z] [\éslc] FF P%,E]a"e P%O/Ej“ax
Forward 14.5 0.643  0.39 2.85 3.62
RT Reverse 13.2 0.548  0.39 2.65 2.80
Forward 155 0.703  0.37 1.90 4.01
%0 Reverse 15.7 0.638  0.37 2.45 3.75
Forward 16.4 0.674  0.37 3.64 4.11
0 Reverse 14.8 0.637  0.39 3.29 3.64
Forward 15.8 0832 041 5.28 5.96
% Reverse 18.0 0.780  0.42 5.46 5.91
Forward 16.1 0815  0.38 3.73 5.03
Vapor
Reverse 15.8 0.614  0.36 3.30 3.50

Table 3.2 summarizes the photovoltaic parameters for both scanning directions and
statistical results of PSCs based on ZnO NSs grown at different growth temperature. Figure
3.16(a) and (b) present the photocurrent (J)-voltage (V) curves and EQE spectra of the
corresponding solar cells. The solar cell device based on ZnO NRs grown at 90 °C still has
the highest maximum efficiency, followed by the vapor oxidized ZnO-based device with
PCE . of 5.03% and PCE,. of 3.73%, and 70°C-ZnO based device with PCE . of 4.11%
and PCE,,. of 3.64%. These three devices are based on rod-like structures, which are
established to be advantageous for better perovskite permeation and interfacial area resulting
in higher Js, values (Table 3.1). The 50 °C-ZnO based solar cell showed the strongest
hysteresis and presented the lowest PCE,y. of 2.45% with a PCE . of 4.01%. This low
performance of 50 °C-ZnO based solar cell could likewise be attributed to its planar surface

configuration, preventing the perovskite layer to diffuse into the ZnO film.
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Figure 3.16 J-V curves and EQE spectra for PSCs based on H,0O-oxidized ZnO NSs grown at
different oxidation times.

Consequently, this leads to charge carrier recombination and relatively low average Js
and V,. values of 13 mA cm™ and 0.375-0.475 V, respectively. This result further confirms
that the electrical contact between the perovskite and ETL is critical for high performance
and suppression of hysteresis. Interestingly, the PSC based on fibrous ZnO grown at room
temperature displayed a respectable PCE,e of 2.85% and PCEnax of 3.62%. This solar cell
demonstrates a higher average V,. of 0.60 V but lower average Js, of 12.65 mA cm™
compared to the 50 °C-ZnO based solar cell. The higher V. is possibly due to the penetration
of perovskite film between the spaces of fiber-like structures, whereas the lower J;. values
could be due to the discontinuity of the same structures normal to the substrate leading to a
higher recombination before carrier collection to the cathode. Finally, the Ji trend from the
EQE spectra of the solar cells (Figure 316(b)), based on nanostructured ZnO grown at
different oxidation temperature, confirms the J trend observed in Table 3.1. The 90 °C-ZnO

based solar cell still exhibits the highest EQE over the entire wavelength range followed by
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50 °C-, 70 °C-, and vapor-oxidized ZnO based devices. Thus, based on these results we found

that the optimum oxidation temperature for H,O oxidation is 90 °C.

71



3.2 Effect of pH on H,0O-Oxidized Nanostructured ZnO Films for

Bi-Based Pb-Free (CH3;NHS5);Bi>lg Perovskite Solar Cells

3.2.1 Introduction

Pb-based PCSs are still facing several issues despite their fast development including
the inherent toxicity of Pb and their instability under ambient conditions. Alternative
materials like Sn and Ge were reported to replace Pb***. The record efficiency of MASNIs-
based (MA: methyl ammonium) solar cells has already exceeded 6%"** however, Sn(ll) is
readily oxidized to Sn(IV) upon air exposure which makes it unstable. Thus, Sn-based PSCs
are usually fabricated in a nitrogen atmosphere, MASnNI; especially by hermetic encapsulation
to avoid contact with oxygen. Ge-based perovskite has poor ability of forming homogenous
films and Ge analogs can be more easily oxidized than Sn?*. Ge based-PSCs were first
reported by Krishnamoorthy with PCE of 0.11% and 0.20% for solar cells based on CsGels
and MAGel; as absorber layers, respectively®. Other reported Pb-free PSCs such as Cu and

Sh-based ones have lower performances than Sn-based devices*® *.

Recently, Bi-based perovskites have gained much interest as the next alternative for
Pb halide perovskites. Bi is a promising replacement for Pb due to its non-toxic nature,
identical 6s® electronic configuration and ionic radius as Pb*® “°. Up to now, solar cells based
on (CH3NH3)3Bizlg as light absorbers have already reached a world record hysteresis-free
PCE of 3.17%, wherein a two-step vapor-assisted solution process (VASP) technique was
applied to react films of Bils with MAI vapors to form the perovskite®®. This development

and most importantly their non-toxicity and high stability in air render these solar cells as a
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viable alternative for next-generation photovoltaics. All previous studies about Bi-based
PSCs are relying on TiO; as the ETL. To the best of our knowledge, no study on Bi-based

PSCs using nanostructured ZnO as ETL has been reported so far.

In the previous section, we presented a novel route of fabricating nanostructured ZnO
films via a strategic low-temperature H,O oxidation of Zn thin films and showed their
capability as an ETL for Pb-based PSCs. The H,O oxidation method offers a simple, low-
temperature (T < 100 °C), sustainable and cost-effective way of producing diverse ZnO
surface architectures. Furthermore, potential contamination due to unwanted impurities is
avoided since only deionized H,O is used to initiate the NS growth. We have successfully
fabricated different nanostructured ZnO films from platelets to rods, honeycomb structures
and fibrous wires composed of particles by changing the oxidation time and temperature.
Additionally, it has been reported that the solution pH considerably affects the ensuing
morphologies and properties of ZnO NSs. Devabharathi et al. reported a precipitation method
to produce ZnO NCs at different pH values™. Better crystallinity was observed for ZnO NCs
produced at higher pH which led to an enhanced photovoltaic performance of dye-sensitized
solar cells. Another study explored the effect of pH on various ZnO NSs grown by
hydrothermal method®. All the ZnO NSs exhibited violet emission unlocking their
application in LEDs. Zhang et al. also established that pH was essential to consistently
prepare flower-like ZnO NPs for biological fluorescent imaging®. Herein, novel
nanostructured ZnO films were designed by controlling the pH of H,0°* and were

subsequently utilized as an ETL for Bi-based PSCs for the first time.
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3.2.2 Experimental

3.2.2.1 Formation of ZnO NRs by pH-controlled H,O oxidation

Flourine-doped tin oxide (FTO)-glass substrates were thoroughly cleaned with DMSO,
acetone and isopropanol for 5 min each, washed with DI H,0, and dried under N, flow. A 15
nm Ti film was then deposited on cleaned FTO-glass substrates and annealed at 500 °C for 1
h in air to form a compact TiO, layer (c-TiO,). After cooling down, 50, 80, and 100 nm Zn
were deposited on top of the compact layer via e-beam evaporation, and the samples were
subsequently immersed in H,O at 90 °C. The influence of pH value on the growth of ZnO
NSs was examined by adjusting the solution pH from 4 to 11 through addition of HCI and
NaOH. After H,O oxidation, the samples were washed with DI H,O and annealed at 350 °C

for 1 hinair.

3.2.2.2 Solar Cell Assembly

0.20 M perovskite precursor solution was prepared by mixing 235.9 mg of Bil; and
95.4 mg of CH3NHsl in 1 ml anhydrous DMF. Then, 50 pL of this solution was spin-coated
on top of ZnO films at 5000 rpm for 30 s and annealed at 100 °C for 10 min. For the
preparation of HTL, 83.3 mg Spiro-MeOTAD, 11.13 mg 4-tert-butylpiridine and 7.5mg
lithium Dbis-(trifluoromethyl sulphonyl) imide were dissolved in 1ml chlorobenzene:
acetonitrile (10: 1) solution. Then, 50 pL of this solution was spin-coated on top of perovskite
layers at 2000 rpm for 30 s to form the HTL. Finally, 80 nm of Au was evaporated on the
samples to form an electrode. The solar cells were masked with a metal aperture of 0.19 cm?

to define the active area.
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Figure 3.17 Systematic fabrication process of H,O-oxidized ZnO NRs-based PSC.

3.2.2.2 Device and Materials Characterization

The top-view, cross-sectional morphology observations and energy-dispersive X-ray

spectroscopy (EDX) were taken through a scanning electron microscope (SEM, ZEISS Sigma

and SU6600 equipped with an EDX system). High-resolution transmission electron

microscopy (TEM) images, selected-area electron diffraction (SAED) patterns, and electron

energy loss spectroscopy (EELS) elemental mappings were obtained using JEOL JEM-

3100FEF operating at 300 kV. The roughness of the ZnO films was analyzed by an atomic

force microscope (AFM, Seiko SPA-400 using Olympus SI-DF20 Probe) in tapping mode®”.

AFM images were taken in air by scanning an area of 5 x 5 um with a scan rate of 0.70 Hz.

The thickness of each ZnO film was measured by a profilometer (Tencor P-10). Raman

scattering measurement was performed at room temperature using a Raman Spectrometer
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(JASCO NRS-4100). The crystallinity and phase purity of all samples were examined using a
Rigaku X-ray diffractometer (RINT-TTR IlI) with CuK, radiation (A= 1.5418 A). A UV-Vis
spectrophotometer (JASCO V-530) was used to acquire the transmission spectra.
Photoluminescence spectra were measured under ultraviolet excitation (1ex = 365 nm) using a
high-pressure mercury-vapor light source (Olympus BH2-RFL-T3) coupled with a
microscope (Olympus BX51) and a CCD spectrometer (Hamamatsu PMA-12). The surface
chemistry of the ZnO films was further investigated using X-ray photoelectron spectroscopy
(XPS, PHI5000 VersaProbell, ULVAC-PHI) at room temperature with Al-Ka radiation
(1486.6 eV). Charging effects on the binding energies were corrected with respect to the C 1s
peak (284.6 eV). The photovoltaic properties of the devices were measured using a Keithley
2400 Source Meter unit under AM 1.5G simulated sunlight with a power density of 100 mW

cm (Newport Solar Simulator).
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3.2.3 Results and Discussion

Figure 3.18(a) shows the SEM and AFM images of compact TiO, (c-TiOy) layer
formed after annealing of Ti film at 500 °C. The c-TiO, has a smooth surface with a thickness
of ~15 nm and root-mean-square (RMS) roughness of 4.14 nm. Additionally, this layer
mainly functions as a nucleation point for the Zn thin film. As shown in Figure 3.18(b), an e-
beam-deposited Zn thin film is composed of hexagonal nanoplatelets with a mean diameter of

~ 100 nm and a thickness of ~ 80 nm.

Figure 3.18 SEM and AFM images of (a) compact TiO, layer and (b) SEM image of e-beam
deposited Zn thin film.

Figure 3.19 shows the proposed growth mechanism for the nanostructured ZnO
during pH-controlled H,O oxidation, which is primarily governed by a number of
electrochemical reactions. First, the anodic corrosion of Zn nanoplatelets (Egn. (1)) in the

presence of H,O and dissolved oxygen occurs, as shown in Figure 3.20(a).
Zn) = Zngs, + 2e” (@))

2H,0q) +2e~ - Hy +20H-  (2)
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OZ(g) + ZHZO(I) + 4e”™ > 40H™ (3)

The OH™ ions from NaOH and eqn. 2 and 3 react with Zn** ions to form ZnO crystals

through hydrolysis (Eqn. (4)).

Zniy +20Hg, — Zn0 + H,0  (4)

(a) Zn Nanoplatelets
OH™ Zn?* o
(Reduction) (Oxidation)

~ N
2H,0 + 2e~ > H, + 20H"™ w—‘ Zn = Zn** +2e”
0, + 2H,0+ 4e™— 40H"™ -

y.

| %

(Hydrolysis of ZnO)
Zn**t + 20H™ - Zn0 + H,0
) § b
pH 4 pH7 OH- pH 9 ozr pH 11
OH-
[Zn(OH)4]2 OH~
”
f’.'l\ H+ AOH_

| |
(b) Nanoparticles (c) Microparticles d) Nanorods (e) Nanotubes

Figure 3.19 Growth mechanisms of ZnO NSs via pH-controlled H,O oxidation from (a) Zn
nanoplatelets to (b) ZnO NPs, (c) MPs, (d) columnar NRs, and (e) NTs.

It is well-established that the crystal formation in solution starts with nucleation and
followed by crystal growth®. In H,O oxidation, the concentration of either Zn** or OH™ ions
regulate the nucleation of ZnO crystals, which function as nuclei for ZnO NSs. These nuclei
then create larger ZnO clusters, which will later aggregate to reduce their interfacial free

energy. When the size of a ZnO cluster reaches a certain threshold, the existing ZnO crystals
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in H,O can now be adsorbed onto the crystal facets. This leads to a preferred growth
orientation of each NS depending on a given set of growth conditions. Thus, it can be inferred
that the concentration of OH" ions functions as a kinetic factor for the growth of H,O-

oxidized ZnO NSs.

To check this assumption, the effect of solution pH value on the resulting NSs after
H,O oxidation of the Zn thin films was investigated at a constant growth temperature of
90 °C and for an immersion time of 8 h, as shown in SEM and AFM images in Figure 3.20.
The pH value of H,O was adjusted to either acidic or basic values at room temperature by
addition of either HCI solution or NaOH pellets, respectively. Upon immersion in acidic H,0,
the Zn thin film was dissolved instantaneously and NPs with a mean diameter of 10 nm and
thickness of about 20 nm were obtained, as illustrated in Figure 3.20(a). The roughness of the
seeded FTO increased to 4.90 nm and was covered by NPs. The addition of H* ions from
HCI neutralized most of the OH™ ions in H,O (Egn. (2) and (3)), which limited the
production and growth of ZnO. This led to the development of NPs, as shown in Figure

3.19(b).

Moreover, densely packed microparticles (MPs) with a mean diameter of 0.18 um
evolved from hexagonal platelets at normal pH 7, as shown in Figure 3.20(b). This
nanostructured film has a thickness of 80 nm and surface roughness of 5.94 nm. A closer
inspection of these MPs shows that they are composed of smaller NRs with a mean diameter

of 40 nm. Additionally, the NRs can be seen lying parallel to the substrate.
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Figure 3.20 SEM (left) and AFM (right) images of ZnO NSs formed after H,O oxidation for
8 h at 90 °C under different pH conditions: (a) pH 4, (b) pH 7, (c) pH 9 and (d) pH 11.

80



This aggregation of smaller NRs into larger MPs could be due to widely known
Ostwald ripening process®’. On the other hand, increasing the pH value of H,O to 9 initiated
the growth of larger columnar NRs with RMS roughness of 6.29 nm, as seen in Figure
3.20(c). These NRs have flat basal planes with a mean diameter of 95 nm and increased
thickness of 135 nm. It is well known that the reconstruction of the high surface energy polar
(001) plane of ZnO causes this anisotropic growth along their c-axis. Furthermore, the O?-
terminated (001) planes of ZnO molecules in H,O diffuse towards onto the Zn®*-terminated
(001) plane of the existing ZnO layer on the substrate, driving the generation of columnar
NRs>®. The evolution of longer NRs could be attributed to the additional OH™ ions provided
to the system, as demonstrated in Figure 3.20(d). Finally, nanotubes (NTs) with a mean outer
diameter of 90 nm and inner diameter of 50 nm were formed at pH 11 (Figure 3.20(d)). It
also has the highest surface roughness of 7.84 nm, owing to its larger surface area with an
average thickness of 90 nm. The excess OH" ions are favorably adsorbed to (001) planes of
the existing ZnO NRs due to electrostatic adherence. Consequently, the defects on these ZnO
planes further react with OH" ions to produce soluble hydroxyl complex such as zincate ions

[Zn(OH).4]*, as expressed in eqn. 5°°:
Zn0, + OH™ + Hy0 — [Zn(0H),]2 (5)

This selective dissolution of the ZnO crystal along its c-axis resulted in the formation of NTs,

as illustrated in Figure 3.19(e).
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Figure 3.21 EDX analyses of ZnO NSs formed after H,O oxidation for 8 h at 90 °C under
different pH conditions: (a) pH 4, (b) pH 7, (c) pH 9 and (d) pH 11.

The chemical compositions of all the samples were verified by performing EDX
analysis, as shown in Figure 3.21. All EDX patterns indicated the presence of Zn and O
elements, as well as Ti, Sn and F elements from c-TiO, and FTO substrate, respectively. The
trend of atomic weight percent of Zn element is in agreement with the measured thicknesses
of each nanostructured ZnO film. These data confirm the high-purity of the ZnO NSs

fabricated by H,O oxidation.
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The phase composition and crystallinity of all the samples were investigated by
XRD analyses. Figure 3.22(a) shows the XRD patterns of c-TiO; and the nanostructured ZnO
films obtained after H,O oxidation under different pH conditions. The nanostructured films
obtained at pH 7, 9, and 11 showed diffraction peaks at 20 = 31.7°, 34.4°, 36.2°, and 47.6°,
corresponding to the (100), (002), (101) and (102) planes of the wurtzite (P6smc) crystal

structure of ZnO, respectively®® ®*.
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Figure 3.22 (a) XRD patterns and (b) Raman spectra of compact TiO, and ZnO NSs formed
after H,O oxidation at 90 °C under different pH conditions.

No other additional peaks of impurities or secondary phase were detected in the XRD
patterns which signify the complete conversion of Zn to ZnO films. The poor overall NS
alignment for each sample could be linked to the lattice mismatch between TiO, and ZnO

crystals.
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Figure 3.22(b) shows the room temperature Raman spectra of the c-TiO, and
nanostructured ZnO films under excitation of a 532 nm laser line. The ¢-TiO, sample showed

a single peak located at 144 cm™, corresponding to the main E, mode of anatase vibration®.

All nanostructured ZnO films, except the NPs, exhibited two sharp peaks centered at 99 cm™
and 439 cm™ which can be assigned to the EX" and Efigh modes of non-polar optical
phonons, respectively. The latter mode is due to the vibrations of oxygen atoms, while the
vibrations of the heavy Zn sub-lattice activate the former®®. These two dominant E, peaks are
typical to the wurtzite phase of ZnO which further confirmed the highly crystalline nature of

the NSs. On the other hand, the NPs showed broad and weak E, modes due to their low

concentration.

Figure 3.23 presents the TEM and HRTEM images representing the general
morphologies of all the samples. The TEM images (Figure 3.23(a)-(d), left) closely resemble
the SEM images shown in Figure 3.20, whereas their HRTEM images (Figure 3.23(a)-(d),
right) reveal that the as-prepared NSs have well-ordered crystalline planes. All the NSs can
be seen to have a single crystalline structure, which is confirmed by their corresponding
SAED patterns (insets) showing clear and sharp diffraction spots. Figure 3.23 also shows the
EELS elemental mapping based on TEM images of the samples. The mappings further
confirmed the chemical composition and revealed the elemental distribution of Zn and O

elements over the entire surface area of the NSs.
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Figure 3.23 TEM images of ZnO NSs formed after H,O oxidation for 8 h at 90 °C under
different pH conditions: (a) pH 4, (b) pH 7, (c) pH 9 and (d) pH 11. Right images are their
corresponding HRTEM images with SAED patterns as inset and EELS elemental mapping.
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To gain more insight into the surface chemistry of the nanostructured ZnO films, the
chemical states of Zn and O atoms were investigated by XPS. Figure 3.24 shows two main
peaks centered at 1021.8 eV and 1044.8 eV, which are assigned to the Zn2p;,, and Zn2p, ,,
states, respectively. A spin-orbital splitting of 23.0 eV confirms that Zn exists only in the
oxidized state (Zn?*) ®. The core line of Zn 2ps, shows high symmetry on the surface of all

films. The variation in the intensities of the peaks is consistent with the thickness of each

sample.
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Figure 3.24 (a) Zn2p and (b)-(e) O1s high-resolution XPS spectra of nanostructured ZnO
films formed after H,O oxidation at 90 °C under different pH conditions.

The high-resolution O1s spectra of nanostructured ZnO films can be described as the

superposition of three peaks by Gaussian distribution, centered at 530.3 eV, 531.0 eV, and

531.9 eV, respectively, as indicated in Figure 3.24(b)-(e). The low binding energy O, peak
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located at 530.3 eV is attributed to 02~ ions in the wurtzite structure of a hexagonal Zn?* ion
array®.The medium binding energy 0y, peak, centered at 531.0 eV, is associated with 02~ in
oxygen-deficient regions within the matrix of ZnO®. The higher binding energy 0 peak at
531.9 eV corresponds to chemisorbed oxygen such as OH~ and adsorbed H,O%. Thus,
changes in the area under these peaks can be correlated to the differences in the chemical
states of oxygen at the surface of the nanostructured ZnO films. It can be seen that the Oy
peak is nearly negligible for the NPs. As stated earlier, this result is highly probable since

HCI was introduced to the system and subsequently neutralized most OH" ions in H,O.

Consequently, the relative 0, peak area for each sample is steadily intensified which
is related to the supplied OH" ions at higher pH values. It should be noted that the O, peak is
present in all ZnO films designating that a substantial amount of oxygen vacancies can also
be found in each sample. Interestingly, the NTs is centered at O, peak, which is associated
with oxygen vacancies. At the same time, the reduction of the relative area under the 0, peak
of the NTs indicates that the formation of zincate ions [Zn(OH),]*" weakens the Zn-O
bonding and exposes the defects present on the central interior part of the NRs, which are
most possibly oxygen vacancy related defects. Evidently, this investigation of the amount of
OH" groups and oxygen vacancies is essential for solar cell application, since these species

are possible trap states for charge carriers.
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Figure 3.25 (a) Optical transmission and (b) room temperature photoluminescence spectra of
c-TiO, and nanostructured ZnO films formed after H,O oxidation at 90 °C under different pH
conditions on FTO/glass substrate.

The transmittance of the nanostructured ZnO films is another important factor that
strongly affects device performance. The optical transmission spectra of the c-TiO, and
nanostructured ZnO samples are presented in Figure 3.25(a). It is well established that the
transmittance of ZnO films not only depends on the film thickness, but is also related to their
crystal size, defects and crystallinity®. The thicker nanostructured ZnO films formed at pH 9
and 11 have shown enhanced transmittance in the visible region compared with c-TiO, and
other ZnO films. This could be correlated to their superior crystal quality as seen in their
XRD and Raman spectra, as well as to their antireflection property originating from the
suitable refractive index (n ~ 2) of ZnO®. In addition, the absorption edge shows a gradual

red shift, which demonstrates a reduction in band gap for thicker nanostructured ZnO films.

Figure 3.25(b) shows the photoluminescence of all the samples at room temperature

under excitation at 4 = 365 nm. The NPs have shown exactly the identical emission spectrum

88



as the c-TiO,/FTO sample due to its low concentration and its emission is nearly negligible.
The columnar NRs and MPs obtained at pH 9 and pH 7 exhibited similar orange-red emission
centered at 650 nm. This emission is commonly attributed to the deep level oxygen
interstitials (0;) in ZnO™. The presence of higher OH™ group in columnar NRs might be
another reason to its higher orange-red emission peak. Interestingly, a green emission
centered at 530 nm appeared on the PL spectra of NTs, which is related to the radial
recombination of photo-generated holes with electrons of singly charged oxygen vacancy
states (V) ™. This result also supports the emergence of large O, peak area in its high-

resolution O1s XPS spectrum.

Figure 3.26 Top view SEM images of (CH3NHz3)3Bi2lg films on top of nanostructured ZnO
films formed after H,O oxidation at 90 °C under different pH conditions.
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The morphology of the active layer performs a significant role in solar cell devices.
Hence, we carefully examined the development of the (CH3NH3)3Bi-lg film morphologies on
top of ETLs, as shown in Figure 3.26. The deposited films, which are composed of
hexagonal platelet-like crystals, display irregular orientation setting a large area of the
samples uncovered. The surface coverage of perovskite films on c-TiO, and ZnO NPs (pH 4)
was found to be comparable and denser compared with the ZnO MPs (pH 7), columnar NRs
(pH 9) and NTs (pH 11). It is also noticeable that the most exposed ZnO NSs are on samples
developed at pH 7 and pH 9, which is due to the higher density packing observed for the NSs
under these pH values. This indicates that the morphology of the nanostructured ZnO films
dramatically influences the surface uniformity of perovskite films. Consequently, this

discontinuity of perovskite film layers might be another limiting factor on the performance.

Figure 3.27 shows the XRD patterns of (CH3NH3)3Bi2lg perovskite films deposited on
nanostructured ZnO films. The diffraction peaks at 26 = 11.7°, 12.6°, 14.5°, 17.1°, 24.6°,
25.2°, 29.1°, 31.7°, and 32.1° can be indexed to the (100), (101), (102), (103), (006), (202),
(204), (205), and (211) planes, respectively, demonstrating the formation of hexagonal
(CH3NHs)3Bislg crystals with space group P65 /mmc’. No Bils peaks were detected in all the
spectra indicating that all Bil3 was converted completely into (CH3NH3)3Bi2lg. It should be
noted that the perovskite films deposited on NPs and c-TiO, exhibited enhanced intensity for
(101) peak suggesting preferential orientation along [101] direction. The optical absorption
measurements showed an edge at approximately 560 nm (Figure 3.27(b)), which was

consistent with the typical absorption characteristic of (CH3NHs)sBizlg'.
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Figure 3.27 (a) XRD patterns and (b) optical absorption and photoluminescence spectra of
(CH3NHj3)3Bi2lg films on top of nanostructured ZnO films formed after H,O oxidation at
90 °C under different pH conditions.

The perovskite films formed on c-TiO, and ZnO NPs revealed higher absorption
owing to its denser configuration and thinner underlying ZnO layer. The calculated indirect
band gap of (CH3NH3;)3Bizlg from Tauc plot analysis is about 2.15 eV. To examine the
preliminary charge transfer between the active layer and ETLS, the steady-state
photoluminescence spectra of perovskite layer on top of c-TiO, and nanostructured ZnO
films are presented in Figure 3.28(a). The weak emissions centered at ~595 nm corresponds
with the indirect band gap of the perovskite films. The peak at 520 nm originated from the
FTO substrate, which subsequently masked the emission from the non-uniform perovskite

layers.
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Figure 3.28 (a) Schematic illustration, (b) energy level diagram, and (c) J-V curves of
(CH3NHj3)3Bi2lg solar cells based nanostructured ZnO films grown at different pH conditions.
(d) Cross-sectional SEM image of the best performing device based on ZnO NPs.

Additionally, the NP/(CH3NHS3)3Bi2lg bilayer showed the minimum PL intensity
indicating a faster electron extraction rate. The energy level diagram of PSCs based on
nanostructured ZnO films are shown in Figure 3.28(b). The device consists of glass/FTO/c-
Ti02/ZnO NSs/(CH3NH3)3Bi2le/Spiro-OMeTAD/Au. The energy levels for the conduction
band (CB) and valence band (VB) edges of CH3NH3)3Bi2lg are at -3.8 and -5.9 eV, with a
good match of the ZnO CB of -4.1 eV and Spiro-OMeTAD VB of -5.2 eV. The thickness of

the perovskite layer based on ZnO NPs is approximately 250 nm, whereas the thickness of
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Spiro-MeOTAD is about 150 nm (Figure 3.28(d)). It can be seen that some unfilled regions
emerged in between the platelet-like absorber crystals and Spiro-MeOTAD is able to

permeate directly to the ZnO layer, which may lead to increased recombination.

To evaluate the effect of different nanostructured ZnO on the photovoltaic
performance, (CH3NH3)3Bizlg solar cells were fabricated following the same experimental
process. Figure 3.29 present the photovoltaic parameters and statistical results of
(CH3NH3)3Bi2lg solar cells based on c-TiO, and nanostructured ZnO films, plotted as a
function of pH value. The corresponding photocurrent (J)-voltage (V) curves under simulated
AM 1.5G illumination (100 mW cm™) are shown in Figure 3.28(c). The device based on
ZnO NPs, which were grown in acidic H,O, exhibited the highest short circuit current density
(Jsc) of 0.342 mA cm™, an open circuit voltage (V,.) of 0.608 V, a fill factor (FF) of 40.0, a
maximum PCE (PCE,,,,) of 0.083% and an average PCE (PCE_,.) of 0.073%. This value is
comparable with other studies that used mesoporous TiO, as ETL and employed solution-
based techniques for perovskite deposition, as shown in Table 3.3. The ZnO NRs and NTs-
based solar cells followed with comparable PCE,,,, of 0.026% and 0.024%. Subsequently,
the NTs-based devices showed a more consistent performance with slightly higher PCE,,,,. of
0.021% compared with 0.017% for the NRs-based devices. These results demonstrate that the
thickness and morphology of the nanostructured ZnO films have a considerable effect on the

device performance.
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Figure 3.29 Photovoltaic parameters of PSCs based on c-TiO, and nanostructured ZnO films
grown at different pH conditions. Values (average of 5 cells) are plotted as a function of pH
value.

The enhancement in PCE with thinner and smoother ZnO films is attributed to the
improved perovskite surface coverage, which results in superior interface between the active
layer and charge selective layers and reduces junction resistance’®. Thus, a more efficient and
kinetically favorable charge extraction takes place. At the same time, it can be observed that
the V. increased dramatically from 0.3 V for thicker ZnO-based devices to around 0.6 V for
the pH 4-ZnO-based devices. Moreover, ZnO NPs have fewer recombination centers due to

the absence of OH™ group at its surface, which results in reduced leakage current’. The low
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photocurrent values are generally associated to the low rate of charge separation and slow-

charge carrier transport within the (CH3NHs3)3Bi,lg perovskite®.

Table 3.3 Materials and photovoltaic parameters of solution-processed (CH3NH3)3Bizlg solar
cells based on ZnO or mesoporous TiOzas ETLSs.

PCEax Active Area

ETL [%] [cm?] Reference
ZnO NPs 0.083 0.190 This work
TiO, 0.108 0.090 73
TiO, 0.256 0.090 73
TiO, 0.053 0.096 76
TiO, 0.023 0.120 77
TiO, 0.054 NA 78
TiO, 0.070 0.087 79

On the other hand, the MPs-based solar cells revealed the lowest PCE,,,, of 0.017%
and PCE,,, of 0.013%. This low performance of pH 7-ZnO based solar cell could be
attributed to its densely packed configuration, preventing the perovskite layer to diffuse
throughout its surface area. Another possible reason is the increased recombination within the
MPs, since the smaller NRs comprising them were seen to be lying parallel to the FTO/glass
substrate. Hence, the initial extracted electrons from the perovskite are slowly transported to
the cathode (FTO). Consequently, this leads to relatively low Jsc and V. values of 0.160 mA
cm? and 0.323 V, respectively. As a reference, the c-TiO,-based solar cell showed a
respectable V,. (0.550 V) and FF (41.0) values but a very low J,. value of 0.103 mA cm?,
resulting in a PCE,,4, 0f 0.023% and PCE,,. of 0.019%. Clearly, this implies that the 15 nm
thick c-TiO; as ETL is not enough for efficient electron extraction and transfer due to its
limited contact with perovskite layer. Figure 3.30 shows that all the devices displayed small

hysteresis in J-V curves, which could be due to the unbalanced electron and hole transfer at
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the interface of their corresponding selective layers®®. This uneven carrier movement possibly
originates from the energy level mismatch between the (CH3NHs3)sBizlg layer and its

neighboring charge transporting layers®.
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Figure 3.30 J-V curves and hysteresis behavior of (CH3NHS;)3Bizlg solar cells based on
nanostructured ZnO films grown at different pH conditions.
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The thickness of Zn film was also varied at optimum pH to determine its effect on the
device performance. Figure 3.31(a) summarizes the photovoltaic parameters and statistical
results (CH3NHs3)3Bizlg solar cells based on nanostructured ZnO film formed at pH 4 by
varying the thickness of Zn film. The solar cell device based on ZnO NPs, which were grown
from 80 nm-Zn film, still exhibited the PCE,,,, of 0.083%, followed by 50 nm-Zn film with
PCE,,4, 0f 0.047% and PCE,,,. of 0.042%, and 100 nm-Zn film with PCE,,,, of 0.041% and
PCE,,. of 0.037%. Thus, based on these results we found that the optimum thickness for Zn
thin film is 80 nm. In order to elucidate the long-term stability of the ZnO-based
(CH3NHs3)3Bi2lg solar cells, the devices were kept in ambient conditions without any sealing
for almost one month. Figure 3.31(b) shows the PCE of the best performing device as a
function of time. It shows that the device retained 75% of its efficiency after 4 weeks,

revealing a remarkable stability over the Pb-based PSCs.
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Figure 3.31 (a) Photovoltaic parameters of PSCs based on nanostructured ZnO films formed
through H,O oxidation at pH 4 by varying the thickness of Zn film. (b) Long-term stability of

the best performing solar cell.
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3.3 Summary

This chapter presented a facile synthesis method employing a simple oxidation of Zn
thin films in H>O to produce nanostructured ZnO as ETL in PSCs. The necessity for any
growth directing agents or complex equipment is eliminated through our innovative
technique. By varying the H,O temperature and growth time, various surface morphologies
such as particles, fibers, rods, tubes and platelets having different preferential growth
orientations were obtained. A fabricated PSC device based on pointed ZnO NRs, which are
generated at 90 °C for 8 h of H,O oxidation, exhibited the highest PCE of 5.96% and average
PCE of 5.46% with weak hysteresis. This sample also displayed the highest EQE over the
whole wavelength range among all the fabricated devices. The development of rod-like
structures led to better perovskite penetration and effective interfacial area, which resulted in
reduced charge carriers’ path length and increased photovoltaic parameters. All devices
showed good stability over time reaching their maximum efficiencies after 15-20 days of
storage due to the slow drying of the solution-processed layers. I believe that through the
optimization of Zn thin film and perovskite deposition, as well as the use of better HTL and
electrodes, much higher efficiencies can be achieved.

Furthermore, the modification of H,O oxidation technique by varying the pH of H,O
was also explored. The resulting nanostructured ZnO films were then applied as ETLs for Bi-
based Pb-free PSCs. Various morphologies such as particles, rods and tubes with different
growth orientations were generated. These nanostructured films were comprehensively
characterized to determine their effect on the solar cell performance. The surface coverage of
the perovskite films depended strongly on the morphology and surface roughness of the
nanostructured ZnO films. A device based on ZnO NPs, which were obtained in acidic H,O
with a pH of 4, exhibited the maximum PCE of 0.083%, average PCE of 0.073% and small

hysteresis. The superior coverage of perovskite films on top of ZnO NPs led to a better
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interfacial area, which resulted in reduced charge carrier recombination and increased
photovoltaic parameters. These NPs also have the smallest amount of hydroxyl group which
are possible trap centers for the extracted electrons from the perovskite layer. The best
performing device shows good stability in ambient conditions for almost a month. These
results indicate that the nanostructured ZnO films can be an effective ETL for Pb-free PSCs.
Moreover, uniform and smoother (CH3NH3)3Bizlg films should be developed through
strategic optimizations to further improve its photovoltaic performance. Overall, these results
suggest that the oxidation of Zn thin films in HO can produce highly crystalline
nanostructured ZnO which can be utilized not only in photovoltaics but also in other

optoelectronic devices.
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Chapter 4

Enhanced Charge Transport in Al-doped ZnO
Nanotubes Designed via Simultaneous Etching and
Al Doping of H,0O-Oxidized ZnO Nanorods for

Perovskite Solar Cells

4.1 Introduction

One dimensional (1-D) ZnO nanotubes (NTs) could be outstandingly valuable in solar
cells owing to their higher surface area as well as a direct path for charge transport. In spite of
this, the application of ZnO NTs in photovoltaics has been very limited due to the complexity
of its fabrication route. For instance, Wei et al. described an improvement in the
photocurrent density of Cu,0/ZnO heterojunction solar cells based on ZnO NTs'. In their
report, the ZnO NTs were formed by a two-step method, wherein electrodeposited ZnO
nanorods (NRs) were immersed in KOH at 80 °C for 2 h. Another study established the
applicability of ZnO NTs, constructed through a combination of anodic aluminum oxide
(AAO) templating and atomic layer deposition (ALD), as photoanodes in dye-sensitized solar
cells?. Hence, the challenge now is to develop a simpler, faster and energy-efficient protocol

of designing ZnO NTSs.
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Furthermore, the possibility of modulating the electronic properties of ZnO NTs via
low-content doping opens challenging paths to further boost the overall device performance
beyond its current limits. Through accurate doping, the electronic properties of wide band
gap semiconductors like ZnO can be enhanced but their transparency can be maintained®. A
number of typical n-type dopants such as Al, Ga and In have been commonly used to develop
highly conductive ZnO films*®. Among these Group 13 elements, Al is the most ideal dopant
since it is low cost, highly reactive, non-toxic and abundant in nature. Additionally, AI** ions
has a smaller ionic radius (~0.54 A) with respect to Zn?* ions (~0.74 A) promoting easy
substitution in the ZnO lattice*. Several doping techniques for AZO thin films have been
described in the literature, such as metal organic chemical vapor deposition (MOCVD) with
dimethylzinc-triethylamine (DMZn-TEN) and trimethylaluminum (TMAI) as Zn and Al
sources’, ion implantation®, and magnetron sputtering deposition with a mixture target of
Al,0; and ZnO®° among others. However, these above-mentioned methods have limited
doping tunability and involved introduction of dopants during thin film growth. The latter
could consequently affect or change the final morphology and generate internal defects in the
ZnO crystal. Thus, a separate doping process is more advantageous to minimize the effects on

film growth and uncover doping-dependent changes on the thin film properties™.

In this study, | develop an innovative approach to form AZO NTs via simultaneous
etching and Al doping of H,O-oxidized ZnO NRs™. The transformation to AZO NTs was
accomplished via a facile one-step spin-coating process of a methanolic AICI3 solution on top
of the NRs. This novel technique of generating NTs via AICI; etching is much faster and
efficient compared with conventional methods. Furthermore, the present strategy allows us a
flexible doping tunability, and doping effects can be examined separately. The critical role of
the doping process and the effect of etching on ZnO NRs were discussed through

comprehensive structural, chemical, optical and electrical characterizations. To the best of the
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author’s knowledge, this is the first study to report the Al doping of ZnO NRs and at the same
time, the evolution of these NRs to NTs via a one-step process. Finally, the synergistic effect
of etching and Al doping of the NRs brought us a potential multifunctional material for solar

cells and other optoelectronic devices.

4.2 Experimental

4.2.1 Formation of ZnO NRs by H,O oxidation

Indium tin oxide (ITO)-coated glass substrates (Luminescence Tech. Corp.) substrates
were etched with diluted hydrochloric acid and cleaned via sonication with detergent,
ultrapure water, acetone and methanol for 15 min, separately. Then, the substrates were
treated with UV/O3 for 10 min to remove organic impurities. Before depositing Zn thin films,
a 0.50 M zinc acetate (Zn(CH3COO),, Wako) in methanol: H,O (10:1) solution was spin-
coated onto the substrates at 5000 rpm for 30s. The films were dried first at 100 °C for 15
min and then annealed at 200 °C for 30 min to form ZnO seed layer. Zn thin films were then
thermally evaporated (JEOL JEE-400) on top of ZnO seed layer at a base pressure of 4x10™
Pa. The Zn thin films were subsequently immersed in ultrapure water at 90 °C for 8 h to

obtain ZnO NRs.

4.2.2 Simultaneous Al-Doping and Etching of ZnO NRs

To form Al-doped ZnO NTs, a 150 pL of (50 mM) methanolic solution of aluminum
chloride hexahydrate (AICI; - 6H,0, Wako) was spin-coated on top of the ZnO NRs. The

amount of Al dopant concentration was controlled by increasing the number of AICI;
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coatings. Then the thermal diffusion treatment was performed by annealing the samples at

300 °C for 1 h on a hotplate inside a N,-filled glove box.

H,O Oxidation AICI; Spin-Coating

Zn Thin Film

AZO NTs

Figure 4.1 Schematic of simultaneous etching and doping of H,O-oxidized ZnO NRs to form
AZO NTs.

4.2.3 Materials Characterization

The morphologies of the samples and energy-dispersive X-ray spectroscopy (EDX)
were taken through a low vacuum scanning electron microscope (SEM, Hitachi SU6600
equipped with an EDX system). High-resolution transmission electron microscopy (TEM)
images, selected-area electron diffraction (SAED) patterns, and electron energy loss
spectroscopy (EELS) elemental mappings were obtained using JEOL JEM-3100FEF
operating at 300 kV. The sample for TEM measurement was prepared by dry adhesion of the
AZO NTs on a copper grid. The crystallinity and phase composition of the samples were
studied using a Rigaku X-ray diffractometer (RINT-TTR 111) with CuK,, radiation (A= 1.5418
A). Raman scattering measurement was performed at room temperature using a Raman

Spectrometer (JASCO NRS-4100). The optical transmission and absorption spectra of the
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films were measured on a UV-Vis spectrophotometer (JASCO V-530). PL spectra were
obtained under ultraviolet excitation (1ex = 365 nm) using high-pressure mercury-vapour light
source (Olympus BH2-RFL-T3) coupled with a microscope (Olympus BX51) and a CCD
spectrometer (Hamamatsu PMA-12). The surface chemistry of the films was further
investigated using X-ray photoelectron spectroscopy (XPS, PHI5000 VersaProbell, ULVAC-
PHI) at room temperature with Al-Ka radiation (1486.6 V). Charging effects on the binding
energies were corrected with respect to the C 1s peak (284.6¢V). Electron-transporting
property was examined by using a space-charge limited current (SCLC) model based on
electron-only devices with a configuration of ITO/ZnO or AZO/PCBM/Ag. Current-voltage
(J-V) curves were recorded from a Keithley 2611B System Source Meter unit (Bunko-keiki,

CEP-2000RP).
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4.3 Results and Discussion

4.3.1 Morphological and Structural Properties

Initially, Zn thin film with a thickness of 100 nm was deposited on top of ZnO seed
layer/ITO-glass substrate using thermal evaporation. Then, the samples were H,O-oxidized at
90 °C for 8 h to convert the Zn nanoplatelets into ZnO NRs (Figure 4.2(a)), completely, as
depicted in Figure 4.1. Herein, as the oxidation of metallic Zn takes place in H,O, OH" ions
are also being released from the reduction of dissolved oxygen and H,O. These OH- ions
would then react with Zn®" ions to form ZnO crystals. An in-depth discussion of the growth
mechanism of nanostructured ZnO films via H,O oxidation can be read in our previous

works'? 23,

Figure 4.2 shows the SEM images and the corresponding EDX measurements of the
ZnO NRs and AZO NTs formed after the AICI; coatings. Note that the H,O-oxidized ZnO
NRs have a mean diameter of ~ 100 nm and a thickness of ~250 nm. The NRs are seen to be
fairly aggregated, forming microparticles. Consequently, a methanolic solution of AICI; -
6H,0O was spin-coated on top of the ZnO NRs to realize the simultaneous etching and Al
doping to obtain AZO NTs. The Al content in the AZO films was adjusted through the
deposition of AlCl; coatings. The doped samples are denoted as AZO-1, AZO-2 and AZO-3,
indicating the number of coatings applied. Surprisingly, the tips of each NRs were slightly
etched and their walls became rough after one coating of AlICls, as shown in Figure 4.2(b).
The appearance of wall corrugation indicates that the NRs have a layer-stacked structure.
Figure 4.2(c) shows that the addition of another AlCl; coating further etched the NRs leading

to the development of honeycomb-like structures.
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Figure 4.2 SEM images of (a) ZnO NRs formed after H,O oxidation at 90 °C for 8 h and
AZO NTs formed after (b) 1, (c) 2, and (d) 3 AICI; coatings.
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Finally, complete dissolution of the walls separating each NR occurred and the honeycomb-
like structures collapsed into larger NTs after three coatings, as shown in Figure 4.2(d). The
outer surfaces of the bigger NTs are now visibly rougher with an average inner diameter of ~
200 nm. Interestingly, the NTs formed were successfully doped with Al based on their EDX
measurements. The EDX results revealed that the coated samples were composed of Zn, O
and Al, and the concentrations of Al are about 2.00, 5.11 and 7.02 at% for AZO-1, AZO-2 and

AZO-3 samples, respectively.

Defect-Rich Region
¥ H, 0" Metastable (001)

Polar Planes

Al Diffusion via Thermal Treatment

Selective Etching
V0t ¥
3

(from AICl,)

AZO NTs

AICl; coating

Figure 4.3 Proposed growth mechanism of AZO NTs via simultaneous etching and doping of
ZnO NRs.

The growth mechanism of this development of AZO NTs from ZnO NRs can be
partially described through the well-known selective etching process, as shown in Figure 4.3.
As the AICl; - 6H,0 is dissolved in methanol, H;O" ions are released in the solution as shown

in equation 1:
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[AH,0) 1% | + Hy0 — [Al(H,0);0H]* _ + H;0* (M

(ag)
Then, the top polar planes of ZnO NRs react with these H;O" ions resulting in the

selective dissolution along their c-axis as in equation 2:

Zno + ngﬂ:m = Zn*T( oy + OH () +H,0p, 2

Accordingly, the thermal annealing employed after the spin-coating process triggered
the diffusion of Al dopant within the film and finally generated the AZO NTs. The
selective etching mechanism that has taken place here is also consistent with the discussions
reported on the growth of other hollow structures'*. Since no catalysts or other secondary
reagents were combined with the AICI; solution, the selective etching could be associated
with the preliminary crystal structure of ZnO NRs. It is well-established that the
wurtzite ZnO crystal has high surface energy and metastable polar planes such as its top
(001) plane. On the other hand, its nonpolar lateral planes are the most stable having lower
surface energies, while the central inner part of ZnO NRs is known to be a defect-rich
region™. Thus, etching is thermodynamically favored to start on the top central (001) plane
and would continue along the defect-rich c-axis region of ZnO NRs. Also, the presence of
minor wall corrugation on the NTs proves that the etching rate on the nonpolar lateral planes

is slower than the top polar planes.
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Figure 4.4 (a) XRD patterns and (b) Raman spectra of ZnO NRs and AZO NTSs.

Figure 4.4(a) shows the XRD patterns of ZnO NR and AZO NT samples. All XRD
profiles with sharp diffraction peaks which correspond to hexagonal wurtzite crystal structure
clearly demonstrate that all the samples possess good crystallinity. A significantly higher
intensity is observed for the (002) diffraction peak, which indicates that the nanostructures
are oriented with their c-axis being relatively perpendicular to the ITO/glass substrates. No
diffraction peaks of Al,O; or any additional impurities were detected in the Al doping
concentration range considered in this work, except for the underlying ITO substrate. Overall,

it can be seen that the intensity of ZnO peaks gradually decreases, which is more noticeable

for the (002) peak due to the formation of NTs during the doping process.

115




1(100) , | (b)

|

28 30 32 34 36 334

Figure 4.5 XRD patterns of ZnO NRs and AZO NTs magnified at (100) and (002) diffraction
peaks.

Additionally, the (100) peak shifted to lower 8 values signifying an increase in the
lattice constant “a” and the (002) peak slightly shifted to higher 6 values indicating a
decrease in the lattice constant “c”. As Al doping and etching of ZnO NRs commence, the
wurtzite crystal structure becomes shorter and wider at the base and the overall cell volume
(o< a®c) slightly increases (Figure 4.5). These changes in lattice parameters suggest the
successful introduction of smaller Al dopants into the Zn?* sites.

Moreover, the HRTEM image taken near the tip of the NT shows that the AZO-3
sample is highly crystalline with a lattice spacing of about 0.263 nm, corresponding to the
distance between the (002) planes in the ZnO crystal lattice. This also shows that the NTs
retain the growth orientation of the initial ZnO NRs after the simultaneous etching and
doping process. Notably, no part of the NT with interplanar spacings close to those of Al,O3
was found, further validating the incorporation of Al into the ZnO matrix without the
formation of Al,O3. The sharp and clear diffraction spots from the SAED pattern of the AZO-
3 NT (Figure 5(c)) also prove that it is single crystalline in nature. The EELS elemental
mapping images of the Al, Zn, and O elements based on the TEM image of the AZO-3 NT,

are shown in Figure 5(d)-(f), respectively. The mapping analysis confirmed the presence and

116



homogenous distribution of the Al dopant as well as the Zn and O elements over the entire

surface area of the NT.

Figure 4.6 (a) TEM, (b) HRTEM images and (c) SAED pattern of an individual AZO-3 NT.
Images (d)-(f) are its corresponding EELS elemental mapping.

It is also known that the vibrational properties of solids are linked to the long and
short-range orders in the crystal lattice’®. Raman spectroscopy is implemented to investigate
the effect of simultaneous etching and doping process on the vibrational properties of the
AZO NTs. Figure 4.4(b) shows the room temperature Raman spectra of the all the samples
under excitation of a 532 nm laser line. One of the most intense modes in the Raman spectra
is a very narrow EL°W peak at ~ 100 cm™, which is associated to the vibrations of Zn
sublattice of ZnO. Another intense Raman peak is Eé‘igh at ~ 439 cm™, which is dominantly
assigned to the oxygen vibrations’. These two sharp E, peaks further verified the highly

crystalline nature of all the samples. The peak at 331 cm™, which can be seen for ZnO NRs

and AZO-1 samples only, is a second-order Raman mode ascribed to the difference between
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the Efighand E°" modes. The broad peak around 575 cm™ can be assigned to the E;(LO,

longitudinal optical) mode, which is caused by defects such as oxygen vacancies (V,) and
zinc interstitials (Zn;) *®. Furthermore, the Raman peaks were noticeably reduced and became
broader as Al dopant is increased. This could be related to the dopant inclusion in the ZnO

lattice which leads to stress formation and eventually deterioration of the ZnO crystal.

4.3.2 Chemical State on the Surface

XPS measurements were done to track the changes in the elemental composition and
chemical binding environment of the surface atoms of ZnO NRs and AZO NTs, as shown in
Figure 4.7. The photoelectron peaks corresponding to the Zn, O and C elements can be
clearly seen on the XPS survey spectra, as illustrated in Figure 4.7(a). A small peak
designated to Al dopant is also visible from the survey spectra of AZO NTs. The C element
peak located at ~ 284.6 eV may be caused by adsorbed CO, from air. The high-resolution Zn-
2p XPS spectra (Figure 4.7(b)) of the samples present two major peaks centered at 1021.6
and 1044.6 eV corresponding to the Zn2p;,and Zn2p, ,, states, respectively. In addition to
the absence of the metallic Zn, a spin-orbital splitting of 23.0 eV establishes that most of the
Zn elements exhibit positive divalent oxidation state (Zn**)*°. The Zn-2p peaks of AZO NTs
slightly shifted to higher binding energies due to chemical shift and possibly band bending.
However, Viter et al. reported the band bending in ZnO at the interface between ZnO and

2
I 0

Al O3 is significantly small*”, thus, band bending effect could be eliminated.
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Figure 4.7 (a) XPS survey spectra and high-resolution XPS spectra of (b) Zn 2p, (c) O 1s and
(d) Al 2p of ZnO NRs and AZO NTs.

The reduced intensity peaks for doped samples are in agreement with the selective
etching process that led to a decrease in ZnO concentration and generation of NTs. Since the
O1s core level spectra are remarkably sensitive to the Zn-O chemical bonds, the XPS O1s

spectra shown in Figure 4.7(c) are used for analyzing the compositions of the ZnO NRs and
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AZO NTs. The high-resolution O1s spectra of the samples are shown to have three different
components centered at 530.3 eV, 531.0 eV and 531.9 eV, respectively, as indicated in Figure
4.7(c). The higher binding energy component (O.) located at 531.9 eV is generally ascribed
to chemisorbed oxygen species adsorbed on the chemically active surface and grain
boundaries of the nanostructured films®!. The medium binding energy 0, peak, centered at

531.0 eV, is associated with 0%~ in oxygen-deficient sites within the ZnO matrix and/or ZnO

surface imperfections?’. The low binding energy 0, peak located at 530.3 eV is attributed to
0%~ ions in the wurtzite ZnO, which are surrounded by Zn or substitutional Al atoms®.
Notice that the O1s spectra of AZO NTs are centered on the O, peak demonstrating that
doped samples have significant amount of oxygen vacancies. The production of oxygen
vacancies can be linked to the free competitive growth between the Zn-O and new Al-O
bonds on the surface, as the Al dopant is replacing the Zn site in the ZnO lattice?*. In addition,
the thermal treatment of the samples in an oxygen-deficient (N;) atmosphere and the
transformation of NRs to NTs with larger surface area promote the creation of additional
oxygen vacancies.

From the typical Al 2p spectra shown in Figure 4.7(d), the appearance of Al 2p peak
centered at 73.7 eV in AZO NTs further demonstrate that the Al doping have successfully
taken place into the original ZnO lattice through substitution of Zn?* sites. Specifically, this
binding energy is almost identical with the reported values (Al 2p: 73.9 eV) ?* with oxidation
state close to +3 as well as higher than metallic Al (Al 2p: 72.8 eV) and lower than the Al,O3
(Al 2p: 74.8 eV) %. Moreover, a further shift to higher binding energies close to that of Al,O5
can be seen on the Al 2p spectrum of AZO-3 NTs. This shift can be attributed to Al
segregation at the grain boundaries forming Al,O3, possibly as a result of Al exceeding its
solubility limit in the AZO film?'. As stated earlier, this Al,O3; was not detected in XRD;

hence, it is most likely amorphous and low in concentration. Furthermore, this generation of
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Al,O3 increases the size of the grain boundary barriers that might affect the resulting

electrical properties of AZO-3 sample.

4.3.3 Optical and Defect Properties

The transparency is an important factor for both TCO and electron-transporting
material application; thus, the optical transmission was measured by a UV-vis spectrometer
for ZnO NRs and AZO NTs with various Al concentrations as shown in Figure 4.8(a). All the
samples are found to be highly transparent (~ 80%) in the range of 500-900 nm. This result
demonstrates the excellent optical compatibility of AZO NTSs as an electron-transporting and
transparent electrode material for applications in solar cells and other optoelectronic devices.
Notice that the transmittance of the samples improved by AICI; coatings are increased. This
could be ascribed to the reduced ZnO concentration after the etching process. At the same
time, when the Al content was increased from 0 to 7.02 at%, the absorption edge of the AZO

NTs shifted to shorter wavelengths indicating band gap (Ej;) broadening.
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Figure 4.8 (a) Optical transmission and (b) room temperature photoluminescence spectra of
ZnO NRs and AZO NTs.
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The optical band gap derived from Tauc plot [(ahv)% vs.eV)] are shown in the inset
of Figure 4.8(a). It was found that the band gap of ZnO NRs changed from 3.20 to 3.24, 3.26
and 3.28 eV for AZO-1, AZO-2 and AZO-3 samples, respectively. The band gap of Al,O3 is
8.7 eV, thus, the increase in E; of AZO samples is to be expected with increasing Al dopant.
Moreover, this blue shift in the band gap energy arises due to an increase in charge carrier
density in AZO NTs provided from donor sites related with oxygen vacancies or excess metal
ions (Moss- Burstein effect)?®. Based on Moss-Burstein theory, the donor electrons in doped
ZnO films occupy states at the bottom of conduction band. Since Pauli’s principle forbids a
doubly occupied state, the valence electrons now need an additional energy to be excited to
higher energy states in the conduction band®®. Therefore, the optical band gap of AZO NTs is
broader than that of undoped ZnO NRs.

Figure 4.8(b) shows the room temperature photoluminescence spectra of ZnO NRs
and AZO NTs under an excitation wavelength of 365 nm. As reported in our previous work,
H,0-oxidized ZnO NRs have shown visible emissions including a blue PL centered at 450
nm (2.75 eV) and an orange-red emission located at 650 nm (1.90 eV). The blue emission is
commonly reported to originate from the radiative transition of electrons from local
interstitial Zn level to the valence band and the transition from the conduction band to the
misplaced oxygen defects (0,) *°. On the other hand, the orange-red emission is triggered
by deep level oxygen interstitials (0;) **. It is evident that the intensity of orange-red
emission is reduced while the blue-emission is retained for AZO-1 sample. The reduction in
orange-red emission is due to the presence of Al ions in ZnO matrix which can consume
residual oxygen ions and subsequently decreased the concentration of 0;%. Additionally, the
orange-red emission is quenched further and a green emission centered at 530 nm (2.30 eV)
emerged in the PL spectrum of AZO-2 and AZO-3 samples. As described in previous reports,

this green emission is due to the radial recombination of photo-generated holes with electrons

122



of singly ionized charged particles in V,®. This result is also in agreement with their high-
resolution Ols XPS spectra being centered on the O, peak signifying the presence of

substantial amount of V.

4.3.3 Electronic and Charge-Transporting Properties for Solar Cell Devices

In order to determine the influence of Al doping on the conductivity of ZnO films, the
devices composed of ITO/ZnO NRs/Au and ITO/AZO NTs/Au are fabricated, and the
current-voltage curves are shown in Figure 4.9(a); then the conductivity is calculated by the
equation’*:

[ = 0, ATV

©)

where A is the area (0.09 cm?) and T is the average thickness of ZnO NRs or AZO NTs; the
calculated conductivities are tabulated in Table 1. It is found that the conductivity is
enhanced with increasing Al concentration, specifically, the device based on AZO-2 NTs
exhibited the highest conductivity (2.0 x 102 mS cm™), which is about a four-fold
improvement to that of undoped ZnO NRs (5.32 x 102 mS cm™). However, a slight decline
in conductivity is observed for AZO-3 NTs having an Al dopant concentration of 7.02 at%.

In addition, the charge-transporting functionality of the AZO NTs were investigated
by fabricating devices with a configuration of ITO/ZnO NRs or AZO NTs/PCBM/Ag and
the electron mobility is calculated from the space charge limited current (SCLC) method, as

described by the Mott-Gurney equation®*:

J = 2ereone(5) (4)
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where J is the current density, €, is the dielectric permittivity of ZnO (e, = 3), €, is the

permittivity of free-space, u, is the effective electron mobility, V is the applied voltage of the

device, and L is the average thickness of ZnO NRs or AZO NTSs.
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Figure 4.9 (a) I-V characteristics and (b) linear fits for the plots of In J vs 2 In V
characteristics of the electron-only devices based on ZnO NRs and AZO NTs.

TheInJ vs.21InV curves are presented in Figure 4.9(b) and the electron mobilities of

the samples are also shown in Table 4.1. The calculated electron mobility for the ZnO NRs is

5.95 x 10*ecm? V! st while 8.78 x 10%ecm? V1 st 9.63 x 104cm? V! st and 7.66 x 10*

cm? V! st were calculated for AZO-1, AZO-2 and AZO-3 samples.

Table 4.1 Summary of electrical conductivity and electron mobility values of the electron-
only devices based on ZnO NRs and AZO NTs.

Sample o, /mS cm-] . (cm2 V-] s-l)
Zn0 532x 10 595% 10
AZO-1 $.88% 10 878 % 10
AZO-2 208x 10 9.63x 10
AZO-3 9.58x 10 766% 10

Our results for carrier mobilities are consistent with the reported values in the

literature®. Apparently, the same trend with the electrical conductivity can be deduced for
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electron mobility, wherein the doped films displayed higher electron mobilities compared
with the undoped ZnO NRs. This enhancement in electronic properties of AZO NTs further
proves the substitutional replacement of Zn2* ions by Al3* ions which produces charge

carriers, as illustrated in this equation®:
EZng 1 _
A!:UE — 2}”;:”+ 203 + :U:.:g:. + Ze (5)
In this case, Al donates its 3p electron to the conduction band of ZnO resulting in the shift of
its Fermi level above the conduction band minimum as a function of dopant concentration.

Conversely, when the solubility limit is exceeded, the emergence of Al interstitials eventually
occurs despite its higher formation energy, as shown in the following equation®:

aLo, 25 a1+ >0y, + 6e” (6)
This reaction results in the Al segregation at the grain boundaries and the scattering processes
at these defects can lead to an overall degradation of electronic properties, as observed in
AZO-3 sample.

In order to assess the overall applicability of AZO NTs in case of practical devices,
we examined their electron-transporting capability in perovskite solar cells via steady-state
PL analysis. Generally, perovskite films display strong PL quenching in contact with charge-
transport layers, as proof of efficient charge transfer from the active layer to the transport
layer®’. Figure 4.10(a) shows the steady-state PL of CH3sNH3Pbls films on the following
substrates: glass/ITO, glass/ITO/ZnO NRs and glass/ITO/AZO NTs. Clearly, the spectral
peaks at around 770 nm related to the intrinsic fluorescence emission of CH3NH3Pbls are
guenched by contact with ZnO NRs and AZO NTs, signifying the electron transfer from the

perovskite films to the electron-transporting layers.
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Figure 4.10 (a) Steady-state photoluminescence and (b) absorption spectra of perovskite films
on top of ZnO NRs and AZO NTSs.

In particular, the AZO-2/perovskite bilayer showed the strongest quenching effect
among the samples which implies that the AZO-2 sample is the most efficient in promoting
electron transportation/extraction. These results are also in conformity with the electron
mobility values. That is, the higher the electron mobility, the higher the electron extraction
efficiency. Furthermore, charge recombination is further suppressed using NTs due to their
higher surface roughness, which introduced additional electronic contact between them and
the perovskite layer. Figure 4.10(b) shows the absorption spectrum of perovskite films on top
of ZnO NRs and AZO NTs. The electron-transporting/perovskite bilayers revealed a
panchromatic absorption of light. Obviously, the AZO NTs/perovskite samples absorbed

more light than the ZnO NRs/perovskite sample due to the larger surface area of the NTs.
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4.4 Summary

In summary, we developed a novel way of transforming H,O-oxidized ZnO NRs into
AZO NTs via simultaneous doping and etching process. By simply depositing AICl; solution,
the NRs can be converted gradually to NTs with higher surface area. The acidic nature of
AICI; solution caused the selective etching along the c-axis of the NRs resulting in the
formation of NTs. XRD, Raman, XPS, and EELS elemental mapping analyses confirmed the
successful substitution of Zn?* ions by Al3* ions in the ZnO lattice. Moreover, AZO NTs
have high-quality single crystalline structure based on HRTEM image and SAED pattern.
Improved transmittance and a shift in absorption edge towards lower wavelengths can also be
seen in doped films which implies broadened band gap. In addition, room temperature PL
exhibited that all the samples exhibited blue and orange emissions; however, the intensity of
the latter emission was reduced and a green emission appeared with the increase in Al
concentration. The AZO-2 sample displayed the highest electrical conductivity and electron
mobility values which could be associated with the increase in charge carriers after the
doping process. The steady-state PL intensity of AZO NTs/perovskite films also experienced
stronger quenching effect compared with ZnO NR suggesting faster electron extraction.
These results illustrate that the synergistic effect of etching and Al doping could create
additional surface area and significantly enhance the charge-transport properties of H,O-
oxidized ZnO NRs, which can be applied not only in photovoltaics but also in other

optoelectronic devices.
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Chapter 5

Accelerated Growth of Nanostructured ZnO Films
via Low Temperature Microwave-assisted H,O

Oxidation for Perovskite Solar Cells

5.1 Introduction

The formation of ZnO by H,0 oxidation involves immersion of Zn thin films in H,O
for several hours using a hot-plate. In our system, H,O is heated through heat conduction
along the walls of the beaker then heat diffuses within the overall solution. This ineffective
heating causes an immense loss of energy and non-uniform heating of the system™ °.
Subsequently, additional time is usually necessary to achieve the desirable product4’ > Hence,

the next logical aim is to improve heating uniformity and at the same time speed up the

growth of materials.

Herein, | propose the integration of microwave technology with H,O oxidation.
Microwave heating is a promising synthesis process for nanostructured materials due to its
advantages including homogeneous volumetric heating, high reaction rate, and energy
savings®®. The heating mechanism comprises two major processes, namely dipolar
polarization and ionic conduction, as illustrated in Figure 5.1*. Microwave irradiation of a
sample leads to the continuous realignment of the dipoles (Figure 5.1(a)) or ions (Figure

5.2(b)) in the oscillating electric field. Then different amounts of heat are created through
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molecular friction and dielectric loss which depend on the time scales of the orientation and

disorientation occurrence relative to the frequency of the irradiation.

@z * * *
' t=0s/ /\t=l}.1 ns o \ A_ﬂ-?-nﬁ
| 2 AN N PANY
5 +Qa ; o A ﬁoﬁ'
\

b + + +
( ) 0 t=0s/ " /_\\I='J.‘Fnsﬂ
o S 1

Figure 5.1 Two main heating mechanisms under microwave irradiation: (a) dipolar
polarization; (b) ionic conduction mechanism. Reproduced with permission'*. Copyright
2009, Wiley-VCH.
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Several studies have already reported microwave-assisted growth of ZnO NSs'*%,

Cho et al. described a chemical method to synthesize ZnO having basic to complex structures
using a fast, simple and low-temperature microwave-assisted hydrothermal method. They
used different types of Zn (Zn(NOs3),-6H,0, Zn(CH3COO),-2H,0) and OH’
(hexamethylenetetramine (HMT), NH3) precursors as well as several capping agents
(Ethylenediamine (EDA), triethyl citrate) in order to generate various structures®.
Krishnapriya et al. reported a one-pot rapid microwave assisted solvothermal method to
fabricate ZnO for dye-sensitized solar cells. Diverse ZnO morphologies such as calendula
flower like and rice-grain-shape like nanoparticles (NPs) were obtained from the

decomposition of Zn(OH)s*/Zn(NHs),*" precursors in different solvents such as H,O,
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ethylene gycol (EG) and ethanol (EtOH)>. However, these microwave-assisted synthesis
techniques still require chemical solvents and capping agents which serve as impurities and
increase production cost. Therefore, the combination of microwave technology with H,O
oxidation would lead to a facile, low cost, environmental-friendly and ultrafast formation of
nanostructured ZnO. By employing H,O as a dipolar solvent, heat can be generated via
rotation, friction, and collision of H,O molecules with each other under the influence of a
rapidly changing alternating electric field. Simultaneously, the dissolved (Zn>" and OH") ions
in the system diffuse and collide continuously triggering a sudden rise in the local
temperature due to Joule heating®*. Then, as the temperature rises, the energy transfer will be
more efficient and Zn oxidation can be facilitated. In particular, this study is the first to report
a microwave-assisted synthesis of metal oxide nanostructures (NSs) using only pure H,O and
a metal film. This novel and sustainable method could revolutionize materials synthesis field

for technological applications such as solar cells.
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5.2 Experimental

5.2.1 Formation of Nanostructured ZnO Films by Microwave-

Assisted H,O Oxidation

Firstly, indium tin oxide (ITO)-coated glass substrates (Luminescence Tech. Corp.)
substrates were cleaned separately with detergent, ultrapure H,O, acetone and methanol for
15 min. Subsequently, the substrates underwent UV/O; treatment for 10 min to eliminate
organic impurities. Prior to the deposition of Zn thin films, a 0.50 M zinc acetate
(Zn(CH3CO00),, Wako) in methanol:water (10:1) solution was spin-coated onto the substrates
at 5000 rpm for 30s. The films were dried first at 100 °C for 15 min and then annealed at
200 °C for 30 min to form a compact ZnO layer, which served as a seed layer. This was
followed by thermal evaporation (JEOL JEE-400) of Zn thin films on top of the ZnO seed
layer at a base pressure of 4 x 10™ Pa. The Zn thin films were consequently immersed inside
a beaker filled with ultrapure H,O (400 ml) and placed inside a commercial microwave oven
(2.45 GHz, Iris Oyhama), as shown in Figure 5.2. It should be noted that the substrates were
fixed with double-sided tape at the bottom of the beaker for stabilizing the growth of the
nanostructures. To determine the influence of irradiation time, the samples were irradiated at
500 W for 0.5-2 h. After microwave processing, the system was cooled down to room
temperature to prevent thermal shock. Then the samples were washed with ultrapure H,O and

dried at 100 °C on a hotplate.
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Figure 5.2 Schematic of microwave-assisted H,O oxidation of Zn thin films to form
nanostructured ZnO films.

5.2.2 Materials Characterization

The surface and cross-sectional morphologies of the samples were taken using a low
vacuum scanning electron microscope (SEM, Hitachi SU6600). The roughness of the
nanostructured ZnO films was analyzed by an atomic force microscope (AFM, Seiko SPA-
400 using Olympus SI-DF20 Probe) in tapping mode. AFM images were taken in air by
scanning an area of 5x5 um with a scan rate of 0.60 Hz. High-resolution transmission
electron microscopy (TEM) images, nano-beam diffraction (NBD) pattern, and electron
energy loss spectroscopy (EELS) elemental mappings were obtained from a JEOL JEM-
3100FEF with operating voltage of 300 kV. The sample for TEM measurement was prepared
by dry adhesion of the nanostructured ZnO films on a Cu grid. The crystallinity and phase
composition of the samples were studied using a Rigaku X-ray diffractometer (RINT-TTR

111) with CuK, radiation (A= 1.5418 A). Raman scattering measurement was performed at
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room temperature using a Raman Spectrometer (JASCO NRS-4100). X-ray photoelectron
spectroscopy (XPS, PHI5000 VersaProbell, ULVAC-PHI) analyses were carried out at room
temperature with Al-Ko radiation (1486.6 ¢V). The binding energy values were adjusted for
charging effects by assigning a position of 284.6 eV to the C 1s signal arising from

adventitious contamination.
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5.3 Results and Discussion

5.3.1 Morphological and Structural Properties

The influence of irradiation time on the resulting nanostructured ZnO films after
microwave-assisted H,O oxidation is shown in SEM and AFM images in Figure 5.3. Their
corresponding cross-sectional images are shown as inset. First, a compact layer made of ZnO
NPs was spin-coated on glass/ITO substrates. This layer functions as a nucleation point for
the Zn thin film. Subsequently, the oxidation of Zn thin films was done through rapid heating
under microwave irradiation. The increase in the temperature is specifically brought by the
dipole polarization of H,O molecules and the ionic conduction of dissolved ions (Zn?*,0H ")
in the system. Figure 5.3(a) shows that the Zn nanoplatelets evolved uniformly into ZnO
nanorods (NRs) after 0.5 h of microwave-assisted H,O oxidation. The ZnO NRs have
diameters ranging from 40-100 nm and can be seen to be aggregated creating wider NRs.
Moreover, the 0.5 h-ZnO sample has an average thickness of ~ 350 nm and a surface
roughness of 7.16 nm. It should be noted that H,O oxidation process can easily form rod-like
structures without the presence of any catalysts, surfactant or ligands'. This could be
associated to the well-established reconstruction of metastable and high surface energy-polar
(001) plane of ZnO crystal®®. The negatively charged O?-terminated (001) plane is
anticipated to adsorb onto the Zn** terminated (001) plane of the existing ZnO layer, steering
the development of 1D ZnO NRs. This finding also verifies that the microwave irradiation
can significantly accelerate the crystal growth of ZnO nanostructures compared with the

conventional H,O oxidation which needed 8 h to generate NRs.
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Figure 5.3 SEM and AFM images of nanostructured ZnO films formed after microwave-
assisted H,O oxidation for (a) 0.5, (b) 1, (c) 1.5 and (d) 2 h. Inset: Corresponding cross-
sectional SEM images.
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Shibata et al. found out experimentally that the activation energy of a reaction is
reduced by microwave irradiation. They assumed that an increase in probability of collisions
between molecules by rapid rotation of dipoles or ions would lead to enhanced reaction
velocity and reduction of activation energy?®. In the present case, the presence of microwave
and violent boiling of H,O possibly led to the lower activation energy for ZnO nucleation. In
turn, faster nucleation and crystal growth proceeded within the system. Additionally,
increasing the irradiation time to 1 h initiated the conversion of flat-topped NRs to pointed
NRs, as shown in Figure 5.3(b). The thickness of the 1 h-ZnO sample slightly increased to ~
380 nm with a reduced surface roughness of 6.26 nm. When the irradiation time was
increased to 1.5 h, pointed NRs are still visible but a number of them have already
transformed to nanotubes (NTs) (Figure 5.3(c)), which is possibly due to the inherent
selective etching process taking place along the (001) plane of each ZnO crystal as oxidation
proceeds?’. The 1.5 h-ZnO sample has almost similar RMS and thickness as with 1 h-ZnO
sample due to their identical morphology. Figure 5.3(d) shows that all the pointed ZnO NRs
are fully converted into NTs with rougher outer wall surface by extending the irradiation time
to 2 h. This rough surface could be attributed to the violent collisions of ZnO molecules
within the system as oxidation process is prolonged. The 2 h-ZnO sample has a reduced

thickness of 350 nm with higher surface roughness of 7.18 nm.

The proposed growth mechanism of the microwave-assisted H,O-oxidized ZnO
nanostructures from Zn thin film is schematically depicted in Figure 5.4 based on the
morphological observations. Zn?*ions are produced from the oxidation reaction at oxygen-

poor areas of Zn nanoplatelets as in eqn (1):

Zne) = Znfl, + 2e” (1)
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At the same time, dissolved oxygen and H,O consume electrons from Eqgn (1) to discharge

OH'ions through the following reduction reactions (egn (2) and (3)):
2H,0() + 2~ —> H, + 20H~  (2)
OZ(g) + ZHZO(l) + 4e™ - 40H™ (3)

These OH" ions would now react with Zn** ions to precipitate ZnO crystals in the presence of

microwave irradiation as shown in egn (4):

Zn%t 4+ 20H, MWZO H,0 (4
n(aCI)+ (ag) 4N + H, ()

(a) Zn Nanoplatelets

OH~ Zn*t
(Reduction) IR A (Oxidation)

2H,0 +2e~ = H, + 20H™ Zn - Zn®* + 2e”
02 + 2H20+ 4e™—> 40H™

(Hydrolysis of ZnO)
Zn** + 20H™ - Zn0 + H,0

!
¢ 4 i b
0.5h 1h 1.5h 2h
(b) NRs (c) Pointed NRs (d) Pointed NRs/NTs (e) Rough NTs

Figure 5.4 Growth mechanisms of ZnO NSs via microwave-assisted H,O oxidation.
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Figure 5.5 (a) XRD patterns and (b) Raman spectra of nanostructured ZnO films.

The crystal structure and phase composition of the synthesized nanostructured ZnO
films were studied by XRD analyses. Figure 5.5(a) shows the XRD patterns of the samples
after oxidation under different irradiation time. All the nanostructured ZnO films exhibited
diffraction peaks at 26 = 31.8°, 34.4°, 36.2°, and 47.5° which can be indexed to the (100),
(002), (101) and (102) planes of hexagonal wurtzite (P6smc) crystal structure of ZnO,
respectively®®. The appearance of strong and sharp ZnO peaks suggests the highly crystalline
nature of the as-prepared samples. No characteristic peaks related to Zn metal or other
impurities were detected except from the ITO substrate, indicating the full conversion of Zn
to ZnO and the high purity of the nanostructured ZnO films. The strong (002) plane reflection
representing c-axis orientation is easily observed in all the films, along with weak reflections
corresponding to (100) and (101) planes. It means that the NSs have more stacks of (002)
crystal planes detected in comparison to that of (100) and (101) planes which are parallel to
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the c-axis, thus, the intensity from (002) planes was stronger than that of (100) and (101)
planes. It is also relevant to note that all the ZnO NRs developed from the original H,O
oxidation process were relatively oriented perpendicular to the substrate. But here,
interestingly, the 0.5 h-ZnO sample exhibits a higher (101) peak, which is in agreement with
its morphology wherein the ZnO NRs are almost lying parallel to the substrate exposing their
non-polar planes. Again, the presence of an electric field possibly has orientation effects on
ZnO dipolar molecules®. In the preasent system, the initial ZnO nuclei acted as dipoles and
grew parallel to the substrate as NRs under microwave irradiation. Then as the oxidation is
progressed, the non-polar planes of these ZnO NRs are subsequently dissolved forming

pointed NRs.

Figure 5.6 () TEM and (b) HRTEM images of 0.5 h-ZnO sample. Inset: NBD pattern.
Images (c)-(d) are its corresponding EELS elemental mapping.
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Figure 5.6(a) shows a typical TEM image of ZnO NRs formed after 30 min of
microwave-assisted H,O oxidation. The ZnO NRs have diameters of 40-50 nm and gradually
narrowing near the top, which is consistent with their SEM image. The corresponding high-
resolution TEM (HRTEM) image of an area near the tip of an individual ZnO NR is shown in
Figure 5.6(b). The (002) lattice plane of hexagonal ZnO, with lattice spacing of ~ 0.26 nm,
can be clearly measured in the lattice-resolved HRTEM image®. This denotes that the ZnO
NRs preferentially grow along the [001] direction. Furthermore, these ZnO NRs possess
high-quality single crystalline structure based on the nanobeam electron diffraction (NBD)
pattern (inset) showing clear and sharp diffraction spots. The EELS elemental mapping
images of Zn and O elements based on Figure 5.5(a), are shown in Figure 5.6(c) and 5.6(d),
respectively. The mapping analysis validated the uniform distribution of Zn and O elements

over the surface area of the NR.

Raman spectroscopy was also carried out to analyze the effect of irradiation time on
the vibrational properties of the nanostructured ZnO films. Figure 5.5(b) shows the room
temperature Raman spectra of all the samples under excitation of a 532 nm laser line.

Dominant peaks at 99 cm™* and 438 cm ™, which are commonly detected in the wurtzite
structure ZnO, are attributed to the EL°" and Eé‘igh mode of non-polar optical phonons. It is
well-known that the EX°" mode in ZnO is related with the vibration of the heavy Zn sub-
lattice and the Egigh mode involves only the oxygen atoms®.. Their strong intensities again
signify the high-crystalline quality of the nanostructured ZnO films. The small peak at 331
cm ' is designated to Eé’igh — EXY (multiphonon process) and is identified to be a second
order vibration mode arising from zone-boundary phonons®2. On the other hand, according to

the group theory, the broad peak around 575 cm™ can be assigned to the A%, which

originates from intrinsic defects including oxygen vacancies (V,) and zinc interstitials (Zn;) *.
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5.3.2 Surface Chemical State and Charge-Transporting Property for Solar

Cells

The elemental composition and chemical state on the surface of the microwave-
asssited H,O-oxidized ZnO films were examined by XPS analyses, as illustrated in Figure 5.7.
A low-resolution scan taken over a wide energy range is shown in Figure 5.6(a). Strong
signals of Zn, O and a small peak of C were detected in all the survey spectra. The C 1s peak
comes mostly from atmospheric contamination due to air exposure of the samples. The
binding energies (BE) in all the spectra were calibrated by means of that C 1s (286.4 eV).
Figure 5.7(b) shows the high resolution Zn 2p spectra. Doublet pair peaks of the Zn 2p core
levels are observed at 1022 and 1044.2 eV and are typically assigned to the BE of

Zn2ps pand Zn2p, ,, respectively.

(a) Survey (b) Zn 2p (c)O 1s
Zn 2
. O1s 2p3/2 o OL
s 2h : Zn3d| 5 = v
S : -1 = (o]
CAS e e I3 a|zh  EoANC |
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Figure 5.7 (a) XPS survey spectra and high-resolution XPS spectra of (b) Zn 2p and (c) O 1s
of nanostructured ZnO films.
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Their calculated BE difference or spin-orbital splitting is 23 eV, which proves the

existence of Zn in oxidized states only (Zn**)**

. Most importantly, the absence of metallic Zn
peak at 1021.50 eV further confirms that the Zn thin films are completely oxidized even at a
short time of 30 min of microwave irradiation. In addition, Figure 5.7(c) presents the high-
resolution O1s spectra of the samples. It can be assumed that each O1s peak is composed by
three components positioned at 530.3 eV, 531.0 eV and 531.9 eV, respectively. The 0, peak
centered at low BE side (~530.3 eV) corresponds to 02~ ions on wurtzite ZnO crystal®. The
medium BE 0, peak centered at 531.0 eV is normally assigned to 02~ in oxygen-deficient
sites within the ZnO matrix, which could be related to the concentration of oxygen vacancies
of nanostructured ZnO films*®. The high BE 0, peak located at 531.9 eV can be ascribed to
the presence of loosely bound oxygen on the surface of ZnO in the form of OH-groups®’. It is
noticeable that the O, and Oy, peaks are stronger for the 0.5 h-ZnO sample suggesting that it
has a higher amount of OH™ group and oxygen vacancies. Both peaks become negligible as
irradiation time is increased indicating that 1-2 h-ZnO samples could work better as ETL for

perovskite solar cells since perovskite films readily decompose in contact with hydroxyl

group®.

Finally, the electron extraction property of the nanostructured ZnO films was
investigated using steady-state PL to evaluate their applicability in solar cell devices. Figure
5.8(a) shows the steady-state PL of CH3NHsPbl; films on top of glass/ITO and
glass/ITO/nanostructured ZnO films. Evidently, the intrinsic fluorescence emission of
CH3NH3Pbl; at around 770 nm is quenched through contact with all the samples,
demonstrating that electrons are successfully transported from the perovskite film. More
importantly, the 0.5 h-ZnO/perovskite bilayer showed the weakest quenching possibly due to
its significant amount of OH ™~ group, which was in agreement with the XPS analysis. Cheng

et al. established that OH~ group intensified the decomposition of perovskite®®. Here, the
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surface OH~ group of 0.5 h-ZnO sample possibly broke the ionic interaction between

CH3;NHZ and Pbl; and subsequently destroyed the crystal structure of CH;NH;Pbl;, as

illustrated in the following reactions®:

OH™ + CH;NH;I —» CH;NH;0H + I~ (5)

A
CH;NH;0H - CH5NH, T + H,0 1 (6)

CH3NH,I + Pbl, < CH3NH,Pbl; (7)

Specifically, the breakdown of hydroxide to CH;NH, and H,O during annealing (egn. 2)

further pushed the reaction (5) and at the same time favored the reverse reaction of eqn. (7),

which is the decomposition of

CH3;NH3PbI;. Moreover, the absorption spectrum of

perovskite films on top of the nanostructured ZnO films is shown in Figure 5.8(b). As

expected, the 2 h-ZnO/perovskite bilayer presented the highest light absorption due to higher

surface area and surface roughness of the honeycomb structure.
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Figure 5.8 (a) Steady-state photoluminescence and (b) absorption spectra of perovskite films
on top of nanostructured ZnO films.

146



5.4 Summary

This chapter introduced the growth of nanostructured ZnO from Zn thin films using
only H,O under microwave irradiation. This simple hybrid technique dramatically
accelerated the formation of nanostructured ZnO films needing only 30 min of microwave-
assisted H,O oxidation compared with 8 h of conventional H,O oxidation. Diverse
morphologies including flat-topped NRs, pointed NRs and honeycomb-like structures
composed of NTs were generated through increasing microwave irradiation time. The
nanostructured ZnO films had wurtzite crystal structure with highly crystalline nature based
on XRD, Raman, HRTEM, NBD analyses. The samples formed at longer irradiation times
revealed negligible oxygen vacancies and OH™ group. The steady-state PL intensity of 2 h-
ZnOl/perovskite bilayer exhibited the strongest quenching effect demonstrating its capability
for electron transport. On the other hand, the presence of significant amount of OH™ group
proved to be detrimental for 0.5 h-ZnO since it showed the weakest quenching of perovskite
PL emission. These initial results highlight the potential of microwave-assisted H,O

oxidation to fabricate high-quality nanostructured ZnO films for photovoltaic applications.
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Chapter 6

Conclusions

6.1 Conclusions

This dissertation focused on providing viable alternative ETL materials for PSCs. The
synthesized NSs were comprehensively characterized to correlate their resulting properties

and their capability as ETL. The main results of this research are herein summarized.

Chapter 2 presented the synthesis of ZnO NRs via electrochemical deposition in a
chloride medium. Longer NRs can be formed at extended deposition time. These NRs have
shown excellent structural and optical properties, which are beneficial for solar cells.
Furthermore, the effect of rubrene layer on the performance of PSCS was investigated. The
rubrene interlayer served as a passivation layer and infiltrated the grain boundaries of the
perovskite layer. A device based on 10 min-ZnO sample and rubrene:P3HT achieved a
PCEmax of 3.9% and PCE,. of 3.6%. These values increased further (PCEmax of 4.9% and
PCE,. of 3.8%) by utilizing longer NRs formed after 20 min of deposition. By employing
longer ZnO NRs as ETL, better electronic contact and reduced charge carrier path length
could be realized. Likewise, the devices with rubrene interlayer presented weaker hysteresis

behavior in comparison to the device with P3HT as the only HTL.

In Chapter 3, a novel route of synthesizing ZnO NSs from Zn thin films by just using pure
H,0 is described. This technique eliminated the need for any growth directing agents and

complex fabrication processes. Diverse surface architectures were produced by controlling
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the oxidation time and temperature. The highest PCE of 5.96% and average PCE of 5.46%
was observed for a device based on pointed ZnO NRs, which were generated at 90 °C for 8 h
of H,O oxidation. As discussed in the previous chapter, the formation of rod-like structures
led to superior interfacial area between the ETL and the active layer. Subsequently,
suppressed charge recombination and improved photovoltaic performance could be expected.
Furthermore, the pH-controlled H,O oxidation was demonstrated to develop nanostructured
ZnO films as ETLs for Bi-based Pb-free PSCs. This is the first study to use nanostructured
ZnO as ETL for Pb-free PSCs. Different pH conditions initiated the growth of unique
morphologies including particles, rods and tubes. It was also found out that the perovskite
film formation depended on the morphology of the underlying ZnO films. A competitive
PCEnax of 0.083% was achieved using ZnO NPs obtained in an acidic H,O. Most importantly,
the best performing device has shown good stability in ambient conditions for 4 weeks,
which is difficult to accomplish for Pb-based PSCs.

In chapter 4, a one-step AICI; treatment of H,0-oxidzed ZnO NRs converted them into
Al-doped ZnO NTs with superior charge-transport properties. Such process is the first to
simultaneously etch and dope NSs. The (001) polar planes of ZnO NRs reacted with the
acidic AICI3 resulting in the formation of NTs. The successful substitution of Zn2* ions by
AI3* ions in the ZnO lattice was established by XRD, Raman, XPS, and EELS elemental
mapping analyses. The doped films exhibited higher band gap values, which could be
explained by Moss- Burstein effect). The AZO samples revealed higher electrical
conductivity and electron mobility values due to the substantial increase in the concentration
of charge carriers after the doping process. Consequently, the doped samples quenched the
perovskite emission stronger than the original ZnO NRs signifying faster electron extraction.

Chapter 5 introduced the accelerated growth of H,O-oxidized ZnO films under

microwave irradiation. The formation of nanostructured ZnO films was expedited due to the

152



increase in probability of collisions between molecules which subsequently reduced the
activation energy to form ZnO nuclei. ZnO NRs could be formed after 30 min of microwave-
assisted H,O oxidation compared with 8 h of conventional H,O oxidation. The duration of
irradiation time dictated the amount of OH™ group on the surface of the ZnO films.
Insignificant amount of oxygen vacancies and OH" group were found for the films obtained at
longer irradiation time. Thus, the 2 h-ZnO sample showed the most promising electron-
transporting capability based on steady-state PL analysis.

Finally, H,O-oxidized ZnO-based PSCs showed higher device performance compared
with their electrodeposited-based counterparts having the same ZnO thickness and device
configuration. The optimized conditions for H,O oxidation was found to be at a temperature
of 90 °C and oxidation time of 8 h to produce pointed ZnO NRs with larger surface area and
ideal thickness for PSCs (PCEmax = 6%). I believe that through interfacial engineering,
improvement of fabrication conditions, optimization of H,O oxidation parameters, as well as
the use of better HTL and electrodes, much higher efficiencies can be achieved. These
preliminary results on the applicability of our nanostructured ZnO films reveal that their
potential as ETL is not limited to PSCs alone but can be extended to other photovoltaic and

optoelectronic devices as well.
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6.2 Suggestions for Future Work

6.2.1 One-step Formation of H,O-Oxidized Doped-ZnO Films

As reported in Chapter 3, the doping of H,0-oxidized ZnO NRs involved two steps:
(1) the formation of the NRs; and (2) AICI; treatment. It would be more beneficial and
efficient if doping and NS structure formation are performed simultaneously in a one-step
process. For example, the dopant metal can be deposited on top of Zn thin film before H,O
oxidation. However, the dopant metal should be easily oxidized by H,O such as Al, Mg, Mn
and Ca. The deposition of dopant metal could also affect the resulting morphologies after

oxidation.

6.2.2 Effect of Different Growth Directing Reagents

Most of the experiments done for this research only involved H,O as the main solvent.
Since the surface architecture of ZnO crystal is very sensitive to other species in the solution,
it is interesting to see what will be the effect of the addition of different growth directing
agents such as Zn salts, dissolved O,, other bases and NaCl on the resulting properties of ZnO

films.
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Appendix

Table 1. Calculated X-ray diffraction parameters of ZnO from International Crystal Structure
Database (ICSD, 01-079-0208).

20 d-spacing (A) [ (hkl) |
31.62 2.827 57.6 (100)
34.34 2.61 41.5 (002)
36.1 2.486 100 (101)
4737 1.918 204 (102)
56.31 1632 27.9 (110)
62.65 1.482 22.9 (103)
66.03 1.414 3.5 (200)
67.64 1.384 19 (112)
68.74 1.365 9.3 (201)
72.36 1305 14 (004)
76.59 1.243 28 (202)
81.11 1.185 13 (104)
89.19 1.097 5 (203)
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20 (°) d-spacing (&) I (hkl)
13.95 6.342 60 (002)
14.22 6.222 100 (11)

19.97 4.441 7 (112)
20.16 4.400 11 (200)
23.65 3.759 27 (211)
24.60 3.615 17 (202)
28.11 3.171 45 (004)
28.67 3.111 66 (220)
31.02 2.881 14 (213)
31.64 2.826 33 (114)
32.01 2.793 21 (222)
32.14 2.783 49 (310)
34.84 2.573 5 (204)
35.19 2.548 12 (312)
37.49 2.397 4 (321)
40.59 2.221 50 (224)
40.99 2.200 18 (400)
42.35 2.132 6 (215)
42.73 2.114 4 (006)
42.93 2.105 15 (411)
43.21 2.092 45 (314)
43.50 2.079 5 (402)
46.09 1.968 8 (420)
47.69 1.808 11 (413)
50.44 1.759 19 (404)
52.27 1.743 6 (226)
52.44 1.736 4 (431)
52.69 1.726 3 (334)
53.02 1.683 6 (510
54.46 1672 3 (316)
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54.86 1.646 10 @24
56.28 1.624 7 (4 15)
56.60 1585 3 (433)
58.13 1555 5 (008)
59.36 1536 4 (440)

Table 2. Calculated X-ray diffraction parameters of tetragonal CH3NH3Pblz.*

*Reference: Takeo Oku (October 22nd 2015). Crystal Structures of CH3NH3Pbl; and Related
Perovskite Compounds Used for Solar Cells, Solar Cells - New Approaches and Reviews,
Leonid A. Kosyachenko, IntechOpen, DOI: 10.5772/59284.

157



Research Achievements

List of Publications

1. C. M. Pelicano, H. Yanagi,

Enhanced charge transport in Al-doped ZnO nanotubes designed via

simultaneous etching and Al doping of H,O-oxidized ZnO nanorods

for solar cell applications, J. Mater. Chem. C, 2019, 7, 4653-4661. 5. -

rsc lifmaterials-c

(Inside Back Cover)

2. C. M. Pelicano, H. Yanagi,

Efficient solid-state perovskite solar cells based on nanostructured

zinc oxide designed by strategic low temperature water oxidation,

J. Mater. Chem. C, 2017, 5, 8059-8070. (Back Cover) § J
<.\:Mmlmv rsc. LM:nazenaEi

3. C. M. Pelicano, H. Yanagi, Effect of rubrene: P3HT bilayer on perovskite solar cells with

electrodeposited ZnO nanorods, J. Energy Chem., 2018, 27, 455-462.

4. C. M. Pelicano, H. Yanagi, pH-controlled surface engineering of nanostructured ZnO

films generated via a sustainable low-temperature H,O oxidation process, Appl. Surf. Sci.,

2019, 467-468, 932-939.

5. C. M. Pelicano, H. Yanagi, Accelerated Growth of Nanostructured ZnO Films via Low

Temperature Microwave-assisted H,O Oxidation for Solar Cell Applications, (submitted)

158



Related Publications

1. V. J. Garcia, C. M. Pelicano, H. Yanagi, Low temperature-processed ZnO nanorods-TiO;

nanoparticles composite as electron transporting layer for perovskite solar cells, Thin Solid

Films, 2018, 662, 70-75.

2. M.D. Balela, C.M. Pelicano, J.D. Ty, H. Yanagi, Formation of zinc oxide nanostructures

by wet oxidation of vacuum deposited Zn thin film, Opt. Quant. Electron, 2017, 49, 3.

3. C. M. Pelicano, P. R. Regonia, R. Tani, A. Ishizumi, K. Ikeda, and H. Yanagi, Predicting

optical band gap of ZnO quantum dots using supervised machine learning, (submitted)

4. C. M. Pelicano, I. Raifuku, Y. Ishikawa, Y. Uraoka and H. Yanagi, Interfacial

modification of H,O-oxidized ZnO nanorods by Mg-doped ZnO nanoparticles for solar cell

applications”, (manuscript in preparation)

Research Grants and Awards

1. Nara Institute of Science and Technology Foundation Research Grant (1 Million ¥),
“Fabrication of Nanostructured ZnO for Perovskite Solar Cells and Light Emitting Diodes”,

April 1, 2018-March 30, 2019.

2. Marubun Research Promotion Foundation (100K ¥), International Exchange Grant, 3

Advanced Energy Materials Conference, University of Surrey, England, UK, September 2017.

3. Invitation to the Research Proposal for Grant-in-Aid for PhD Students in Nara Institute of
Science and Technology (175K ¥), “Fabrication of Nanostructured ZnO for Perovskite Solar

Cells and Light Emitting Diodes”.

159



4. Best Oral Presentation Award, 1st International Conference on Materials Science and

Engineering in the Philippines, Tagaytay, Philippines, October 2018.

International Conferences

1. C. M. Pelicano, H. Yanagi, Nanostructured Zinc Oxide Films Grown via Microwave-

Assisted H20 Oxidation for Perovskite Solar Cells, International Conference on Materials

Engineering and Nano Sciences, Hiroshima, Japan, March 2019. (Oral Presentation)

2. C. M. Pelicano, H. Yanagi, Enhanced Charge Transport of Al-doped ZnO Nanotubes

Generated via AICI; Etching and Synchronous Doping of H,O-oxidized ZnO Nanorods for
Perovskite Solar Cell Application, 1st International Conference on Materials Science and

Engineering in the Philippines, Tagaytay, Philippines, October 2018. (Oral Presentation)

3. C. M. Pelicano, H. Yanagi, Surface Engineering of Nanostructured ZnO Films via pH-

Controlled Low Temperature Water Oxidation, 10th International Conference on

Nanomaterials (NANOCON), Brno, Czech Republic, September 2018. (Oral Presentation)

4. C. M. Pelicano, H. Yanagi, Al-doped ZnO Nanotubes Designed via Simultaneous Doping

and Etching of H,O-oxidized ZnO Nanorods for Perovskite Solar Cells, First International
Conference on 4D Materials and Systems, Yonezawa, Japan, August 2018. (Oral

Presentation)

5. C. M. Pelicano, H. Yanagi, Nanostructured Zinc Oxide Formed by Low Temperature H,O

Oxidation for Efficient Perovskite Solar Cells, 2017 GIST-NAIST-NCTU Joint Symposium

on Advanced Materials, South Korea, November 2017. (Oral Presentation)

160



6. C. M. Pelicano, H. Yanagi, Interfacial Modification of ZnO Nanorods by Mg-doped ZnO

Nanoparticles for Efficient Perovskite Solar Cells, 2nd Advanced Energy Materials
Conference, University of Surrey, England, United Kingdom, September 2017. (Oral

Presentation)

7. C. M. Pelicano, H. Yanagi, ZnO Nanorods-Based Perovskite Solar Cells with

Rubrene:P3HT as Hole Transporting Layers, 9th International Conference on Molecular

Electronics and Bioelectronics, Kanazawa, Japan, July 2017. (Poster Presentation)

8. C. M. Pelicano, J. Damasco Ty, H. Yanagi, Low Temperature Growth of Nanostructured

ZnO in Water for Perovskite Solar Cells, 12th International Conference on Nano-Molecular

Electronics, Kobe, Japan, December 2016. (Poster Presentation)

Domestic Conferences

1. C. M. Pelicano, H. Yanagi, Accelerated Growth of Nanostructured Zinc Oxide Films via

Microwave-Assisted H,O Oxidation for Solar Cell Applications, The 80th JSAP Autumn

Meeting 2019, Hokkaido University, Japan, September, 2019. (Poster Presentation)

2. C. M. Pelicano, H. Yanagi, Microwave-Assisted H,O Oxidation-Derived Nanostructured

Zinc Oxide Films as Electron-Transporting Layer for Solar Cells, The 66th JSAP Spring
Meeting 2019, Tokyo Institute of Science and Technology, Japan, March 2019. (Poster

Presentaion)

161



3. C. M. Pelicano, H. Yanagi, Formation of Al-Doped ZnO Nanotubes via Simultaneous

Etching and Doping of H20-oxidized ZnO Nanorods for Perovskite Solar Cells, The 79th

JSAP Autumn Meeting 2018, Nagoya, Japan, September 2018. (Oral Presentation)

4. C. M. Pelicano, H. Yanagi, Effect of Mg-doped ZnO nanoparticles on H20-oxidized ZnO

nanorods-based perovskite solar cells, The 78th JSAP Autumn Meeting 2017, Fukuoka,

Japan, September 2017. (Oral Presentation)

5. C. M. Pelicano, H. Yanagi, Low temperature processed ZnO nanorods for perovskite solar

cells, The 64th JSAP Spring Meeting 2017, Yokohama, Japan, March 2017. (Oral

Presentation)

Related Presentations

1. V. Garcia, C. M. Pelicano, H. Yanagi, Low Temperature-Processed ZnO Nanorods-TiO;

Nanoparticles Composite as Electron Transporting Layer for Perovskite Solar Cells,
International Symposium of the Vacuum Society of the Philippines, University of the

Philippines Diliman, January 2018. (Oral Presentation)

2. P. R. Regonia, C. M. Pelicano, R. Tani, A. Ishizumi, K. Ikeda, and H. Yanagi, Predicting

Optical Band Gap of ZnO Quantum Dots using Supervised Machine Learning, The 7th
International Symposium on Organic and Inorganic Electronic Materials and Related

Nanotechnologies, Nagano, Japan, June 2019. (Oral Presentation)

162



Acknowledgements

I would like to express my deepest gratitude to the individuals who helped me in this

endeavor:

To the Lord Almighty, for providing me this break, and granting me the wisdom, patience
and understanding | needed the most to proceed successfully. | praise the Lord for giving me

strength at times when | am facing a lot of hardships throughout this doctoral course.

To Prof. Hisao Yanagi, my main supervisor, for allowing me to work on this interesting topic.
I am very thankful for all the time, guidance, patience and unending support you have given

me. Again, | would like to express my deepest gratitude for this life-changing opportunity.

To the members of my advisory panel, Prof. Takayuki Yanagida, Assoc. Prof. Ken Hattori,
and Assoc. Prof. Hiroyuki Katsuki, for their valuable suggestions and discussions that

significantly improved my thesis.

To the technical staff of Materials Science Division, Mr. Kazuhiro Miyake, Mr. Masahiro
Fujihara, Mr. Shohei Katao, Ms. Tomoko Ohno and Mr. Yasuo Okajima for the technical

assistance and advices.

To all the professors and members of Quantum Materials Science Laboratory for all the
memories, discussions and experiments. Thank you very much for always helping and taking

care of me. You definitely made my stay in the lab worthwhile.

163



To Prof. Andrei Vescan and Dr. Holger Kalisch of Compound Semiconductor Technology,
RWTH Aachen University, for giving me the opportunity to work on their laboratory for my

internship. Thank you for the helpful discussions about Pb-free perovskite solar cells.

To my fellow Filipinos here at NAIST for all the fun memories, adventures, and celebrations

that we shared. Thank you very much for the support and encouragement.

And finally, to my parents, siblings, and to Jenichi, for the love, understanding, trust and
unending support. You have been my inspiration in overcoming every struggle that had come

my way.

164



