MARF 82K S A BB AR LT
B* 2%

Low-Dimensional ZnO Nanostructures: Fabrication, Optical

Properties and Applications for Dye-Sensitized Solar Cells

l\.‘l‘

FoyoA LR

R AR



BN
&
W
Sudy
-—g
SE

KB WA KPR AT ST

B* 255

Low-Dimensional ZnO Nanostructures: Fabrication, Optical

Properties and Applications for Dye-Sensitized Solar Cells

S A L Student : Hsin-Ming Cheng

iR MR KR Advisor : Prof. Wen-Feng Hsieh

A Dissertation
Submitted to Department of Photonics and Institute of Electro-Optical Engineering
College of Electrical Engineering and Computer Science
National Chiao Tung University
In partial Fulfillment of the Requirements
For the Degree of
Doctor of Philosophy
In

Electro-Optical engineering

May 2011

Hsinchu, Taiwan, Republic of China

P OE AR - F £ T 0



i\
"

P38 £ ReR®iF >3 B A4 o g AEGIRD] i ECBRFR €40
Fon S s T EFmind Brk o wE LA chig
BopEk o JlEt R PR AL S o F A REHA i A B g o R
s e S U e S e B s U R L S R
A TIBAE AT KEF L P ET AT R AR R S EL S Ay
F2oF AXERFHERCFELA FI R g 2 BRI H
Fe2 B A FREE RN T 4§ THFAD 2 TR N B
FHYEIRZ PP AT AEI N AR REE A F R A
F B ACEre o - BB S RERN B E  BE R ] §RE
JFT AR E SRR ERAE L FF NI A LNBE AT AR
A A R R P RAE R RS e 07 R 4 R AT 3
mﬁ\géiﬁ%%w’%%ﬁﬂ%%%ﬂ#ﬂﬁ£ﬁi |25 BOR i e

goeh o BRSBTS 3

7*"\

J‘:? :?L ‘E' += 1A *#kﬁ&g | ]:F )
BREANELR - AT - PBRUELEXBLEEDE > AW F ARG
FOASGR Y FE AR TAREY S B AE 2 Jae TEM 1 e it

TR AT e AT FE R 4 N AR SR

AT L AR G RS B MATE 1 03 B S R ALE R - W R

Bofs o LRBHAGFL SR BRI MRS LH > B3 Ap ey
WiBF AR - EREALRENY S Ak hEd kL §E Rhe 5o
PRRE o X Renth o eb i » 0 B iPF S RARSAE X o Pl RIFZ RGP

FEE- AhE R AR A G 2 E R MR- R AT o

I



MR R K Bl RF R R«

BRe kY 2y

IR (I TR S B

Rzl ~ gL 18 s Ty ot

# &
FI* FARMBZHPRHEY CPEEEF L EZ AT M P 2R
RIG~F R FUEEFTRAEL T B BB A kT2 v g Rt
o 2ifsreng CBangd P LLAM I AFR T iRy > F 52

FAnk g £ 5 0 7 LHERD R ORPER J A oo 0 BBA

|

FEFF LR LT A R RIS LSO ET T A o R
PERF CPHZARIENFEHEFEI EXTAFRE A G AT 3w
121.9 MPa bR A+ » R IRPEHFH L > APFER 0 IF 4 & B S
sk & B+ 55 & v 6] (A,(nLOYE(nLO) ) “Efy #cAE>T 3 4 > R Tﬂﬁp’?)’éf*? B b
FOEZ LAY P 2R BT E NSk of VS FANFEL GET
ek g k0 B A HIT RS SuF & APB a1

A AR > AR AR E R R N BB VD SRS
Bl TENRIHEEDSITF PER A - SRS A Sk &G e i)

- SR TR R N o AERPE AT APFRES T B R g

4y

BT g £ 5 B ARG BN 35000 & 5008 B AJE R (SR Sk ] o NG F

~

Rt e EF e > A& E T Frohlich = 3 8% #1524

hE VBT BRI b A VEES gha o ki kg Rk



WL RMEE G PRSI T TR T R 5 2
TR R F A& SR TS

BARAT B R A ET PRI RRE SR N ME sk
tHEZARNEIRF LRI E TR AE A RT - B2 AR R R

SR SRS DGR A L g B S A I TR S A

AT R TR R 2 AR A GG 427 mA/em® 113 151 %o 30h E
BENRDD G o A d FH AR ARRFEER A PILR R T

ARl B R 2K D SR R R BT
Z R RTIBRER AT FRERE TR DB HEW 0 I - SRS s A
N et ) . BRI fE SN F 5 R SR e Eop 3
ivd o A FER S sl AL D149 ~ D205 0 £ § it Ak T AR
AT L B s E e 4.95 % 01 E 534 % AT SR A o g D205%
Al AP F BT R E GRS R Tl B e R 4BaE K
gho Jormenfrd| T T3 B TR BT R AF £ iy &R KR F A T
D205k pF» 1t D149 4 48 & 5 o AR R + lgﬁﬂ o FLIP AR H L R EFUA 47
EoV A BAR TG AR PRCIETE o RET AP L EN] L EE
;}7%\0

II



Low-Dimensional ZnO Nanostructures: Fabrication, Optical

Properties and Applications for Dye-Sensitized Solar Cells

Student: Hsin-Ming Cheng Advisor: Prof. Wen-Feng Hsieh

Department of Photonics and Institute of Electro-Optical Engineering

National Chiao Tung University

Abstract

Vertically well-aligned ZnO nanorods were synthesized without employing any
metal catalysts on various substrates-including glass, Si (111), 6H-SiC (0001) and
sapphire (0001), which were pre-coated with c-oriented ZnO buffer layers, by simple
vapor phase deposition. The in-plane alignments of ZnO nanorods depend on the
crystallographic alignment of pre-coated ZnO buffer layer. The photoluminescence of
ZnO nanorods are basically related to the type of the substrates. In addition,
high-density, vertically oriented arrays of ZnO nanowires were also successfully
epitaxial grown on the GaN (0001)-buffered sapphire substrate. We demonstrated that
the arrays of ZnO nanowires are well aligned along the c-axis and suffer a small
biaxial compressive stress of 121.9 MPa. The increasing intensity ratio of nth-order
longitudinal optical (LO) phonon (4;(nLO)/E;(nLO)) with increasing scattering order
in resonant Raman spectra (RRS) reveals the spatial phonon-confinement as shrinking
the diameter of ZnO nanowires. The exciton-related recombinations near the band
edge dominate the UV emissions at room temperature as well as at low temperature.

Self-assembled secondary ZnO nanoparticles (NPs), recognized with the
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agglomeration of crystalline subcrystals, are successfully synthesized by a simple
sol-gel method. TEM images display that one artificial cluster behaves in a single
crystal like wurtzite structure owing to the fact that subcrystals coagulate at the same
crystal orientation. Moreover, from the RRS measurement, the as-grown sample
exhibits phonon redshift; meanwhile, the coupling strength between electron and
longitudinal optical phonon, determined by the ratio of the second- to the first-order
Raman scattering cross sections, diminishes compared with the samples after
post-annealing at 350 C and 500 C. The size dependence of electron-phonon coupling
is principally as a result of the Frohlich interaction. ZnO quantum dots (QDs) of
controlled sizes have been fabricated by a simple sol-gel method. The blueshift of
room-temperature photoluminescence (PL) measurement from free exciton transition
are observed decreasing with the QD-size that is ascribed to the quantum-confinement
effect. From the RRS, the coupling strength between electron and longitudinal optical
phonon, deduced from the ratio of the second--to the first-order Raman scattering
intensity, diminishes with reducing the ZnO QD diameter. The size dependence of
electron-phonon coupling is principally a result of the Frohlich interaction.

For further dye-sensitized solar cell (DSC) applications, the solvothermal method
was utilized to fabricate the ZnO nanowires and branched nanowires on FTO
substrates. The one-dimensional branched nanostructures can afford a direct
conduction pathway instead of interparticle hopping while using nanoparticles.
Furthermore, the short-circuit current density and the energy conversion efficiency of
the branched ZnO nanowire DSCs are 4.27 mA/cm” and 1.51 %, which are twice
higher than the bare ZnO nanowire ones. The improvement was consequent on the
enlargement of internal surface area within the photoelectrode and achieving higher

dye adsorption to significantly enhance the performance of the DSCs.
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Moreover, self-assembled ZnO secondary NPs have been fabricated as an
effective photoelectrode for DSCs. The hierarchical architecture, which manifested
the significant light-scattering, can provide more photon harvesting. In addition,
dye-molecule adsorption retained sufficient due to enough internal surface area
provided by the primary single nanocrystallites. Two indoline dyes, coded D149 and
D205, were used as the sensitizers of ZnO DSCs with the optimal energy conversion
efficiencies of 4.95% and 5.34%, respectively. The enhancement of V.. and J for
D205-sensertized ZnO DSCs was ascribed to the effective suppression of electron
recombination by extending the alkyl chain on the terminal rhodanine moiety from
ethyl to octyl. The higher charge-transfer rate and retardant fluorescence decay reveal
that D205 has better electron injection dynamics for ZnO NPs as compared to D149.
The further evidence is performed by the electrochemical impedance spectroscopy
(EIS) which exhibits the longer electron lifetime for D205-sensitized ZnO DSC in

comparison with D149-sensitized one:.
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Chapter 1 Introduction

1.1 General Properties of ZnO
1.1.1 Prelude

There has been a great deal of interest in zinc oxide (ZnO) semiconductor
materials lately, as seen from a surge of a relevant number of publications. The
interest in ZnO 1is fueled and fanned by its prospects in optoelectronics applications
owing to its direct wide band gap (E, ~3.3 eV at 300 K). Some optoelectronic
applications of ZnO overlap with that of GaN, another wide-gap semiconductor (E,
~3.4 eV at 300 K) which is widely used for production of green, blue-ultraviolet, and
white light-emitting devices. However, ZnO has some advantages over GaN among
which are the availability of fairly thigh-quality ZnO bulk single crystals and a large
exciton binding energy (~60'meV, cf. ~25 meV for GaN). ZnO also has much simpler
crystal-growth technology, resulting ina potentially lower cost for ZnO-based

devices.

1.1.2 Crystal Structure

Zn0 is an oxide of the group II metal zinc, and belongs to the P6smc space group
in the Hermann—Mauguin notation [1]. ZnO is on the borderline between a
semiconductor and an ionic material. Under most growth conditions, ZnO is an n-type
semiconductor, though p-type conductivity of ZnO has also been reported for growth
under certain conditions [2, 3]. The crystal structures shared by ZnO are wurtzite, zinc
blende, and rocksalt (or Rochelle salt) as schematically shown in Fig. 1-1. Under
ambient conditions, the thermodynamically stable phase is that of wurtzite symmetry.

The zinc blende ZnO structure can be stabilized only by growth on cubic substrates,



Rocksalt Zinc blende Wurtzite

(a) (b) (c)

Figure 1-1. Stick-and-ball representations of ZnO crystal structures: (a) cubic
rocksalt, (b) cubic zinc blende, and (c) hexagonal wurtzite. Shaded gray and black

spheres denote Zn and O atoms, respectively.

and the rocksalt (NaCl) structure may be-obtained at relatively high pressures. The
wurzite crystal structure is shown. in Fig. 1-2a. The lattice parameters of ZnO are a =
0.32495 nm and ¢ = 0.52069-nm at 300K, with a c/a ratio of 1.602, which is close to
the ¢/a =~/8/3 = 1.633 ratio of anideal hexagonal close-packed (hcp) structure. In the
direction parallel to the c-axis, the Zn-O distance is 0.1992 nm, and it is 0.1973 nm in
all other three directions of the tetrahedral arrangement of the nearest neighbors. Even
though it is tetrahedrally bonded, the bonds have a partial ionic character.

The lattice is composed of two interpenetrating hexagonal close-packed
sublattices, each of which consists of one type of atom displaced with respect to each
other along the threefold c-axis by the amount of u = 0.3825 (u = 3/8 = 0.375 for an
ideal wurtzite structure) in fractional coordinates. The internal parameter u is defined
as the length of the bond parallel to the c-axis (anion—cation bond length or the
nearest-neighbor distance) divided by the c lattice parameter. The wurtzite-structure
lattice is fourfold coordinated. That is, each atom has four nearest neighbor atoms. In

a unit cell, zinc occupies the (0, 0, 0.3825) and (0.6667, 0.3333, 0.88255) positions
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Figure 1-2. (a) Primitive cell (heavy lines) of the wurtzite-structure lattice placed
within a hexagonal prism. a and ¢ are the lattice constants. (b) Schematic drawing
of surfaces cut from a hexagonal single crystal with different crystallographic

orientations (surface planes).

and oxygen occupies the (0,:0, 0) and (0.6667, 0.3333,:0.5) positions [4, 5]. Figure
1-2(b) shows the cuts of different orientations of a hexagonal hcp structure.

The close-packed (0001) planes are made up-of two subplanes (A and a), each
consisting of either the cationic (Zn) or the anionic (O) species, respectively. The
crystal can be considered to have the stacking sequence ...AaBaAaBb... as compared
to ...AaBaCcAaBbCec... in diamond cubic silicon and sphalerite (GaAs). The result is
a remarkable difference in the properties between (0001) and (0001) planes of ZnO,
the former being Zn terminated and the later being O terminated. This structure does
not possess a center of symmetry. The lack of inversion symmetry in ZnO leads to
piezoelectricity. The polarity of the c-axis results in the Zn-terminated and
O-terminated planes displaying extremely different properties.

The (0001) planes in ZnO are polar and hence, with no reconstructure or
passivation, have the maximum surface energy among the low-index planes. This is in

fact observed under most conditions during vapor phase growth. Crystals grown via



the vapor phase usually are rod-shaped with hexagonal cross section. The crystals are
elonged along [0001] direction and the prismatic sides of these crystals are usually the
{1010} or {11 2 0} planes, implying that the (0001) plane has the highest energy. As a

result, the growth rate along the c-axis is the highest.

1.1.3 Optical Properties

Optical properties and processes in ZnO as well as its refractive index were
extensively studied many decades ago. Compendiums dealing with optical properties
of ZnO and to some extent its alloys from far infrared to vacuum ultraviolet including
phonons, plasmons, dielectric constant, and refractive indices are available in the
literatures [6, 7]. The renewed interest.in ZnO is fuelled and fanned by prospects of its
applications in optoelectronics.owing to its direct wide band gap (E, ~3.3 eV at 300
K), large exciton binding energy (~60 meV, Refs [8, 9]), and efficient radiative
recombination. The large exciton binding energy paves the way for an intense near
band-edge excitonic emission at room and even higher temperature, because this
value is 2.4 times the room-temperature (RT) thermal energy (kzT = 25 meV).
Therefore, laser operation based on excitonic transitions, as opposed to electron—hole
plasma, is expected. In this respect, there have also been a number of reports on laser
emission from ZnO-based structures at room temperature and beyond. An
appreciation of the potential of ZnO for optoelectronic applications can be obtained
by examining Table 1-1, which compares the relevant material properties of ZnO with
those of other wide band gap semiconductors.

The optical properties of a semiconductor have their genesis in both intrinsic and
extrinsic effects. Intrinsic optical transitions take place between the electrons in the

conduction band and the holes in the valence band, including excitonic effects caused



TABLE 1-1. An appreciation of the potential of ZnO for optoelectronic applications can
be obtained by examining this table, which compares the relevant material properties of

ZnO with those of other wide band gap semiconductors. [10]

Band gap Exciton
energy Cohesive Melting  binding
Crystal  Lattice constants at RT energy  point energy  Dielectric constants
Material ~ structure  a (A) ¢ (A) Eg(eV)  Eeqy(eV) T, (K) Ep(meV) £(0) &)
7n0 Wurtzie  3.249  5.207 3.37 1.89 2248 60 8.75 3.75
7nS Wurtzie  3.823  6.261 3.8 1.59 2103 39 9.6 5.7
ZnSe Zinc blende  5.668 2.70 1.29 1793 20 9.1 6.3
GaN Wurtzie  3.189 5185 3.39 2.24 1973 21 8.9 5.35
6H-8iC Wurtzie 3.081 15.117 2.86(ind.) 3.17 =2100 9.66 6.52

by the Coulomb interaction. Excitons are classified into the free and bound excitons.
In high-quality samples with low impurity_concentration, the excited states of free
excitons can also be observed in addition to their ground-state transitions. Extrinsic
properties are related to dopants/impurities or point defects and complexes, which
usually create electronic states in the band gap and therefore influence both optical
absorption and emission processes. The electronic states of the bound excitons
strongly depend on the semiconductor material, in particular the band structure. In
theory, excitons could be bound to neutral or charged donors and acceptors. A basic
assumption in the description of the principal bound exciton states for neutral donors
and acceptors is a dominant coupling of the like particles in the bound exciton states.
For a shallow neutral donor-bound exciton, for example, the two electrons in the
bound exciton state are assumed to pair off into a two-electron state with zero spin.
The additional hole is then weakly bound in the net hole-attractive Coulomb potential
set up by this bound two-electron aggregate. Similarly, shallow neutral acceptor
bound excitons are expected to have a two-hole state derived from the topmost
valence band and one electron interaction. These two classes of bound excitons are by

far the most important cases of extrinsic processes. Other extrinsic transitions could



be seen in optical spectra such as free-to-bound (electron-acceptor), bound-to-bound
(donor-acceptor), and the so-called yellow/green luminescence. The mostly observed
green emission in ZnO luminescence spectra (manifesting itself as a broad peak
around 500530 nm), observed nearly in all samples regardless of growth conditions,
is related to singly ionized oxygen vacancies by some and to residual copper

impurities by others. A requisite consensus on this issue is still lacking.

1.1.4 Defects in ZnO

Characteristically, defects represent one of the controversial areas of
semiconductors, and ZnO is no exception, as the measurement techniques are not able
to correlate electrical or optical manifestation of defects to their origin precisely. It is
highly appropriate to say that the point defects in ZnO are not so well understood.
While numerous assignments of the defect-related luminescence bands can be found
in literature, only a few of ‘them ‘are trustworthy [11-13]. Over the years, oxygen
vacancies were believed to be .the.dominant shallow donors in ZnO. Now it is
becoming clear that these vacancies are formed in noticeable concentrations only after
electron irradiation. As another vital misassignment till now, the green luminescence
band in ZnO is commonly attributed to transitions from the oxygen vacancy (V) to
the valence band. However, it is easy to show that such transition is highly unlikely in
n-type ZnO. Problems in the identification of point defects are discussed from
theoretical and experimental points of view in this section. It is also important to
realize that ZnO 1is a relatively open structure, with a hexagonal close packed lattice
where Zn atoms occupy half of the tetrahedral sites. All the octahedral sites are empty.
Hence, there are plenty of sites for ZnO to accommodate intrinsic, namely Zn

interstitials (Zn, ) defects and extrinsic dopants.



The electronic energy levels of native imperfections in ZnO are illustrated in Fig.
3. There are a number of intrinsic defects with different ionization energies. The
Kroger Vink notation uses: 1 = interstitial site, Zn = zinc, O = oxygen and V = vacancy.
The terms indicate the atomic sites, and superscripted terms indicate charges, where a
dot indicates positive charge, a prime indicates negative charge, and a cross indicates
zero charge, with the charges in proportion to the number of symbols. Figure 3 shows
that there are a number of defect states within the bandgap of ZnO. The donor defects
are: Zn'*, Zn', Zn’, V", V', V_ and the acceptor defects are: V,, , V., . The
defect ionization energies vary from ~0.05-2.8 eV. Zn interstitials and oxygen
vacancies are known to be the predominant ionic defect types. However, both defects
donate two electrons and so it is difficult-to distinguish one from the other using the
electrical measurements. As a‘result-which defect dominates in native, undoped ZnO

is still a matter of great controversy.
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Figure 1-3. Energy levels of native defects in ZnO. [14]



TABLE 1-2. Physical Properties of wurtzite ZnO. [15]

Property Value
Lattice parameters at 300 K
ay 0.32495 nm
<o 0.52069 nm
ag /ey 1.602 (ideal hexagonal structure shows 1.633)
u 0.345
Density 5.606 g/lem’
Stable phase at 300 K Wurtzite
Melting point 1975 °C
Thermal conductivity 0.6,1 12
Linear expansion coeflicient(/°C) g 6.5x 1070
Co: 3.0x10°°
Static dielectric constant 8.656
Refractive index 2.008, 2.029
Energy gap 3.4 eV, direct
Intrinsic carrier concentration <10° em™* (max n-type doping > 10°" cm* electrons;
max p-type doping < 10" ecm~? holes
Exciton binding energy 60 meV
Electron effective mass 0.24
Electron Hall mobility at 300 K 200 em?/V's
for low n-type conductivity
Hole effective mass 0.59
Hole Hall mobility at 300 K 550 em’ V8

for low p-type conductivity

Table 1-2 shows a compilation of basic physical parameters for ZnO. It should be
noted that there still exists uncertainty in some-of these values. For example, there
have few reports of p-type ZnO and therefore the hole mobility and effective mass are
still in debate. Similarly, the values for thermal conductivity show some spread in
values and this may be a result of the influence of defects such as dislocations. The
values for carrier mobility will undoubtedly increase as more control is gained over

compensation and defects in the material.



1.2 Low-Dimensional ZnO Nanostructures
1.2.1 General of Nanostructures

During the last decade, the growth of low-dimensional semiconductor structures
has made it possible to reduce the dimension from three (bulk material) to the
quasi-zero dimensional semiconductor structures. Generally, the crystal structure of a
solid restricts the movement of carriers. In a semiconductor material, the outer
electrons of the atoms are delocalized over the entire crystal, with the periodicity of
the crystal structure limiting their movement. For certain electron energy, the carrier
is allowed to move in one direction, but its motion in a different direction is restricted
as a result of destructive interaction from the atomic lattice. This dependence of the
electron energy on the momentum. of the carrier results in a structure of energy bands
where the carrier can exist. The electron energy of low-dimensional semiconductor
structures becomes quantized and depends on the structural size. The band gap and
density of states (DOS) associated with -a-quantum-structure differs from that
associated with bulk material, determined from the magnitude of the three-dimension
wave vector. Figure 1-4 illustrated the density of states in systems of differing

dimensionality: bulk, quantum well, quantum wire, and quantum dot.
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Figure 1-4. Density of states in different dimensional systems.



The degree of quantum confinement is determined by the interaction length over
which the bond between an electron and a hole extends in an exciton, compared with
the size of the materials. Take quantum dot for example, in weak quantum
confinement, the interaction length is shorter than the dimensions of the quantum dot,
resulting in very closely spaced quantum-confined energy states. In this case, the
quantum dot seems more bulk-like because the electron and hole can separate beyond
the exciton interaction length, thus breaking up the exciton and making the transition
energy independent of the quantum dot size. In the strong quantum-confinement
regime, the quantum dot size is smaller than the electron hole interaction length,
resulting in widely spaced energy states. The quantum dot sizes can be so small that
the energy spacing between the allowed states in the conduction and valence bands is
large enough to cause a so-called phonon bottleneck.

In most semiconductors, excited electrons can relax down to the bottom of the
conduction band by losing energy through carrier-carrier and carrier-phonon
interactions. However, a phonon.bottleneck occurs when the spacing between energy
states is much larger than these interelectronic energies (as is the case in strong
quantum confinement). In this case, the probability for a carrier in a higher energetic
state to lose its energy to a lower energetic state through these interactions becomes
very low. As a result, electrons cannot relax to the bottom of the conduction band, and
so quantum dots with strong quantum confinement should not be expected to emit
light from the normal transition across the band gap. However, this phonon bottleneck
has been observed experimentally first in recent years. [16]

According to these above mentions, the quantum confinement effect come from
nanostructures become predominant and give rise to many interesting electronic and

optical properties.
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1.2.2 One-Dimensional (1-D) ZnO Nanostructures

One-dimensional (1-D) nanostructures have attracted intensive attention because
of their unique physical, optical and electrical properties resulting from their low
dimensionality. The electron-hole interaction will have orders of magnitude
enhancement in a nanostructure, due to the dramatically increased electron density of
states near the van Hove singularity. ZnO has an effective electron mass of ~0.24 m.,
and a large exciton binding energy of 60 meV. Tremendous progress has been made to
understand the quantum-size behavior and to investigate the size- and
morphology-dependent properties. Compared with bulk ZnO, the reported 1-D ZnO
nanowires or nanorods have the same lattice constant. However, the significant
characteristics of 1-D ZnO nanostructures-are their high surface-to-volume ratio and
anisotropic carrier transport. With this respect great efforts and contribution from the
fruitful group such as Yang’s [17] and Wang’s group [18] for ZnO nanostructures,
have been made persistently to enrich the diversiform morphological world of
nanostructures and show their ‘possibilities for-versatile utilizations, such as room
temperature laser [19], waveguide [20] and piezoelectric nanogenerators [21, 22].

1-D ZnO nanowires and nanorods are also being intensively investigated because
they possess a combination of attractively optical, electronic, mechanical, magnetic
properties and so on. Extensively potential applications as light-emitting diodes [23,
24], UV photodetectors [25-27], field-effect transistors [28-31], field electron emitters
[32-35] gas sensors [36-40], and solar cells [41-47] are continuously be evaluated.
Moreover, the observations of quantum confinement [48] and the discrete energy
levels [49] are demonstrated in ZnO/ZnMgO nanorod heterostructures. Therefore, the
Zn0O nanowires and nanorods have become one of the most promising elemental

building blocks in nanotechnology applications. Other 1-D ZnO nanostructures such

11



as nanoneedle, nanopencil, nanobelt, nanotube, nanospiral, nanohelix, nanonail and
dendritic nanowire have also been discovered [50, 51], but lack of applications at
present merely interesting growth mechanisms have been emphatically demonstrated.
To date, most of the work on 1-D nanostructures ZnO has focused on the
synthesis methods. For application of nano-photonics and electronics, it is needed to
create ZnO nanowires that are selective area growth, highly aligned and
orientation-ordered on substrates. The fundamental optical properties, including the
origin of luminescence, carrier-carrier interaction, stimulated emission and lasing are
also needed to understand. Furthermore, band-gap engineering, which is the process
of controlling or altering the band gap, and fabrication of heterostructure or

quantum-structures of ZnO-based nanowires and nanorods are important issues.

1.2.3 Zero-Dimensional (0-D) ZnO Nanostructures

Zero-dimensional (0-D)*ZnO mnanoparticles(NPs) or quantum dots (QDs) with
several nanometers in diameter and large surface to volume ratio are becoming more
and more attractive due to their quantum size effect and therefore unique properties
different from the bulk ZnO materials. The physical properties in ZnO nanostructures
changed dramatically as the diameter closes to the exciton Bohr radius (~2.43 nm) of
bulk ZnO [52].

Accordingly, a great deal of attention has been paid to nanocrystalline materials
for the study of the size-dependent quantum confinement effects. However, the ZnO
nanocrystals have not been investigated as much as other semiconductor nanocrystals
such as CdSe despite the possibility of UV/blue applications. The greater part of
investigations for 0-D ZnO nanostructures focus on the fundamentally physical

phenomenons, such as band edge emission [53-59], phonon quantum confinement
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[60-64], random Laser [65-67] and nonlinear susceptibility [68, 69].

Recently, several applications such as photocatalytic activity [70, 71] and cell
labeling [72] have been reported owing to successfully faceted control and surface
functionality of ZnO NPs and QDs, respectively. Organization of ZnO NPs and QDs
building blocks into premeditated one- (1-D), two- (2-D), and three-dimensional (3-D)
architectural systems should be considered as one of the key challenges in today’s

science and engineering.

1.3 Research Motivation

The synthesis of an array of well-aligned ZnO nanowires and nanorods is of
great interest because it is an imperative step to realize nanophotonic devices, which
include light-emitting diodes and laser diodes. Various methods have been reported
for fabricating arrays of well-aligned 1-D ZnO nanostructures that include vapor
transports and condensation methods, template methods, metal-organic source vapor
deposition methods, and buffer layer.pre-coated methods. The conductive ZnO buffer
layer behaves as the active nucleus for growth of ZnO nanorods on different substrate
and patterned area for selective growth of ZnO arrays. Accordingly, the buffer layer
pre-coated method is a promising candidate for photonic device applications. In order
to speed up the practical use of such ZnO nanorod arrays, studies on the growth
behavior of vertically well-aligned ZnO nanorods on various substrates for different
applications seem more and more imperative. Furthermore, chemical approaches
towards such 1-D ZnO nanostructures would also be of interest since they are easy to
perform and allow for a facile scale-up procedure. In this respect, a solution-based
approach will also be attempted.

ZnO QDs and NPs also are of great interest because of the three-dimensional

13



confinement of carrier and phonon leads not only continuous tuning of the
optoelectronic properties but also improvement in device performance. In this respect,
optical properties examined from Raman scattering and photoluminescence (PL) of
ZnO NPs with different particle sizes obtained via sol-gel method will be investigated.
It is therefore important to realize the size-dependent quantum confinement effect and
exciton-phonon interaction within the 0-D ZnO nanostructures from both the

fundamental scientific research and photonic application points of view.

1.4 Organization of Dissertation

This dissertation is organized as follow. After Chapter of Introduction, Chapter 2
presents a brief review of growth and characterization techniques. The statement of
experimental procedures for all ZnO-nanostructures in'my present work is illustrated
in Chapter 3. The growth of the ZnO nanowitres on various substrates via vapor-solid
transport with pre-coated buffer layers is-then demonstrated in Chapter 4. The
structures and optical properties of well-aligned ZnO nanowires/nanorods on different
substrate are compared. I also explain the growth mechanism and the epaxitial
relationship between the 1-D ZnO nanostructures and the substrates. In Chapter 5, 1
describe self-assembled secondary ZnO nanoparticles (NPs), and size-controll ZnO
quantum dots (QDs) synthesized by a simple sol-gel method. The coupling strength
between electron and longitudinal optical phonon is carried out by resonant Raman
spectroscopy (RRS). In Chapter 6, the dye-sensitized solar cells (DSC) with
hierarchical architecture composed of various low-dimensional ZnO nanostructures
are discussed.

Finally, in Chapter 7, I conclude the results and benefits on the low-dimensional

ZnO nanostructures. The several issues for further works are also proposed.
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Chapter 2 A Review of Growth and
Characterization Techniques

2.1 Growth Methods
2.1.1 Growth of 1-D ZnO Nanowires/ Nanorods

Vapor-Liquid-Solid (VLS) Method. Among all vapor based methods, the VLS
method, which is a growth mechanism based on chemical vapor transport, seems to be
the most successful for fabricating nanowires with single crystalline structures and in
relatively large quantities. This process was first developed by Wagner et al. to
produce Si single crystalline micro-whiskers in 1960s [1], and recently re-examined
successfully by Lieber [2] and Yang [3].-The key. factor is needed to deposit metal
clusters such as Fe, Co, Ni, Cu, Sn-and Au as the catalysts. A typical VLS process
starts with the dissolution of gaseous reactants into nano-sized liquid droplets of
catalyst metal while the liquid droplets are supersaturated with the guest material,
followed by nucleation and growth of single crystalline nanorods and then nanowires.
The 1D growth is mainly induced and dictated by the liquid droplets, whose size
remains essentially unchanged during the entire process of nanowire growth. In the
sense, each of liquid droplets serves as a soft template to strictly limit the lateral
growth of an individual nanowire. As a major requirement, there should exist a good
solvent capable of forming liquid alloy with the target material, ideally they should be
able to form eutectic compounds. All of the major steps involved in a VLS process for
a Ge nanowire case are schematically illustrated in Fig. 2-1 [3]. In the beginning Ge
and Au form liquid alloys when the temperature is raised above the eutectic point.
Once the liquid droplet is supersaturated with Ge, growth of nanowire takes place at

the solid-liquid interface. The vapor pressure of Ge in the chemical-vapor-deposition
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Figure 2-1. Schematic illustration of vapor-solid growth mechanism including
three stages (I) alloying, (II) nucleation and (III) axial growth. Three stages are
projected onto the coventional Au-Ge phase diagram; (b) shows the compositional

and phase evolution during the nanowire growth process. [3]

system has to be kept sufficiently low so that the second ordinary nucleation will be
completely suppressed. Figure 2-2 shows a sequence of real-time TEM images during
the growth of a Ge nanowire.

Both physical methods (thermal evaporation and laser ablation) and chemical
methods (chemical vapor transport and deposition) have been employed to generate
the vapor species required for the growth of nanowires, and no significant difference

was found in the quality of nanowires produced by these methods.
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Figure 2-2. In situ TEM images recorded during the process of nanowire growth.
(a) Au nanoclusters in solid state at 500 °C; (b) alloying initiated at 800 °C, at this

stage Au exists mostly in solid state; (¢) liquid Au/Ge alloy; (d) the nucleation of
Ge nanocrystal on the alloy surface; (e) Ge nanocrystal elongates with further Ge

condensation and eventually forms a-wire (f).[3]

The VLS processes are usually carried out in a horizontal tube furnace, as shown
in Fig. 2-3. In this schematic, the carrier gas, Ar, isdintroduced from the left end of the
alumina tube and is pumped out from'the right end. The source material is loaded on
an alumina boat and positioned at the center of the highest temperature zone in the
alumina tube. The substrate temperature usually drops with the distance from the
position of the source material(s). The local temperature where the substrate is
situated (usually 500-700 °C) determines the type of product that will be obtained. To
reduce the decomposition temperature, ZnO powder is usually mixed with graphite
powder to form the source mixture. At temperatures 800-1100 °C, graphite reacts with
Zn0 to form Zn, CO, and CO; vapors, which then react on the substrate to form ZnO
nanostructures.

Self-organized [0001]-oriented ZnO nanowires have been successfully

synthesized on sapphire substrates with a Au-catalyzed VLS process by Yang’s group
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Figure 2-3. A schematic diagram of the horizontal tube furnace for growth of ZnO

nanostructures by the solid-vapor phase process.

[4]. As mentioned above, selective nanowire growth could be readily achieved by
patterning the Au thin film before growth. Typical scanning electron microscope
(SEM) images of nanowire arrays grownon a-plane sapphire (11 2 0) substrates with
patterned Au thin film are ‘presented in Fig. 2-4. By adjusting the growth time,
nanowires could be grownup to 10 mmin length: The diameters of these wires range
from 20 to 150nm, although more than 95% of themhave diameters between 70 and
100nm.

Klingshirn’s group also identified well-defined lasing modes under optical
excitation of ZnO nanorods grown in a similar fashion using catalyst-assisted VLS
technique by employing self-organized polystyrene spheres on GaN substrates as a
mask during Au evaporation [5]. Ordered arrays of [0001]-oriented ZnO nanorods
with 200nm diameter and 4.7 mm length were obtained with 500nm rod-to-rod
spacing as shown in Fig. 2-5. As alluded earlier, well-aligned ZnO nanorods provide a
perfect gain medium as well as act as waveguides and Fabry-Perot resonators with

well-defined cavity ends.
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Figure 2-4. Scanning electron microscope images of ZnO nanowire arrays grown on sapphire
substrates (a—e). A top view of the well-faceted hexagonal nanowire tips is shown in (e). (f)
High-resolution TEM image of an individual ZnO nanowire showing its [0001] growth

direction.

Figure 2-5. (a) 45° side-view SEM images of ordered ZnO nanorod arrays and (b)

hexagonally ordered ZnO nanorod arrays grown by the VLS method on patterned

Au-covered GaN/Al,O; substrates. The inset is the top view of the nanorod arrays.

24



Vapor-Solid (VS) Method. The vapor-solid (VS) method is another chemical
vapor transport mechanism compared with VLS, depending on the presence of a metal
catalyst. VS growth also holds for the growth of 1D ZnO nanomaterials. In this
process, evaporation, chemical reduction or gaseous reaction first generates the vapor.
The vapor is subsequently transported and condensed onto a substrate. The VS
method has been used to prepare whiskers of oxide, therefore, possible to synthesize
the 1D nanostructures if one can control the nucleation and the subsequent growth
process. According to the difference on nanostructure formation mechanisms, the
extensively used vapor transport process can be categorized into the catalyst free VS
process and catalyst assisted VLS process. Synthesis utilizing VS process is usually
capable of producing a rich variety of nanostructures, including nanowires, nanorods,
nanobelts, nanohelix and other'complex structures.[6-7]

Using a solid state thermal sublimation process and controlling the growth
kinetics (VS growth mechanism), local growth temperature, and the chemical
composition of the source materials, a wide range of nanostructures of ZnO have been
synthesized by Wang’s group, as shown in Fig. 2-6 [7]. The two important
characteristics of the wurtzite structure are the noncentral symmetry and polar
surfaces. The structure of ZnO, for example, can be described as a number of
alternating planes composed of tetrahedrally coordinated O* and Zn** ions, stacked
alternately along the c-axis. The oppositely charged ions produce positively charged
(0001)-Zn and negatively charged (0001)-0 polar surfaces, resulting in a normal
dipole moment and spontaneous polarization along the c-axis, as well as a divergence
in surface energy. As a result, the formation of a self-coiled, coaxial, multilooped
nanoring structure is spontaneous, which means that the self-coiling along the rim

proceeds as the nanobelt grows under the driving force of stacking the polar surfaces.
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Figure 2-6. A collection of nanostructures of ZnO synthesized under controlled

conditions by thermal evaporation of solid powders. [7]

A variety of novel hierarchical nanostructures with 6-, 4-, and 2-fold symmetries
have been successfully grown by a vapor transport and condensation technique from
Ren’s group, as shown in Fig. 2-7 [8] . It was found that the major core nanowires are
single-crystal In,O; with 6, 4, and 2 facets, and the secondary nanorods are
single-crystal hexagonal ZnO and grow either perpendicular on or slanted to all the
facets of the core In,O; nanowires. Because no catalyst is used in the system, the
In,O3 nanowire growth should be based on the vapor-solid mechanism. On the other
hand, it is more difficult to define the ZnO nanorod growth mechanism. Probably ZnO
nanorods also grow based on the vapor-solid mechanism because the In,O; core is
covered by a ZnO layer that can be the base for further ZnO nanorod growth.
Compared to the aligned ZnO grown by the vapor-liquidsolid mechanism [4] with

source temperature around 900 °C, the metal and/or metal oxide vapor pressure here
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Figure 2-7. SEM images of the 6-fold ZnO nanostructures. (a) SEM image showing
the abundance of the 6S-fold symmetry. Scale bar, 10 um. (b) SEM image showing
the 6M-fold symmetry. (c) High magnification SEM image of the 6S-fold symmetry.
(d) High magnification SEM image of the 6M-fold symmetry. (¢) Head on look at a

6S-fold symmetry to show.the hexagonal nature of the major core nanowire. [§]

is much higher. This high vapor pressure is necessary for the growth of the
hierarchical structures. The growth conditions such as temperature, pressure, and
source component ratios are correlated to affect the supersaturation rate and the

structure formed.

Metal-Organic Chemical Vapor Deposition (MOCVD) Method. For device
fabrication, heteroepitaxial growth with control over impurities and thickness down to
nanometer scale is required. VLS method is limited and cannot completely meet these
requirements. Growth of complex structures for device applications can only be
accomplished by advanced epitaxial methods such as metal-organic chemical vapor

deposition (MOCVD) or metal-organic vapor phase epitaxy (MOVPE) and molecular
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beam epitaxy (MBE). Particularlyy, MOCVD has been proven to be a powerful
technique for large-scale production with accurate control over doping and thickness.

For MOCVD growth of ZnO nanorods, usually diethylzinc and oxygen are
employed as the reactants and argon as the carrier gas [9]. N,O as the oxygen source
and nitrogen as the carrier gas have also been used [10]. Typical growth temperatures
range from 400 to 1050 °C. The growth occurs without a catalyst, and flat terraces and
steps are observed at the nanorod tips resulting from the layer-by-layer growth mode,
instead of the metallic nanoparticles characteristic to catalyst-assisted VLS processes.

Figure 2-8 shows ZnO nanorods grown by Park et al. [9] using low-pressure
MOVPE on Al,O3 (0001) substrates at 400 °C without any metal catalysts. Very thin
ZnO buffer layers were deposited at a low temperature before the nanorod growth.
The mean diameter of nanorods obtained by MOVPE was as small as 25 nm, smaller
than the typical diameters “of 50-100nm for those prepared by other deposition
methods [4]. Furthermore, ZnO nanorods-were well" aligned vertically, showing
uniformity in their diameters, lengths, and densities as revealed from electron
microscopy. These ZnO nanorods were epitaxially grown with homogeneous in-plane
alignment as well as c-axis orientation. The room-temperature PL spectra of the
nanorods showed strong and narrow excitonic emission with a dominant peak at 3.29
eV and an extremely weak deep level emission at 2.5 eV, indicating the high optical
quality of the nanorods. Free exciton emission lines were still clearly visible at 10 K,
and no quantum confinement effect was evident for the nanorods with diameters
exceeding 20nm [11].

For ZnO nanorods grown at relatively higher temperatures (700-1050 °C),
vertical alignment of the c-axis-oriented nanorods was observed only on a-plane

sapphire substrates, whereas the use of c-plane sapphire, Si (111), SrTiO3 (100), and
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SrTiO; (111) substrates resulted in rather random alignment [10]. To test the
possibility of a catalyst-assisted process, nanorods were also grown on a-plane
sapphire substrates partially coated with a thin (1-3 nm) gold layer. Close to 100%
vertical orientation of ZnO nanorods with a diameter of 50+5nm and a length of
several micrometers was observed in areas without gold metallization, while growth
with no preferential direction occurred in the areas coated with gold, demonstrating

that MOVPE growth of ZnO nanorods is different from the VLS process.

Figure 2-8. (a) plan-view and (b) tilted images of ZnO nanorods with a mean diameter
of 25nmand (c) tilted and (d) cross-sectional images of ZnO nanorods with a mean
diameter of 70 nm. In (c), hexagon-shaped pyramids with flat terraces and steps are

seen at the ends of the nanorods. [9]
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Li et al. [12] prepared ZnO nanoneedles on silicon through chemical vapor
deposition. The diameters of the needle tips were in the range of 20-50 nm.
High-resolution transmission electron microscopy revealed that the nanoneedles were
single crystals along the [0001] direction. They exhibited multiple tip surface
perturbations, and were just 1-3nm in dimension. Field emission measurements
showed fairly low turn-on and threshold fields of 2.5 and 4.0 V. mm™, respectively.
The nanosize perturbations on the nanoneedle tips have been assumed to be the cause
for such excellent field emission performance. High emission current density, high
stability, and low turn-on field make ZnO nanoneedle arrays one of the promising
candidates for high brightness field emission electron sources and flat panel displays.
Lee [13] and Wu [14] also successfully demonstrated the ZnO nanorods directly on
GaAs and fused silica substratesvia MOCVD, repectively. Hence, MOCVD is one of
the candidates to grown high-density and well-ordered 1-D ZnO nanostructures for

practical applications toward manufacturability.

Aqueous Solution-Based Method. For cost-effective growth of ZnO
nanostructures, many groups have reported the growth of highly oriented ZnO
nanowires and other nanostructures by using aqueous solution methodology. On the
other hand, the control of morphology and the positioning of the nanostructures using
these techniques are challenging. Solvothermal is extensively employed as a solution
route to produce semiconductor nanowires and nanorods. In this process, a solvent is
mixed with metal precursors and crystal growth regulating or templating agents, such
as amines. This solution mixture is placed in an autoclave maintained at relatively
high temperatures and pressures to carry out the crystal growth and the assembly

process. The methodology is quite versatile and has enabled the synthesis of
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crystalline nanowires of semiconductors and other materials. Andrés-Vergés et al. [15]
reported the solvothermal growth method for the first time in 1990. More than 10
years later, Vayssieres et al. [16] used this method to grow nanorods on conducting
glass and Si substrates. For this type of growth, a ZnO seed layer is needed to
initialize the uniform growth of oriented nanowires. Often, a solution of ZnO(NOs),
(or other Zinc salt) mixed with hexamethyltetramine (HMT) is used:

(CHz)6N4 + 6H,0 <> 6HCHO + 4NH3

NH; + H,O <> NH4" + OH

20H + Zn*'— ZnO(s) + H,0
Hydroxide ions are formed by the decomposition of HMT and they react with the Zn*"
to form ZnO. Figure 2-9 shows. some typical nanowire arrays grown using this
method. For technical applications, it is important to note that this method operates at
low temperature and a homogenous coverage of nanowires can be achieved over large

arcas.

Figure 2-9. FESEM image of 3-dimensional arrays of ZnO nanorods by using

aqueous solution chemical method. [16]
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For demonstrate the ease of commercial scale-up, a growth of ZnO arrays on
four-inch (ca. 10 cm) silicon wafers and two-inch plastic (polydimethylsiloxane,
PDMS) substrates was presented by Yang’s group, as shown in Fig. 2-10 [17]. In
addition, unlike previous reports [15] where crystal growth occurs within enclosed
flasks, the current process is carried out in open vessels, which points to the
possibility of large-scale reel-to-reel production of such nanowire arrays.This
low-temperature hydrothermal method is substrate independent and produces
high-quality nanowire arrays on ITO glass, sapphire, titanium foil, and polymer

surfaces.

Figure 2-10. (upper) ZnO nanowire array on a four-inch (ca. 10 cm) silicon wafer.

(down) ZnO nanowire array on a two-inch (ca. 5 cm) PDMS substrate. [17]
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Table 2-1 summarizes some of the studies on solution growth and the

structures. [17]

TABLE 2-1.

Growth solution

Zinc nitrate, HMT
Zinc nitrate, HMT
Zinc nitrate, HMT

Zinc-nitrate, HMT,
citriate

Zinc nitrate,
zinc acetate, HMT

Zinc nitrate,
triethanolamine,
HCL (pH 5)

Zinc nitrate,
thiourea,
ammonium
chloride, ammonia

Zinc acetate, sodium
hydroxide, citric acid

Comparison of
different growth
solutions

Zn foil, zinc sulfate,
ammonium ions,
sodium hydroxide

Resulting

morphology

Nanorods,
microtubes

Nanorods,
nanotubes

Aligned nanowire
arrays

Oriented
nanocolumns,
nanoplates

Highly aligned
nanorods

Ordered nanorods

Nanowires, tower-
like, flower-like,
tube-like

Disk-like, flower-
like, nanorods

Star-like,
nanorods

Nanobelt arrays,
ordered nanowires

Focus of investigation

On Si and conducting
glass substrates

Influence of substrate
and seed layer

Influence of seed layer

Control of aspect ratio:
addition of citrate anions
decreases aspect ratio

Influence of substrate
and seed layer

Influence of substrate
and counter ions in
growth solution

Influence of reactants,
substrate pretreatment,
and growth time and
temperature

Influence of pH on
growth solution

Influence of reaction
conditions: ligand,
counter-ions, pH, ionic
strength, and deposition
time

Influence of substrate/
seed layer

Influence of temperature
and concentration of
solutions
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Template-Assisted Method. Template-directed synthesis represents a
convenient and versatile method for generating 1D nanostructures. In this technique,
the template serves as a scaffold against which other materials with similar
morphologies are synthesized. That is, the in situ generated material is shaped into a
nanostructure with a morphology complementary to that of the template. The
templates could be nanoscale channels within mesoporous materials, porous alumina
and polycarbonate membranes. The nanoscale channels are filled using, the solution,
the sol-gel or the electrochemical method. The nanowires so produced are released
from the templates by removal of the host matrix. Unlike the polymer membranes
fabricated by track etching, anodic alumina membranes (AAMs) containing a
hexagonally packed 2D array of cylindrical pores. with a uniform size are prepared

using anodization of aluminium foils-inan acidic medium (Fig. 2-11).

200 nm

Figure 2-11. Micrograph of an anodic alumina membrane (AAM) ( Zheng et al. [18]).
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For example, with the help of an electrodeposition method [19-20], AAM with
highly ordered nanopores was used as a template, zinc nanowires were fabricated into
the nanopores via electrodeposition, forming zinc nanowires array, then the nanowire
array was oxidized at 300°C for 2 hours and ZnO nanowire array was obtained. In a
sol-gel synthesis method [21], AAM was also used as the template and immersed into
a suspension containing zinc acetate for 1 minute, then heated in air at 120 °C for 6
hours. ZnO nanofibers were eventually obtained after removing the AAM template.
These methods are complementary to the vapor transport synthesis of ZnO
nanostructure, and also employ less rigorous synthesis conditions and provide great

potential for device applications.

2.1.2 Growth of 0-D ZnO Nanoparticles/ Quantum dots

It is well known that the factors depend on the synthetic method used and, as a
consequence, applications of nanomaterials-are-differently linked to the successful
control of the synthetic process. Various different physical or chemical synthetic
approaches have been developed. Several reports on physical ZnO nanoparticles and
quantum dot syntheses have been published. They invole, for example, vapor phase
transport [22], MOCVD [23, 24], microemulsion [25-27], sol-gel [28-33] and
organometallic synthetic method [34-37]. Among these approaches, chemical methods
are convenient and may lead to nanomaterials of controlled morphology. However,
these syntheses make use of ionic species which may interact with the growth process
of the particles and hence modify the final materials.

Sol-Gel Method. A colloid is a suspension in which the dispersed phase is so
small (~1-1000 nm) that the gravitational force is negligible and interactions are

dominated by the short-range forces, such as Van der Waals attraction and surface
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charge. Sol-gel synthesis has two ways to prepare solution. One way is the
metal-organic route with metal alkoxides in organic solvent; the other way is the
inorganic route with metal salts in aqueous solution. It is much cheaper and easier to
handle than metal alkoxides, but their reactions are more difficult to control. The
metal-organic route uses metal alkoxides in organic solvent. The inorganic route is a
step of polymerization reactions through hydrolysis and condensation of metal
alkoxides M(OR)?, where M = Si, Ti, Zr, Al, Sn, Ce, and OR is an alkoxy group and Z
is the valence or the oxidation state of the metal. First, hydroxylation upon the
hydrolysis of alkoxy groups:

M—OR + H,O 2 M- OH + ROH
The second step, polycondensation process; leads to the formation of branched
oligomers and polymers with- a metal oxygenation” based skeleton and reactive
residual hydroxyl and alkoxy-groups. There are 2 competitive mechanisms:
(1) Oxolation: formation of oxygen bridges:

M—-OR+XO-M 2 M- O~M+ XOH
The hydrolysis ratio (h=H O/M) decides X =H (h>>2)or X=R (h<2).2
(2) Olation: formation of hydroxyl bridges when the coordination of the metallic
center is not fully satisfied (N - Z > 0):

M—-OH+HO-M 2M—(OH),— M
where X = H or R. The kinetics of olation is usually faster than those of oxolation.

Figure 2-12 presents a schematic of the routes that one could follow within the
scope of sol-gel processing [38]. A sol is a colloidal suspension of solid particles in a
liquid, whereas, an aerosol is a colloidal suspension of particles in a gas (the
suspension may be called a fog if the particles are liquid and a smoke if they are solid)

and an emulsion is a suspension of liquid droplets in anther liquid. All of these types
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Figure 2-12. Schematic of the rotes that one could follow within the scope of sol-gel

processing [38].

of colloids can be used to. generate polymers or particles from which ceramic
materials can be made. In the sol-gel process, the precursors (starting compounds) for
preparation of a colloid consist-of'a metal or metalloid-element surrounded by various
ligands.

Metal alkoxides are members of the family of metalorganic compounds, which
have an organic ligand attracted to a metal or metalloid atom. Metal alkoxides are
popular precursors because they react readily with water. The reaction is called
hydrolysis, because a hydroxy ion becomes attached to the metal atom. This type of
reaction can continue to build larger and larger molecules by the process of
polymerization. A polymer is a huge molecule (also called a macromolecule) formed
from hundreds or thousands of units called monomers. If one molecule reaches
macroscopic dimensions so that it extends throughout the solution, the substance is
said to be gel. The gel point is the time (or degree of reaction) at which the last bound

is formed that completes this giant molecule. It is generally found that the process

37



begins with the formation of fractal aggregates that they begin to impinge on one
anther, then those clusters link together as described by the theory of percolation. The
gel point corresponds to the percolation threshold, when a single cluster (call the
spanning cluster) appears that extends throughout the sol; the spanning cluster
coexists with a sol phase containing many smaller clusters, which gradually become
attached to the network. Gelation can occur after a sol is cast into a mold, in which it
is possible to make objects of a desired shape.

Joo et al. demonstrated ZnO nanocrystals with various shapes synthesized by
non-hydrolytic ester elimination sol-gel react using zinc acetate precursor with a
variety of surfactant, including trioctylphoshine oxide (TOPO), oleic acid (OA),
1-hexadexylamine (1-HDA), and. tetradecylphosphonic acid (TDPA), respectively
[33]. 1, 12-Dodecanediol was selected as the alcoholic reagent because of its high
boiling point and reasonable reaction rate with zinc acetate (Zn(OAc);). ZnO
nanostructures with the shape of hierarchically self-assembled spherical, cone-shaped,
hexagonal cone-shaped, and rod-like-were obtained incorporated the stabilizer TOPO,

OA, HDA and TDPA, respectively. As shown in Fig. 2-13 and 2-14.

Organometallic Synthetic Method. As a chemical method, the nature of the ion
present in solution can influence processes such as coarsening and aggregation, which
can compete with nucleation and growth leading to a modification of the particles size
distribution. Organometallic have been used to overcome this problem. For example,
Zn(C,Hs), has been reported to be a good precursor for ZnO after its transformation
into an alkoxide prior to hydrolysis and heat treatment [34]. This approach has
allowed the preparation of ZnO nanoparticles from the dialkylzinc precursor

Zn(c-CgHip), by Chaudret’s group [35-37].
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Figure 2-13. (a)-(c) FESEM and (d) HRTEM images of hierarchically ordered
cone-shaped ZnO nanocrystals. The inset in (d) shows the fast Fourier transform
(FFT) pattern of the HRTEM image. [33].

Figure 2-14. (a), (b) TEM of images OA-stabilized cone-shaped ZnO nanocrystals. The
inset in (b) shows a dark-field image of a single cone-shaped ZnO nanocrystal. [33].
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Most organometallic complexes are air-sensitive and decompose exothermically
in air. Chaudret supposed that the kinetics of this decompotion may control the
formation of nanomaterial. Therefore a controlled oxidation of the precursor in
solution could lead, in one step, to oxide nanoparticles, the shape and size of which
could be controlled by the different parameters of the system (such as the nature of the
organometallic precursor, the ligands or surfactants present, the solvent used, and so

on. )

10 nm gRe .

Figure 2-15. TEM images ZnO nanoparticles obtained in the presence of : (a) OA and
OIA (1:1) without other solvent; (b) OA and OIA (2:1) without other solvent; (c) OA and
OIA (10:1) without other solvent; (d) OA and LcA (1:1) in THF; (e) DDA and OcA (1:1)
in THF; (f) HDA and OIlA (1:1) in THF [37].
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2.2 Characterization Techniques
2.2.1 X-Ray Diffraction [39]

The peaks of an x-ray diffraction (XRD) pattern are directly related to the atomic
distances. Consider an incident monochromatic x-ray beam interacting with the atoms
arranged in a periodic manner as shown in 2-dimension in Fig. 2-16. The atoms,
represented as circles in the graph forming different sets of planes in the crystal. For a
given set of lattice planes with an inter-plane distance of d, the condition for a
diffraction (peak) to occur can be simply written as

2d sinf = ni (2.1)
which is known as the Bragg's law. In this equation, 4 is the wavelength of the x-ray,

the diffraction angle, and » an integer representing the order of the diffraction peak.

2dsin@"=n A

o
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Bragg’s Law

Figure 2-16. X-ray diffraction from 2-dimensional periodic lattices.
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Let’s consider a hexagonal unit cell (such as wurtzite ZnO) which is
characterized by the lattice parameters a and c, the equation representing the spacing

of the plane for the hexagonal structure is

773 > +— (2.2)

2
a

L_i[h2+hk+k2J I’

c

Combining Eq. (2.1) with (2.2), (2.3) can be obtained as:

2 2 2 : 2
14 h™ +hk+k +l_: 2sin @ 2.3)
d> 3 a’ c’ A
after a proper arrangement:
2 2 2 2
smz@:ﬂg(w}q 04
a c

Thus, the lattice parameters can be estimated from XRD spectrum via (2.4).
The sizes of the nanoerystallites ‘can also be determined by XRD using the
measurement of the full width at half maximum (FWHM) of the XRD lines. The

Debye-Scherer equation represent as:

Do 0.894
Bcosfd

(2.5)
where D is the average diameter of the nanocrystallite, 4 is the wavelength of the
x-ray source (usually CuKa, A = 1.5405A), and B is the deconvoluted FWHM (that
means broadened effect comes from the nanocrystalline size only) of XRD peak at the
diffraction angle 6.

Furthermore, for the epitaxy systems, such as well-aligned 1-D ZnO nanorods

and nanowires on specific substrates, a high-resolution x-ray rocking curve with
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precious optics (~26 arcsec., 1 arcsec. = 1/3600 deg.) would be performed for
investigate the structural quality and orientation. The high-resolution optics can be
obtained after the incident x-ray beam pass through the choice monochromator or
channel-cut crystal. Different from the conventional @ -20 scans geometry, the
spectrum of x-ray rocking curves are collected from count the intensity around the

diffraction peak with rocking the sample only.

mtate/

measure rocking curve

tilt

analyser

Y

detector

specimen

xS

set analyser

detector axis

beam

incident beam a
> conditioner

>

Figure 2-17. Instrumental setup for high-resolution x-ray rocking curve.

2.2.2 Photoluminescence [40]
Photoluminescence (PL) is one of the most useful optical methods for the
semiconductor industry, with its powerful and sensitive ability to characterize

impurities and defects in semiconductors, which affect material quality and device

43



performance. To control crystal purity is crucial in many optical applications, such as
laser action, optical gain, and active optical devices. A given impurity produces a set
of characteristic spectral features. The fingerprint identifies the impurity type, and
often several different impurities can be seen in a single PL spectrum. And the
linewidth of PL peak is an indication of sample quality and crystallinity, although
such analysis has not yet become highly quantitative.

Since the PL emission requires that the system be in a nonequilibrium condition,
and some means of excitation is needed to act on the semiconductor to produce
hole-electron pairs. We consider the fundamental transitions, those occurring at or
near the band edges. The ground state of the electronic system of a perfect
semiconductor is a completely filled valance band and a completely empty conduction
band. We can define this state as the-““zero” energy or “vacuum’” state. If we start from
the above-defined ground state and excite one electron to the conduction band, we
simultaneously create a hole 1n the ‘valance band. In this'sense an optical excitation is
a two-particle transition. The same is.true for the récombination process. An electron
in the conduction band can return radiatively or nonradiatively into the valance band
only if there is a free space, i.e., a hole. Two quasi-particles are annihilated in the
recombination process. What we need for the understanding of the optical properties
of the electronic system of a semiconductor is therefore a description of the excited
states of N-particle problem. The quanta of these excitations are called “excitons”
which have been classified as Wannier exciton and Frenkel exciton. It should be
mentioned that in insulators like NaCl, or in organic crystals like anthracene, excitons
also exist with electron-hole pair wavefunctions confined to one unit cell. Frenkel
excitons cannot be described in the effective mass approximation. In Wannier excitons,

the Bohr radius (i.e. the mean distance between electron and hole) is larger in
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Figure 2-18. Three different concepts of excitons. Excitons ( bounded electron-hole

pairs) also can be viewed as the excited states of molecules.

comparison with the length of the lattice unit cell.-This situation is well realized in
narrow-gap semiconductors (most [I-V1, I11-V, and column IV semiconductors) which
usually have large dielectric_constant (¢ >> 1) and small reduced exciton mass (u <<
my). Therefore, we always deal with Wannier excitons in all semiconductors, inclusive
of ZnO certainly. Here we will consider the-Wannier excitons more specifically.

Using the effective mass approximation, it is suggested that the Coulomb
interaction between electron and hole leads to a hydrogen-like problem with a
Coulomb potential term

— ez

47zgog|re - rh|
Excitons in semiconductors form, to a good approximation, a hydrogen or
positronium like series of states below the gap. For a simple parabolic band in a
direct-gap semiconductor one can separate the relative motion of electron and hole
and the motion of the center of mass. This leads to the dispersion relation of exciton

as shown in Fig. 2-19.
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Figure 2-19. A pair excitation in the scheme of valence and conduction band in the

exciton picture for a direct.gap semiconductor. [40]

hK?

*

Eex(nBDK):Eg_Ry Lz—i_ (26)
B

where ng = 1, 2, 3 ...is the principal quantum number, Ry’ = 13.6( w/mge’ ) is the
exciton Rydberg energy, M = m, + m;, and K = k, + kj, are the translational mass and
wave vector of the exciton, respectively. The series of exciton states in eq. 2.6 has an
effective Rydberg energy Ry* modified by the reduced mass of electron and hole and
the dielectric constant of the medium in which these particles move. The radius of the
exciton equals the Bohr radius of the H atom again modified by ¢ and u. Using the
material parameters for typical semiconductors one finds that the orbits of electron
and hole around their common center of mass average over many unit cells and this in

turn justifies the effective mass approximation in a self-consistent way. These excitons
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are called Wannier excitons. The exciton Bohr radius of bulk ZnO is defined 2.34 nm
by Senger [41] who demonstrated exciton radius in ZnO quantum dots changed
dramatically as the crystal size closes to 2.34 nm.

A real crystal is never perfect. Imperfections such as ion vacancies, interstitials,
or substitutional atoms (either native or intentionally introduced) exist in densities
ranging from n; < 10'? cm™ in ultrapure crystals. The imperfections can attract
excitons that become localized at the defect sites to form bound exciton complex
(BEC). The binding energy of the exciton to the defect is often quite small, typically a
few meV. Therefore, the bound excitons are best observed at very low temperatures.
An exciton may be bound to a donor, which is a substitutional atom with a higher
number of valance electrons compared with the host atom, or to an acceptor, a
substitutional atom with a lower mumber of valance electrons. Donors contribute
excess electrons to the crystal, while acceptors tend to capture electrons or
equivalently donate holes. Donor or acceptor-atoms ' may be electrically charged or
neutrals. When the donor atom"has given away-its initial extra valence electrons, it
becomes positively charged and it referred to as an ionized donor. Similarly, when an
acceptor atom has captured an electron (or equivalently released a hole), it has a
negative charge and is called an ionized acceptor. In contrast, a neutral donor or
acceptor has no charge, since it has kept its original number of valance electrons.
Excitons may get bound to either an ionized donor or acceptor, or a neutral donor or
acceptor by forming complexes represented schematically in Fig. 2-20. An ionized
acceptor does not usually bind an exciton since a neutral acceptor and a free electron
are energetically more favorable. The binding energy E” of exciton to the complex
usually increases according to £ 1’; L < Eg,, . < Ejo Y-

In many crystals, the binding energy of the exciton to a neutral donor or acceptor
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Figure 2-20. Visualization of (a) an exciton bound to an ionized donor (D"X), (b) a

neutral donor (D"X), and (c) a neutral acceptor (A’X). [40]

is close to tenth of the donor or acceptor ionization energy, which is the energy
required to free the extra valence electron of a neutral donor, or the energy to free a
hole (to accept an electron) in a neutral acceptor. Bound excitons are characterized by
more sharply peaked emission which occurs at a-lower energy than the corresponding
free exctions, which is due to reduced kinetic broadening, since the bound exciton is
spatially localized at an impurity. The emitted energy of bound energy Ezg is

Ey=E,-E; -E; (2.7)
where EJ is the binding energy of the free exciton and £, is energy necessary to
bind the exciton to the defect center. Therefore, luminescence of bound exciton
typically dominates the near band edge emission and occurs on the low energy side of
the free exciton emission.

Accordingly, exciton photoluminescence (PL) is very sensitive to the quality of
crystal structures and to the presence of defects. Therefore, the regularities of the
change in exciton spectra as a function of composition and structural peculiarities
enable one to use them to determine the quality of the crystal optically. Impurities and
their associations, main lattice defects and their impurity associations, and exciton and

exciton impurity complexes all play an important role in the luminescence, which

significantly complicates the observation of free-exciton PL. Generally, PL spectrum
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of single crystal ZnO consists mainly of two bands. The one in UV region
corresponds to near-band-edge (NBE) emission is attributed to exciton states; the

other one in visible region is due to structural defects and impurities.

2.2.3 Raman Scattering

When light is scattered from the surface of sample, the mainly scattered light is
found to contain the same wavelengths that were incident on the sample (Rayleigh
scattering) but also different wavelengths at very low intensities (few parts per million)
which represent an interaction of the incident light with material. The energy shifts of
the scattering photons are small, but can be measured by interferometric techniques.
Usually, the phonon wave vectors are very small compared to the size of the Brillouin
zone so that the interactions are only with zone center phonon. Thus, one can have
interaction with either the zone center acoustic phonons or the optical phonons. The
interaction with acoustic phonons is called Brillouin scattering while the interaction
with optical phonons is call Raman- scattering. All of the Raman mode frequencies,
intensities, line-shapes, and line-widths, as well as polarizations can be used to
characterize the lattices and impurities. The intensity gives information on
crystallinity. The line-width increases when a material is damaged or disordered,
because damage or disorder occurs in a material will increase phonon damping rate or
relax the rules for momentum conservation in Raman process.

The different long-wavelength phonon branches in a given crystal correspond to
different symmetries of vibration of the atoms in the unit cell and are characterized by
irreducible representations of the space group of the crystal lattice. If the wavelengths
of the Raman phonons are assumed to be effectively infinite, then the crystal point

group can be used in classifying the phonon symmetries. This infinite wavelength
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assumption is not valid for Raman-active phonons which are also infrared active.

The selection rules for Raman-active phonons can be determined by standard
group-theoretical methods and the calculation is described in some detail by Heine
[42], who based his work on the polarizability derivative theory of Born and Bradburn
[43]. The result is that a phonon can participate in a first-order Raman transition if and
only if its irreducible representation is the same as one of the irreducible
representations which occur in the reduction of the representation of the polarizability
tensor. The irreducible representations by which the components of the polarizability
tensor transform are conveniently listed by Herzberg and Wilson et al. [44, 45] for the
set of molecular point groups, which includes the 32 crystal point groups.

The intensity of the Ramansscattered radiation depends in general on the
directions of observation and illumination relative to the principal axes of the crystal.
The angular variation of thescattering gives information about the symmetry of the
lattice vibration responsible. The anisotropy-of the scattering can be predicted for a
vibration of any given symmetry by standard group-theoretical methods.

GaN-, AIN- and InN-based materials are highly stable in the hexagonal wurtzite
structure although they can be grown in the zinc blende phase and unintentional phase
separation and coexistence may occur. The wurtzite crystal structure belongs to the
space group C, (P6smc) and group theory predicts zone-center (I point of the
Brillouin zone) optical modes are 4, 2B;, E; and 2E, [46]. The 4; and E; modes are
both Raman and infrared active; and B;(low) and B;(high) modes are silent. The 4,
and E; modes are polar, resulting in a splitting of the longitudinal (LO) and the
transverse (TO) modes. However, the nonpolar £, modes are Raman active and have
two frequencies: E>(high) is related to the vibration of oxygen atoms and E>(low) is

associated with the Zn sublattice. The displacement vectors of the phonon normal
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TABLE 2-2. Raman measurement configuration needed to observe the phonon modes in

hexagonal ZnO. [46]

Mode Configuration
A(TO), E; X(Y, V)X
A4(TO) X(Z.Z2)X
E(TO) X(Z.Y)X
E4(TO), E4(LO) X(Y.2)Y
E; X(Y,Y)Z
E, Z(Y.X)Z
A4(LO), E; Z(Y,Y)Z
SO S —
| W | i g 3 =0
oo o -*Q'." .«? att . -(-C.)‘..
[0001] j Bltll ? Hllll iEZIH H:cij j A, E,
1 Lo>— <9 L >
(2110]

wave number (¢cm)
380(TO) 407(TO)

silent silent 100 437 574(LO) 583(LO)

Figure 2-21. Displacement patterns of the optical phonons of a lattice with wurtzite

crystal structure. [47]

modes are illustrated in Fig. 2-21. For the lattice vibrations with 4; and £, symmetry,
the atoms move parallel and perpendicular to the c-axis, respectively. The details of

the mode—Raman configuration relationship are also provided in Table 2-2.
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Chapter 3 Experimental Procedures

3.1 Vapor-Solid Synthesis for 1-D ZnO Nanowires/ rods

Growth on ZnO Buffer Layer. The vertical arrays of well-aligned ZnO
nanorods were synthesized on various substrates, which were pre-coated with
c-oriented ZnO buffer layers. The pre-coated substrates and ZnO nanorods were
fabricated by the following procedure. First, the ZnO buffer layers were grown on
various substrates including glass, Si (111), 6H-SiC (0001) and c-plane sapphire, by
pulsed laser deposition (PLD) technique using a KrF excimer laser (wavelength of
248 nm and pulse duration of 25 ns) to ablate a ceramic ZnO target (99.999%) at
600°C for 2 hours and in-situ annealing for-1 hour at 700°C under the pressure of 10™
Torr. The thicknesses of the ZnO buffer layers were around 900nm under roughly
control. Then the substrates were loaded 2 cm above an alumina boat containing 1g
metal zinc balls. The boat was put in- the middle of the tube furnace. The furnace
temperature was increased to 550°C and maintained for 30 min. High-purity argon gas
was simultaneously introduced at a flow rate of 500 sccm. While the growth process
was complete, the tube furnace was cooled to room temperature in Ar-gas ambience
and a gray-white colored product was found over the substrates. The typical schematic

of the equipment for synthesis is shown in Fig. 3-1.

Growth on GaN Buffer Layer. The vertically well-aligned ZnO nano arrays
were epitaxially fabricated on the GaN-buffered sapphire substrate by employing
catalyst-free metal vapor deposition. Synthesis of the ZnO nanowire arrays was
carried out in low-pressure vapor phase deposition system which includes a horizontal

alumina tube in a conventional furnace. Zinc vapor source is 99.9% Zn metal powder
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Figure 3-1. A schematic diagram of the experimental apparatus for growth of ZnO

nanowires.

from Strem Chemicals. High-quality epitaxial GaN(0001) buffer layers of up to 2
um thick were grown on (0001).sapphire substrates by the metal-organic vapor phase
epitaxy (MOVPE). The GaN/sapphire substrates and zinc vapor source in an
alumina boat were inserted into the quartz tube and put closely in the middle of the
furnace. Afterwards, the chamber was heated up to 550 °C at a rate of 20°C/min
under a constant of 55 sccm Ar and 1 sccm oxygen flows and kept for 1h. After
cooling to the ambient temperature, a white deposition layer was found over the
substrate. More detailed growth condition and the description of reaction chamber

were described elsewhere which was a little modified from Fig. 3-1 [1].

3.2 Hydrothermal Synthesis for 1-D ZnO Nanowires/ rods

The ZnO nanowires were fabricated from a modified aqueous solution method
similar to Law et al. [2]. The sequence of chemical reactions for ZnO fabrication is

following:
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1. CgHoNy + 6H,0 <> 6CH,0O + 4NH;

2. CeHpNy + Zn*" — [Zn(CeH 2N

3. NH;+ H,0 < NH; + OH

4.  Zn* +4NH; — Zn(NH3),*"

5. Zn*" +40H — Zn(OH)s*

6. Zn(NH3),”" +20H — ZnO + 4NH; + H,0
7. Zn(OH)s* — ZnO + H,0 + 20H

8. [ZH(C6H12N4)]2++ 20H — ZnO + H,O + 20H + CcH 12Ny

Arrays of ZnO nanowires were synthesized on FTO substrates (10 Q per square,
Nippon Sheet Glass.) that were first cleaned thoroughly by acetone/ethanol sonication
and then coated with a thin“film of ZnO quantum dots, 3-4 nm in diameter, by
dip-coating in a Zn(OAc)> concentrated ethanol solution. The arrays of ZnO
nanowires were synthesized on seeded fluorine doped tin oxide (FTO) substrates by
immersing the seeded substrates.in aqueous solutions containing 0.08 M zinc nitrate
hydrate (98%, Riedel-deHaén), 0.08 M hexamethylenetetramine (HMTA, 99%,
Showa), and 12 mM polyethylenimine (PEI, branched, low molecular weight, Aldrich)
at 95 °C for 10 hours.

Because nanowire growth slowed after this period, substrates were repeatedly
introduced to fresh solution baths in order to obtain long wire arrays. The arrays were
then rinsed with deionized water and baked in air at 450 °C for 30 minutes to remove

any residual organics.

3.3 Sol-Gel Synthesis for 0-D ZnO NPs/ QDs

ZnO Nanoparticles. The sol-gel method was chosen to produce monodisperse
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ZnO colloidal spheres due to its simple handling and narrow size distribution. The
ZnO colloidal spheres were produced by a two-stage reaction process similar to that
described by Seelig et al [3], and reactions were ascribed as the following equations:
Zn(CH,COO), + xH,0—>—Zn(OH ") ,(CH,COO"), . +xCH,COOH , (1)
Zn(OH ") (CH,COO"), ,—2>7ZnO+(x-1)H,0+(2—x)CH,COOH . (2)

The Eq. (1) is the hydrolysis reaction for Zn (OAc), to form metal complexes. We
increased the temperature of reflux from RT to 160°C and maintained for aging. The
zinc complexes will dehydrate and remove acetic acid to form pure ZnO as Eq. (2)
during the aging time. Actually, the rtwo. reactions described above proceed
simultaneously while the temperature is-over-110°C. All chemicals used in this
study were reagent grade and employed without further purification. In a typical
reaction, 0.01 mol zinc acetate dihydrate (99.5% Zn(OAc),, Riedel-deHaen) was
added to 100 ml diethylene glycol (99.5% DEG, EDTA). Then the temperature of
reaction solution was increased to 160°C and maintained for aging at least 1 hour.
White colloidal ZnO was formed in the solution that was employed as the primary
solution. The secondary solutions were composed of Zn(OAc), (0.01mole) and
various amount of primary supernatant (5ml to 20ml) in 100ml DEG and the reaction
began in the same way as the primary reaction. The white gelatinous production of
Zn0O particles ranging in diameter from 50 to 300 nm (depend on the amount of
primary supernatant) were successfully synthesized under the well-controlled
concentration with stable heating rate. From our observations, the particle with a
diameter of nearly 185 nm is the optimized condition that can be used to fabricate
self-assembled periodic array. The spherical shape of the ZnO colloid is recognized

with agglomeration of many primary single crystallites ranging from 6 to 12 nm,
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hence, here we usually named these ZnO colloids as secondary ZnO nanopatticles.
Powder samples were prepared by placing a drop of colloidal suspension on preheated
Si(100) substrates (for optical measurements) and carbon-coated copper grids (for
TEM measurements). The excess solvent was then removed and the specimens were
allowed to dry in air. The dry powders were then inserted to a furnace and heated at

350°C and 500°C for 1 hour in air ambient.

ZnO Quantum Dots. The ZnO quantum dots were produced from zinc acetate
dihydrate (99.5% Zn(OAc),, Riedel-deHaen) in diethylene glycol (99.5% DEG,
EDTA), the same to what we presented above. The slight difference is that we placed
the final product in a centrifuge opeérating 3000 tpm for 30 minutes. A high speed
centrifuge was used to separate the final colloids into'the upper suspension and the
white bottom layer. After “this procedure, the solution was separated into two
gradations. The white bottom layer included the secondary ZnO clusters and the upper
suspension was more transparent and. included the dispersive single crystalline ZnO
QDs. Unlike the secondary clusters, the single crystalline ZnO QDs were almost
monodispersive because of the stable surface during the chemical reaction. The
average size of ZnO QDs can be tailored under well-controlled concentration of

precursor, Zn(OAc),, including 0.04, 0.06, 0.08, 0.1, 0.16 and 0.32 M.

3.4 Materials and Reagents

(1)  Zn metal powder ( 99.9% , Strem Chemicals).

(2) Zinc acetate dihydrate ( Zn(OAc), -2H,0, 99.5%, Riedel-deHaen).
(3) Zinc nitrate hydrate ( Zn(NO;),, 98%, Riedel-deHaén).

(4) Hexamethylenetetramine (HMTA) ( (CH,)sN4, 99%, Showa).
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(5) Polyethylenimine (PEI) ( (CoHsN),, branched, low molecular weight, Aldrich).

(6) Diethylene glycol (DEG) ( 99.5%, ethylenediamine-tetra-acetic acid (EDTA)).

3.5 Characteristic Instruments

Powder XRD. Philips PW1700 X-ray diffractometer (XRD) with Cu Ka
radiation.

High Resolution X-ray Diffraction (HRXRD). Bede D1 diffractometer
equipped with a asymmetrically cut Si(220) monochromator and horizontal
divergence slits with a width of 100 um and a height of 2 mm to select the Cu K
radiation.

Field Emission Scanning Electron Microscopy (FESEM). (1) LEO 1530,
equipped with an EDAX energy-dispersive X-ray (EDX). (2) JOEL-6500, equipped
with an energy dispersive spectroscopy (EDS) [Oxford] and electron beam scattering
diffraction (EBSD) facilities.

Transmission Electron Microscope (TEM).  JEOL JEM-2000FX transmission
electron microscope (TEM) operated at 200 KeV. JEOL JEM-2100F field emission
transmission electron microscope (FETEM) operated at 200 KeV.

Raman Spectroscopy. Conventional and resonance Raman spectroscopy were
carried out by a frequency-doubled Yb:YAG laser (A= 515 nm) and a He—Cd laser
(A= 325 nm), respectively, and a Jobin-Yvon T64000 micro spectrometer with a
1800 grooves/mm grating in the backscattering configuration was employed. The
whole Raman spectra were taken with an accumulation time of 120s from the focused
incident laser light about ~1um. Figure 3-2 demonstrates triple additive configuration
of Jobin-Yvon T64000 micro spectrometer systems. For the purpose of high spectral

resolution (< 0.15 cm™).
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Photoluminescence (PL). The photoluminescence measurement was made
also using a 20mW He-Cd laser at wavelength of 325nm and the emitted light was
dispersed by a TRIAX-320 spectrometer and detected by a UV-sensitive
photomultiplier tube. A closed cycle refrigerator was used to maintain the measured

temperature at 10 K while low-temperature measurements.
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Figure 3-2. Raman detection systems. Light pass for triple additive configuration :

for a very high spectral resolution (< 0.15 cm™)
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Chapter 4 Growth and Structural Properties
for 1-D ZnO Nanostructures

4.1 ZnO Nanostructures on Buffer Layers
4.1.1 ZnO Nanorods on ZnO Buffer Layers

In this section, we report that vertical arrays of well-aligned ZnO nanorods were
synthesized on various substrates including glass, Si(111), 6H-SiC(0001) and
sapphire(0001), which were pre-coated with c-oriented ZnO buffer layers. We will
discuss the relationship of in-plane orientation between ZnO nanorods and buffer
layers below. Then photoluminescence (PL) properties of the nanorods were also
comparatively investigated.

Parts a-h of Figure 4-1 show typical top- and oblique-view SEM photographs of
the vertically well-aligned ZnO mnanorods, with the lengths of several micrometers,
fabricated on the various substrates. As shown, non-uniform, less-aligned ZnO
nanorods grow on both glass (Fig. 4-1(a) and (b)), Si (111) (Fig. 4-1(c) and (d)) and
6H-SiC (0001) (Fig. 4-1(e) and (f)). In the case of sapphire (0001) (Fig. 4-1(g) and (h))
substrates, vertically well-aligned ZnO nanorods of a uniform diameter and length
were be formed. A special interesting part of the ZnO nanorods is the relationship of
in-plane orientation which discovered from top-view SEM photographs by the fast
Fourier transform (FFT), as shown in the insets. The insets in Fig. 4-1(a) and (c)
display the blurred spots. It depicts that the ZnO nanorods on glass and Si (111) are
randomly oriented in the in-plane direction. On the contrary, the vertically aligned
ZnO nanorods on 6H-SiC(0001) and sapphire(0001) show an in-plane alignment with
six-fold symmetry confirmed from the hexagonal starlike spots, as shown in the insets

in Fig. 4-1(e) and (g). Moreover, Fig. 4-2(a) and (b) show the magnified top-view
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Figure 4-1. Top- and oblique-view SEM photographs of the vertically well-aligned ZnO
nanorods fabricated on the various substrates: (a and b) glass, (c and d) Si (111), (e and f)
SiC (0001), (g and h) sapphire (0001). The insets of (a), (c), (¢) and (g), display the

corresponding FFT images from top-view photographs.
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Figure 4-2. Magnified top-view SEM photographs of the vertically well-aligned ZnO

nanorods fabricated on the (a) Si (111), and (b) sapphire (0001) substrates.

SEM images of the ZnO nanorods on the Si (111), and sapphire (0001) substrates,
respectively. The photographs revealimore evidences that the nanorods have different
in-plane orientation when grow on different substrates. The same direction of six-fold
facets of individual ZnO nanorods exhibits the better epitaxial relationship for the
rods on sapphire (0001) than on Si (111)and other substrates we used. Since the ZnO
nanorods were grown continuously above the pre-coated ZnO buffer layers, we firmly
believe the differences of relationship “of in-plane orientation come from the

influences of the pre-coating layers.

The electron beam scattering diffraction (EBSD) also provides crystallographic
information of the micro-structures. Figure 4-3 shows the EBSD patterns of two
different positions from the ZnO nanorods on the Si (111) substrate. The EBSD
patterns constitute a number of Kikuchi lines but are not identical. To specify an
orientation, it is necessary to define a reference frame consisting of at least two axes,
which is known as a coordinate system. Important surfaces or directions associated
with the shape of the specimen are commonly used to define the axes. The direction

normal to the specimen surface is called ‘normal surface’, in-plane directions are the
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Figure 4-3. The EBSD image taken from two different positions of the ZnO nanorods on the
Si (111) substrate.

Sample Normal RoHing-Diréction Transverse Direction

[10-10] [10-10]

[0001] [2-1-10] 0] [0001] [2-1-10]

Figure 4-4. The inverse pole figures of the ZnO nanorods on the Si (111) substrate for the

three orthogonal directions.

‘rolling direction’ and ‘transverse direction’. Figure 4-4 shows the inverse pole figures.
In the normal surface direction, a single spot was observed as a result of the vertically
aligned of the nanorods. However, both in the rolling and transverse directions, a
continuous curve appeared. It indicates that the in-plane orientation of nanorods is

disordered.

On the contrary, the EBSD patterns of two different positions from the ZnO

nanorods on the sapphire (0001) substrate are identical as shown in Fig. 4-5. The
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Figure 4-5. The EBSD image taken from two different positions of the ZnO nanorods on the
sapphire (0001) substrate.

Sample Normal Rolling Direction Transverse Direction

Figure 4-6. The inverse pole figures of the ZnO nanorods on the sapphire (0001) substrate for

the three orthogonal directions.

inverse pole figure maps are shown in Fig. 4-6. A discrete peak was observed both at
the rolling and transverse directions. It clearly indicates that the nanorods with not
only the out of plane order but also in-plane order.

Figure 4-7(a) shows the cross-sectional TEM image of ZnO nanorods on Si(111).
The difference on brightness of the image is due to the diffraction from varied
crystallographic planes. Therefore, the ZnO film has a grainy and columnar structure.

Furthermore, the ZnO nanorods were grown along the columnar grains of ZnO film.
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ZnO buffer layer behaves as the active nucleus for growth of ZnO nanorods. In
addition, the selected-area electron diffraction (SAED) patterns, as shown in Fig.
4-7(b) and (c) indicate the columnar grains of the ZnO film were grown along the
[0001] direction and hence ZnO nanorods were also epitaxially grown along the same
direction. Figure 4-7(e) shows a high resolution TEM (HRTEM) image confirmed
that the nanorods is a single crystal and the lattice spacing of approximately 5.2A
along the c-axis, indicating again [0001] as the preferred growth direction for ZnO

nanorods.

(b)
[m:nc: 1)

[10-10] ®

(c)

[0001]

|1|:£.1n] ®

Zn0) buffer layver

500 nm —_

Figure 4-7. (a) Cross-sectional TEM image of ZnO nanorods grown on ZnO buffer layer. (b)
and (c¢) The SAED images of ZnO nanorods and buffer layer, respectively. (d) Single
nanorods image, no catalyst particle at the end. (¢) HRTEM image shows the [0001] direction
and the lattice spacing 0.52 nm.
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Whereas the ZnO buffer layer below governs the in-plane orientation of ZnO
nanorods above. Investigating the growth orientation and crystal alignment of the
ZnO buffer layers grown on the substrates seems more significant. Various XRD
techniques were performed. Figure 4-8 shows the 6-26 x-ray diffraction patterns.
Only the {0001} reflection family of ZnO and surface paralleled plane of substrate
appear in the wide angle XRD profile, indicating all the ZnO films have a single ZnO
phase as well as a complete c-axis preferential growth.  Meanwhile, the
corresponding ZnO(0002) 6-rocking curve was also performed to investigate the
degree of alignment to the normal of the surface, as depicted in the inset of Fig. 4-8.
The ZnO buffer layer, which was grown on the glass, shows very broad vertical
mosaic distribution of 2.56°, as shown 1n the inset of Fig. 4-8(a). The broad mosaic
distribution causes some ZnO'nanorods grown slightly along the inclined angle, due
to the mosaic grains behave as the nucleus for growth of ZnO nanorods. These can
be easily expected since the glass substrate has.amorphous phase. Comparison with
the glass substrate, the mosaic distributions become narrower as 0.73° and 0.85° for
ZnO films grown on Si (111) and SiC (0001) substrates, respectively. The slightly
tilt ZnO nanorods can also be found on those two substrates. It should be noted here
that the mosaic distributions of the ZnO buffer layer on sapphire(0001) shows
extremely narrow FWHM values of 0.056° as shown in the inset of Fig. 4-8(d),
meaning that the buffer layer on the sapphire substrates were almost perfectly grown
along the c-axial direction. Therefore, the ZnO nanorods reflect more uniformity

and vertical alignment on sapphire (0001) being comparable to other substrates.

To explaining the in-plane growth relationship of ZnO nanorods, the XRD
@-scan analysis of ZnO(ZOE 2) plane was using to investigate the ZnO buffer layers

on different substrates. Figure 4-9(a) and (b) demonstrate that the ZnO buffer layers
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Figure 4-8. 6-20 XRD profile of ZnO buffer layers on the various substrates: (a) glass, (b)
Si(111), (c) SiC (0001), (d) sapphire (0001), and corresponding ZnO(0002) &-rocking

curve show as the insets.
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Figure 4-9. X-ray &-scan profiles of ZnO (205 2) plane from ZnO buffer layers on the
various substrates: (a) glass, (b) Si (111), (¢) SiC (0001) and (d) sapphire (0001).
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on glass and Si(111) have random alignment along the in-plane direction. The
reasons are explained in terms of amorphous phase for glass and the possible
formation of an amorphous silica layer between ZnO ans Si substrate. Although the
lattice mismatch between ZnO and Si (111) 1s ~3.5%, but the difficulty basically
stems from the fact that Si surface gets easily oxidized during the nucleation stage of a
ZnO growth process [1]. In contrast, the ZnO buffer layers on 6H-SiC(0001) and
sapphire(0001) exhibit an in-plane alignment with six-fold azimuthal symmetry, as
shown in Fig. 4-9(c) and (d). Integrated evidence indicates that the epitaxial
relationship between ZnO buffer layer and 6H-SiC (0001) substrate would be
[0001]z00 // [0001]sic along the normal of the substrate, and [1010]z0 // [1010]sic
along the in-plane direction. For. sapphire substrate the epitaxial relationship would
be [0001]z00 // [0001]q-a103 and [F01077m0 # [1120J¢.a00s. In addition, the sharp
peaks of XRD @-scan for ZnO buffer layer on sapphire (0001) indicate well aligned
in the in-plane direction with comparison-of-the buffer layer on SiC(0001). This
result also consist with the FFT'SEM. image as.shown the sharp star-like spots when
Zn0O nanorods grown on sapphire (0001). Consequently, we consider the excellent
normal and in-plane alignment for ZnO buffer layer on sapphire (0001), therefore

improving the growth of ZnO nanorods.

The PL spectra of the ZnO nanorods on different substrates are shown in Fig.
4-10. For all spectra, sharp ultraviolet (UV) peaks observed in the range of 3.0-3.4 eV
were attributed to the exciton-related recombination. The weak green emissions in the
range of 2.1-2.7 eV, attributed to the oxygen vacancies (V,), are investigated when
using glass and Si (111) substrate, as shown in Fig. 4-10(a) and (b). The weak
yellow emission in the range of 1.9-2.4 eV, attributed to the oxygen interstitials (O;),

is appeared when using SiC (0001) substrate, as shown in Fig. 4-10(c).
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Figure 4-10. Typical room-temperature photoluminescence (RTPL) spectra of ZnO nanorods
on the various substrates: (a) glass, (b) Si(111), (c) SiC(0001), and (d) sapphire(0001). All the
ZnO nanorods exhibit a strong UV emission, and the distinct visible emissions, as shown in

enlarged in the inset (a), (b) and (c), were attributed to nonstoichiometric defects.



The strong UV emission with no visible band in the PL spectra indicates that the
ZnO nanorods grown on sapphire (0001) have a good crystal quality with few
nonstoichiometric defects, as shown in Fig. 6(d). The various defect-related emissions
were also reported in ZnO nanostructures fabricated by different method [2]. In our
work, we suppose the visible emissions come from the interface between pre-coated
buffer layers and nanorods, because of strain and squeeze from discontinuous ZnO
grain. Other analytical techniques such as cathodoluminescence will be used to
confirm this controversy in our further investigation.

In summary, well-aligned ZnO nanorods were synthesized without employing
any metal catalysts on glass, Si (111), 6H-SiC (0001) and sapphire (0001), but were
pre-coated with c-oriented ZnO buffer layers. The alignments of ZnO nanorods on the
different substrates depend on‘the crystallographic alignment of pre-coed ZnO buffer
layer. Similarly, the photoluminescence measurements show the distinct appearance
of ZnO nanorods on different substrates. -~ Among various substrates, ZnO nanorods
grown on the sapphire (0001) substrate exhibit only UV peak without noticeable
visible emission confirm epitaxial growth and good crystalline quality.
Consequently, crystal structure and characterization of ZnO nanorods are basically

related to the type of the substrates used.
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4.1.2 ZnO Nanowires on GaN Buffer Layers

In this section, we report that vertical arrays of well-aligned ZnO nanowires were
epitaxially fabricated on the GaN-buffered sapphire substrate by employing
catalyst-free metal vapor deposition. We will discuss the interesting optical features
of phonon quantum confinement and efficient UV emission in the use of Raman and
photoluminescence (PL) spectroscopy. We also confirm a very small strain in the

arrays of single crystal ZnO nanowires by transmission electron microscopy (TEM)

and high resolution X-ray diffraction (HRXRD).
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Figure 4-11. SEM images of vertically well-aligned ZnO nanowires grown on GaN-buffered
sapphire substrate. (a, b) Large-scale and magnified SEM micrographs shows the uniformly
80—-100 nm in diameter of ZnO nanowires and (c) cross-sectional image shows the length

about 3.0 um.
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The general morphology of ZnO nanowires was obtained using field emission
scanning electron microscopy (FESEM). As shown in Figure 4-11, vertically
well-aligned arrays of ZnO nanowires with high density (~10" cm?) were uniformly
grown over the entire substrate. The length and diameter of the nanowires were
controlled in the range between (2.8-3.0) um and (80-100) nm, respectively. The
EDS analyses showed that the nanowires are composed of Zn and O, while the
element of Ga was also detected on the substrate. Further structural characterization
of the ZnO nanowires was performed with TEM. Figure 4-12(a) displays the TEM
image of a nanowire scratched from the substrate, and its selected area electron
diffraction (SAED) pattern reveals the single-crystal wurtzite structure of the ZnO
nanowire. From the high-resolution TEM (HRTEM) image, we determined the
lattice spacing to be 0.52 nm. that corresponds to the d-spacing of (0002) crystal
planes. The inset in Figure 4-12(b) displays the fast Fourier transform of the HRTEM
image that confirms the ZnO nanowires-are preferentially oriented in the c-axis
direction.

Figure 4-13 shows the 6-20 X-ray diffraction patterns. Only the {0001}
reflection family of ZnO, GaN, and the sapphire substrate appear in the wide-angle
XRD profile of Figure 4-13(a). Statistical evidence indicates that the epitaxial
relationship between ZnO and GaN with the sapphire substrate would be [0001]z,0 //
[0001]gan // [0001]g-a03 along the normal of the substrate, and [lOiO]Zno //
[IOiO]GaN // [1150](1_,“203 along the in-plane direction. More evidence of epitaxial
growth was confirmed using the XRD phi-scan analysis, described in the previous
report [3]. Meanwhile, the measurement of XRD #-rocking curve was also performed
to investigate the degree of alignment to the normal of the surface, as indicated in the

inset of Figure 4-13(a). It depicts that the 0-rocking curve of ZnO(0004) has a full
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Figure 4-12. (a) TEM image of wurtzite structure ZnO nanowire and the corresponding
electron diffraction pattern (inset). (b) HRTEM image with inset of its corresponding FFT

pattern.
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Figure 4-13. (a) §-26 XRD profile of ZnO nanowires on epi-GaN(001)/a-Al,O3(001). The
inset depicts the f-rocking curves of ZnO(004) and GaN(004), respectively. (b) HRXRD
shows the (004) reflection of ZnO nanowires slightly shift from that of the strain-free ZnO

powder (dash line).
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width at half-maximum (fwhm) of 0.4°. The fwhm of ZnO nanowires grown on
GaN-buffered c-plane sapphire was smaller than those directly grown on the c-plane
sapphire without the buffer layer [4]. The narrow fwhm of the ZnO(0004) diffraction
peak implies that the c-axes of nanowires are well oriented along the normal of the
substrate surface but it is still 5 times larger than the (0004) peak of GaN buffer layer
because of the tilt mosaic effects on ZnO nanowires. Since the similar mosaic
structure can be easily observed for the epi-GaN layers [5], the quality of the ZnO
nanowires grown on epi-GaN is basically limited by the quality of epi-GaN used as
the buffer layer or even worse. The HRXRD pattern shown in Figure 4-13(b)
demonstrates the strongly reflected GaN(0004) diffraction peak and the relatively
weak ZnO(0004) peak, separately. However, it should be mentioned that the position
of ZnO(0004) peak at 72.541 % cotresponds to ¢ = 5.208A, which slightly differs from
that of the strain-free ZnO powder [6] with ¢ = 5.206A. The wurzite ZnO crystal
would be elongated along the¢-axis under a tensile strain in c-plane.

To further explore the strainin ZnO nanowires, reciprocal space mapping (RSM)
was carried out to determine a and c lattice parameters of ZnO nanowires. Figure
4-14 shows the RSM of the asymmetric (205 4) reflection of the arrays of ZnO
nanowires and the epi-GaN buffer layer. The reflection of the underlying GaN
template has always been used as a reference and therefore the points in reciprocal
space are given by / and k in units of the reciprocal vectors of GaN, [0001]g,.N, and
[IOiO]GaN, respectively. For the wurtzite materials such as GaN and ZnO, the
magnitudes of these vectors are |[0001]| = (2n/c) and |[1010]| = (4n/ NE) a), which
unambiguously determine the correlation between the values of / and k and the lattice
constants ¢ and a in real space, respectively. Because the GaN buffer layer has cgan

=5.192 A and ag.n=3.188 A, which is also strained by the sapphire substrate, the
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Figure 4-14. Reciprocal space map of asymmetric (205 4) diffraction spots of a ZnO

nanowires and epi-GaN buffer layer. The intensities areplotted logarithmically.

lattice constants of ZnO nanowires in the arrays can be estimated to be cz,0= 5.208 A
and az,0=3.248 A by use of the relationships: [*|[0001]can|=(27)/(czn0/4) and
h*|[1010]GaN|=(4n)/(\/§ azno/2). The lattice constants slightly differ from those of
the strain-free ZnO powder, which has ¢,=5.2066A and a,=3.2498A; thus, the strains:
&= &cc = (c-Co)lco > 0 and &y = &40 = (a-a,)/a, < 0, indicate a biaxial compressive
strain in the a-plane, and an uniaxial tensile strain along the c-axis. Since the
thermal expansion coefficient of ZnO (6.51x10%K) is a little distinct from that of
GaN (5.59x10/K) [7] and the reaction occurs at the low temperature of 550 °C, it is

expected that the strain comes from the nature lattice misfit between ZnO and GaN.
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The residual in-plane biaxial stress can be obtained via the equation [8]

o =-453.6x10"¢_ . (1)

It can thus be calculated that the arrays of ZnO nanowires have a compressive stress
of -121.9 MPa when using the strain value ¢,,= 0.0269 %, which is quite smaller than
that of ZnO nanowires grown on other substrates [9].

The UV Raman scattering was performed to investigate the vibrational properties
of the ZnO arrays of ZnO nanowires at room temperature. Since the wurtzite structure
of ZnO and GaN belongs to the space group C,, (P6smc), one primitive cell includes
two formula units, with all of the atoms occupying 2b sites of symmetry C;,. Group
theory predicts the existence of the following optic modes: A; + 2B; + E; + 2E> at the
I" point of the Brillouin zone; B,(low).and B,(high) modes are normally silent; 4,, £/,
and £, modes are Raman active; and-4; and E; are also infrared active. Thus, 4; and
E; are split into longitudinal (LO) and transverse (TO) optical components. Figure
4-15(a) shows a normal Raman spectrum of the ZnO nanowires which was taken with
an accumulation time of 300 s from'a.l pm” spot$ize excited by a frequency-doubled
Yb:YAG laser (4 =515 nm). As we can see, the remarkable £,(high) mode of ZnO
is located at 437 cm’'; the weak and almost invisible signal around 580 cm™ is
contributed to the 4;(LO) and E;(LO); and the E£;(TO), E>(high), and 4;(LO) modes
that belong to the epi-GaN buffer layer were also observed at 559 cm™, 569 cm™ and
737 cm’, respectively, because of the penetration of 515-nm laser light. In the
backscattering geometry, the £;(LO) mode is theoretically forbidden according to the
Raman selection rules, however, it can be still visible if the incident direction of the
excited light beam with respect to the crystal axes is not well-defined in the use of the
focusing lens for micro-Raman measurement, and thus mixed modes may be observed.

Furthermore, the bending and the tilting of ZnO nanowires may probably cause the
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Figure 4-15. (a) Conventional Raman spectrum of ZnO nanowires on GaN buffer layer at
room temperature using a frequency-doubled Yb:YAG laser (A = 515 nm). (b) Resonant
Raman scatterings (RRS) of ZnO nanowires on GaN buffer layer using a He—Cd laser (1 =
325 nm). The nLO refers to the nth longitudinal optical phonon.
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appearance of the £,(LO) mode.

For the advanced study, we used a He—Cd laser (A= 325 nm) as the excitation
source. In resonant Raman scattering (RRS), the exciting photon energy is resonant
with the electronic interband transition energy of the wurtzite ZnO. The polar
symmetry makes the 4;(LO) and E;(LO) modes the dominant modes and it may
exhibit different frequencies from the transverse-optic (TO) modes. An intense
multi-phonon scattering was observed in the resonant Raman spectrum of Figure
4-15(b), where four major bands were observed, centered at 577, 1154, 1729, and
2300 cm”', with bandwidths of 28 cm™, 49, 58, and 62 cm’, respectively, which
mainly result from the polar symmetry modes A4;(LO) and E;(LO) and their overtones.
The first order Raman mode at 577 ¢m'" is a superposition of the 4,(LO) mode at 574
cm™ and the E,(LO) mode at 583 cm"in which Zn atoms and O atoms have the same
vibration direction, respectively to the neighbor lattices of the wurtzite ZnO [10].
The weak peak, around 437 em’', which-is-contributed to the E>(high) mode around
437 ecm’, is almost imperceptibleas a result of other (overlapping/stronger) RRS
peaks. The absence of the TO modes could be attributed to the special angle
between the wave vector of photons and the c-axis of the wurzite ZnO crystals in the
near backscattering geometry employed in our measurement.

Multiphonon scattering processes have also been previously reported for single
crystalline bulk ZnO [11], and recently for ZnO films [12], ZnO-opal structures [13]
and ZnO nanowires grown on m-sapphire [14]. The line widths of multiphonon
scatterings cannot be explained by the equation [10] o (nLO) = 9n (cm™). The
observed broadening of phonon line width is attributed to the phonon quantum
confinement in ZnO nanowires. A similar broadening effect has also been observed

in ZnO nanoparticles [15] and in ZnO nanowires [14], which were grown on an
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m-sapphire substrate. Careful analysis of the resonant Raman spectrum was performed
by the peak fitting, as shown in Figure 4-16. The luminescence baseline was first
removed and double Lorentzian profiles were chosen to fit the individual peaks of
A;(nLO) and E;(nLO). The results of curve fitting give the multiphonon scattering
of A;(nLO) located at 571, 1139, 1713, and 2282 cm’, with the multiphonon
scattering of E,(nLO) located at 581, 1156, 1737, and 2313 cm™. The intensity ratio
of 4;(nLO)/E;(nLO) was obviously increased for the higher order phonon scattering.
Because the atoms in the E£; mode displace along the a-axis, they could be easily
restrained with the degrees of freedom defined by the cross section of ZnO nanowires.
On the contrary, the 4; mode is less affected by shrinking the diameter of ZnO wires
beacuse of its vibration along the c-axis.—Accordingly, the intensity ratio of 4,/E;
increases as the order of phonon scattering is increased. It is again further evidence

of the phonon quantum confinement in ZnO nanowires.
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Figure 4-16. Fitting profile of RRS spectrum and its decomposition. The scatter lines
represents the recorded nLO RRS, and the solid lines are its decomposition which indicate

A;(nLO) and E;(nLO), respectively.
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Figure 4-17(a) shows a typical PL spectrum taken at room temperature, which
consists of a strong UV peak at 3.26 eV and relatively no other visible emission.
The UV band was attributed to the exciton-related emission near the band-edge,
usually be reported as the recombination of free excitons. The strong UV emission
with no visible band in the PL spectra indicates that the ZnO nanowires grown on
GaN have a good crystal quality with few nonstoichiometric defects. To investigate
the UV emission in more detail, Figure 4-17(b) shows the low-temperature
photoluminescence (LTPL) spectra measured at T = 10 K under various laser
intensities. The excitation intensities were set from 0.05 Wem™ to 12 Wem™.  The
bound exciton peak situated at 3.343 eV is predominant with its longitudinal (LO)
phonon replicas at the lower energy side.—In the inset of Figure 4-17(b), other than
this dominant peak that has been previously reported as the recombination of excitons
bound to neutral donors or“acceptors [16, 17], there is an additional weak feature
situated on the high-energy shoulder around-3.364 eV.  This higher energy emission
is attributed to the donor-bound exciton (D°X) which is usually observed in ZnO
single crystals [18], epitaxial layers [19] and other reports of 1-D ZnO rods and wires
[20, 21].

With an increase in excitation intensity we observed a remarkable increase in the
PL intensity, with neither a blue nor a red shift. The variation of the integrated
emission intensity versus the excitation laser intensity can be fitted to the simple
power law: [ oc L’ as shown in Figure 4-18, where [ is the PL intensity, L is the
excitation laser intensity, and y is a dimensionless exponent. The integrated intensity
of the PL band increases super linearly with the excitation intensity, with y = 1.039
and 1.015 for the 3.343 and 3.364 eV peaks, respectively. The exponent y generally

lies between 1 and 2 for the free- and bound-exciton emission, and is less than or
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Figure 4-17. (a) Room-temperature photoluminescence (PL) spectrum of ZnO nanowires on
GaN buffer layer. (b) PL spectra of ZnO nanowires as a function of excitation laser intensity

(from 0.05 Wem™ to 12 Wem™) at low temperature 7= 10K.
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equal to 1 for free-to-bound and donor—acceptor pair recombinations [22]. The
obtained values of y = 1.039 and 1.015 confirm our assignment that the observed UV
emission bands of ZnO nanowires are due to excitonic emissions.

In summary, high-density, vertically oriented arrays of ZnO nanowires were
successfully epitaxial grown on the GaN(0001)-buffered sapphire substrate without
any catalyst. FESEM micrographs demonstrate that the ZnO nanowires possess a
good crystalline structure with diameters of 80 nm to 100 nm and lengths of several
micrometers. TEM micrograph and HRXRD spectra demonstrate that the arrays of
ZnO nanowires are well aligned along the c-axis and suffer a small biaxial
compressive stress of 121.9 MPa. The resonant Raman spectra show good crystal

quality and reveal phonon modes that are affected by the size confinement of the ZnO
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nanowire.  Room-temperature and low-temperature photoluminescence exhibit
almost no nonstoichiometric defects in the crystallite. The exciton-related
recombinations near the band edge dominate the UV emissions at room temperature

as well as at low temperature (7 = 10 K).

4.2 7ZnO Nanostructures from Solvothermal Method
4.2.1 ZnO Nanowires on FTO

The process of the growth of the ZnO nanowires is similar to Law et al. [23] as
described in chapter 3.3. Arrays of ZnO nanowires were synthesized on FTO
substrates. that were first cleaned thoroughly by acetone/ethanol sonication and then
coated with a thin film of ZnO quantum dots, 3-4 nm in diameter, by dip-coating in a
0.005M Zn(OAc); concentrated ethanol solution. The-arrays of ZnO nanowires were
synthesized on seeded fluorine doped tin oxide (FTO) substrates by immersing the
seeded substrates in aqueous solutions containing-0.06 M zinc nitrate hydrate, 0.06 M
hexamethylenetetramine (HMTA), and 7.5 mM.polyethylenimine (PEI) at 95 °C for
2.5 hours to 7.5 hours. Figure 4-19 shows the tilted-view SEM images of the ZnO
nanowires on FTO layers and AZO layers (alumina doped ZnO, 50~200 Q per square,
preliminary sample from MCL/ ITRI ), respectively. It seems that the aspect ratio
(length against diameter) of nanowies can be increased when using PEI The lengths
of nanowies are also prolonged while increase the growth times. Furthermore, the
ZnO nanostructures with different morphology can be observed while using various
substrates. The density and diameter of ZnO nanowires seems to be influenced while
using AZO substrates. By sputtering technique, we presumed that the grain size of
thick AZO films (200~300 nm) is bigger than dip-coating method, which caused the

increase the nanowires diameter and the good orientation as well. However, the
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Figure 4-19. The SEM images of the ZnO nanowires and nanorods with different growth

conditions (a ) FTO substrate, without PEI, grown 2.5 hrs,(b ) FTO substrate, with PEI, grown
2.5 hrs, (¢) FTO substrate, with PEI, grown 7.5 hrs, (d) AZO substrate, with PEI and grown
7.5 hrs.

fluctuation of diameter for ZnO nanowire is huge while using AZO substrates, which
could be related to the uniformity of AZO under layers. The detail growth mechanism
will be studied elsewhere in the further investigation. We focus on the growth of ZnO

nanowires on FTO substrates in this present section.
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4.2.2 Branched ZnO Nanowires

Beyond the ZnO nanowires, we also try to fabricate branched ZnO nanowires
from solvothermal method. First, the arrays of ZnO nanowires were synthesized on
seeded fluorine doped tin oxide (FTO) substrates by immersing the seeded substrates
in aqueous solutions containing 0.08 M zinc nitrate hydrate, 0.08 M HTMA, and 12
mM PEI at 95 °C for 10 hours. Second, the ZnO nanowires substrate obtained from
the first step were re-coated with seed layers of ZnO nanoparticles by dip-coating in a
0.005 M Zn(OAc), in ethanol. Then the branched nanowires were grown by
immersing the seeded ZnO nanowires in aqueous solutions containing 0.02 M zinc
nitrate hydrate, 0.02 M HMTA and 3 mM PEI at 95 °C for 5 hours. The branched ZnO
nanowires were finally rinsed with deionized water and baked in air at 450 °C for 30
minutes to remove any residual organics.

The formation mechanism of the branched ZnO nanowires is illustrated in Fig.
4-20(a) and its corresponding FESEM images Fig. 4-20(b)-(d). Figure 4-20(b) shows
the bare ZnO nanowires with. slight vertical off-alignment were grown
perpendicularly on the FTO substrate using a solvothermal method. Through the
pre-coating process on the ZnO nanowires, little crystalline nanopaticles with
diameter 10-20 nm were formed on the backbone nanowires, as shown in Fig. 4-20(c¢).
After the second growth step, radial secondary ZnO branches emanated from the
seeds, as shown in Fig. 4-20(d). Figure 4-21 presents the large-scale and magnified
FESEM micrographs of branched ZnO arrays. The branched ZnO nanostructures were
fabricated over the entire substrate with a density of backbone nanowire about 7x10°
cm™. The backbone nanowires have length and diameter in the range of 7-8 um and
150-250 nm, respectively, whereas the secondary branches have length and diameter

ranging from 100-300nm and 20-50nm, respectively. The branched ZnO nanowires
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Figure 4-20. (a) The schematic growth procedure from the original ZnO nanowires to the
branched ZnO nanowires. (b) Before and-(c) After re-coating a seed layer of the original ZnO
nanowires obtained from a solvethermal method. (d) The branched ZnO nanowires after

second growth. Scale bar, 1 um.

can be fabricated by the infiltration of moderate concentrated Zn(OAc); solution into
interstitial voids between backbone ZnO nanowires. However, the secondary
branches were not produced on the surface of each ZnO backbone. The lack of
uniformity of secondary branches can be interpreted as the results of rough
dip-coating processes that cause non-uniform infiltration and finally lead to randomly
disturbed seed layers upon the backbone ZnO nanowires. Moreover, in some
conditions, the seed layers hardly infiltrate into the deep side-wall of original ZnO
nanowires during the immersion but left as coverage upon the ZnO nanowires ,as
shown in Fig. 4-21. Those failed conditions would mostly occur when using more
concentrated Zn(OAc), solution and also when the substrates were heated during

dip-coating. The fast crystallization would lead the aggregation of ZnO seed layers
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Figure 4-21. (a) Low- and (b) High-magnification FESEM images of the branched ZnO

nanowires after second growth. Scale bar, 1 um.
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Figure 4-22. The cross section FESEM images of (a) successful branched ZnO nanowires and

(b) failed branched ZnO nanowires. ZnO nanowires were all synthesized on seeded fluorine

doped tin oxide substrates. Scale bar, 1 pm.

and consequently blocked the infiltration of subsequent aqueous solutions.

Further structural characterizations of ~the branched ZnO nanowires were
performed with TEM. Unlike the other reports of comblike ZnO nanostructures
which demonstrated the monolithically single-crystalline relationship between the
branches and backbone nanowires [24,25], in the present mechanism, the secondary
ZnO branches were fabricated merely on the ZnO seeds regardless of the coordinate
crystal relationship. Figure 4-23(a) displays the secondary ZnO branches which
were grown on the side walls of nanowires backbone with different radial angles.
The evidence confirmed the secondary ZnO branches were not the derivatives of ZnO
nanowires but definitely originated from the small crystallite ZnO seeds via our
pre-coating process. The magnified intersection area of ZnO branch and nanowire
was shown in Fig. 4-23(b). Figure 4-23(c) and (d) show the corresponding nano-beam
diffraction (NBD) of the secondary ZnO branch and select-area electron diffraction
(SAED) of the ZnO nanowire backbone, respectively. The diffraction patterns
confirmed the each ZnO nanostructure was preferentially oriented in the c-axis
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Fligure 4-23. (a) TEM image of a single branched ZnO nanowire. (b) The magnified
intersection area of ZnO branch and nanowire. (¢ and d) The corresponding nano-beam
diffraction (NBD) and select-area electron diffraction (SAED) for the secondary ZnO branch

and the ZnO nanowire backbone, respectively:

direction with the single-crystal wurtzite structure even though the two components of
ZnO nanostructures were not fabricated simultaneously.

Figure 4-24(a) shows the #-260 X-ray diffraction patterns of ZnO nanostructures,
which corresponds to the presence of hexagonal wurzite crystallites with cell
constants of a = 3.251 A and ¢ = 5.208 A. The strong {0001} diffraction family of
ZnO indicates that the nanowires are moderately oriented in the c-axis direction. No
excess peaks were detected, which indicates that all the precursors have been
completely decomposed. Figure 4-24(b) shows a Raman spectrum of the branched
ZnO nanowires which was taken with an accumulation time of 120 s from a 5 pm’
spot size excited by a frequency-doubled Yb:YAG laser (4 =515 nm). As we can
see, the remarkable E(low) and E>(high) mode of ZnO are located at 98 cm™ and 438
cm’™, respectively. The peak at 332 cm™' can be assigned to the second order Raman
scattering arising from zone-boundary phonons 2-E>(M) of ZnO. The weak and
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Figure 4-24. (a) 6-20 XRD profiles of A: The branched ZnO nanowires, B: The bare ZnO
nanowires on the FTO substrate, and C: FTO substrate only. (b) Raman spectra of the

branched ZnO nanowires, using a frequency-doubled Yb:YAG laser (A= 515 nm).
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almost invisible signal around 581 cm™ is contributed to the superimposition of
A;(LO) and E;(LO). No substrate signals appeared because of the penetration
limitation of 515-nm laser light. The good crystalline quality of ZnO nanostructures
confirmed above ensure that the photoelectrode can offer good electronic conductivity

and avoid the electron trapping within the structural defects.

4.3 Summary

In summary, vertically well-aligned ZnO nanorods were synthesized without
employing any metal catalysts on glass, Si (111), 6H-SiC (0001) and sapphire (0001),
but were pre-coated with c-oriented ZnO buffer layers. The in-plane alignments of
ZnO nanorods depend on the crystallographic alignment of pre-coed ZnO buffer layer.
Similarly, the photoluminescence of ZnO nanorods are basically related to the type of
the substrates used.

High-density, vertically oriented arrays of ZnO nanowires were also successfully
epitaxial grown on the GaN(0001)-buffered sapphire substrate. We demonstrated that
the arrays of ZnO nanowires are well aligned along the c-axis and suffer a small
biaxial compressive stress of 121.9 MPa. The resonant Raman spectra show good
crystal quality and reveal phonon modes that are affected by the size confinement of
the ZnO nanowire. The exciton-related recombinations near the band edge dominate
the UV emissions at room temperature as well as at low temperature.

Furthermore, a low-temperature synthesis for further application requirements,
the solvothermal method was utilized to fabricate the ZnO nanowires and branched
nanowires on FTO substrates. The concept of these one-dimensional branched
nanostructures could simultaneously afford a direct conduction pathway and achieve

higher surface area to significantly enhance the application potentials.
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Chapter 5 Growth and Structural Properties
for 0-D ZnO Nanostructures

5.1 Secondary ZnO Nanoparticles

In this section, we show the growth of high-quality ZnO NPs via a simple sol-gel
method. The secondary ZnO NPs are formed by the aggregation of primary single
crystallites. The primary crystallites have an interesting self-organized behavior, and
then compose the texture-like polycrystalline secondary ZnO NPs. In addition, it is
also found that the enhancement of resonant Raman scattering (RRS) of the ZnO NPs,
and the coupling between the lowest electronic excited state and longitudinal optical

(LO) phonon modes, diminishes when compared with post-annealed ZnO NPs.

5.1.1 Fabrication and Structural Properties of ZnO Nanoparticles
Secondary ZnO aanoparticles were synthesized via sol-gel method as a detailed
mention in chapter 3.3. The SEM photographs-shown in Fig. 5-1 are the products
synthesized in various aging time using 10ml of primary supernatant. ZnO was
agglomerated from the beginning as white seeds shown in Fig. 5-1(a). The zinc
complexes links as networks initially [see Fig. 5-1(b)] and condensed isotropic to
finally form hierarchical packing of colloidal particles as Fig. 5-1(c). The
unidirectional aggregate phenomenon and formation mechanism were presented by
Serna et al. in other metal oxide colloidal systems [1]. The monodispersed spherical
ZnO colloids with an average particle size of ca. 185nm were obtained after at least
one hour aging. Careful analysis of the micrographs determines that the spheres
formed are monodispersive within 5 to 10%. The EDS spectra of the products with

different aging time in Fig. 5-2 reveal that they contain Zn, O and C. The carbon

99



—

200nm RIS

Figure 5-1. Large and local scale of scanning electron micrographs of various aging time
products synthesized using 10ml of primary supernatant. The aging times are (a) 15mins. (b)

30mins. (c) 60mins., respectively.
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proportion decreases as the aging time increases. This means that it is necessary for
the products to have enough aging time to remove ethanoate ion.

Shown in parts a—d of Fig. 5-3 are typical TEM micrographs of the ZnO NPs.
The mean-particle size is estimated to be ca. 185 nm and the shape is essentially
spherical. Hierarchical packing of the secondary ZnO NPs are formed in the
condensation reactions of the sol-gel process, and the spherical shape of the ZnO NPs
is recognized with agglomeration of many primary single crystallites (also called
subcrystals) ranging from 6 to 12nm. In particular, it should be noted here that when
we carry out the selected area electron diffraction (SAED) for several secondary ZnO
NPs, the pattern reveals the poly-crystal wurtzite structure of the ZnO, as indicated in
the inset of Figure 5-3(a). On the_contrary, the pattern reveals the single crystal like
diffraction, as shown in the inset of Figure 5-3(b), when we restrict the SAED area
within only one ZnO NPs:~ Obviously, the secondary' ZnO NPs are polycrystals
consisting of much smaller subcrystals of the-same crystal orientation. More evidence
can be demonstrated in the" high-resolution” TEM (HRTEM) image and its
corresponding fast Fourier transform image in Figure 5-3(c). In most cases, the Van
der Waals interactions between the surface molecules of the nanocrystallites form the
driving force for selfassembly, and then colloidal nanocrystals can be assembled to
form solids. If the size distribution of the nanocrystals is sufficiently small, ordered
arrays (also called superlattices), quantum dot solids, or artificial solids are formed by
self-assembly [2, 3]. Accordingly, the growth of the secondary ZnO NPs mentioned
above must proceed in basically the same fashion, and the individual subcrystals of a
particle are the subunits of a secondary ZnO NP, with some discontinuity between the
subunits. Similar self-assembly structures also were reported in the a-Fe,Os particles

by Sugimoto et al. [4, 5]. The cause of the discontinuity on the internal structure has
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Figure 5-3. TEM images of secondary ZnO NPs recognized of crystalline subcrystals. (a) A
typical low-magnification TEM image and SAED pattern of several uniform ZnO NPs. (b)
High-magnification TEM image of one individual ZnO NP and its corresponding
single-crystal like SAED spots. (c) and (d) High-resolution TEM images of central area and
boundary part of one individual ZnO NP, respectively.

been explained in terms of blocked fusion among the surface grains by the strong
adsorption of ions used in the reaction process [6-8]. However, there is no existence
of other available ions during the whole process in this present work. Presumably due

to the block of DEG, the solvent may behave as a microemulsion system causing the
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Figure 5-4. SEM micrographs of (a) as-grown,(b) 350°C annealing for 1hour, and (c¢) 500°C

annealing for lhour secondary ZnO NPs, respectively.

individual ZnO subcrystals that grew up separately and finally assembled to form
secondary NPs under the driven force of Van der Waals interaction. The subcrystals
are perfect crystalline and exhibiting facets; the evidence was depicted in the HRTEM
image from the edge of ZnO NPs as shown in Figure 5-3(d). Consequently, the
subcrystals self-assembled slowly via sintering, and belong to the same definite
orientation with the adjacent ones.

Figure 5-4 displays the SEM images of as-grown ZnO NPs and the samples after
post-annealing at 350°C and 500°C in air ambient for one hour, respectively. The
evolutions of morphology in ZnO NPs show the subcrystals significantly fused with

the neighbor crystals during the heating process. The grain growth also is investigated
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from the XRD profiles (not shown here), as the crystalline sizes were estimated to be
approximately 9nm, 14nm, and 20nm for as-grown, 350°C-annealed and

500°C-annealed samples, respectively, by using the Scherrer formula.

5.1.2 Raman Scattering of ZnO Nanoparticles

The UV Raman scattering was performed at room temperature to investigate the
vibrational properties of the secondary ZnO NPs before and after being heat-treated.
Since the wurtzite structure of ZnO belongs to the space group C, (P6;mc), one
primitive cell includes two formula units, with all of the atoms occupying 2b sites of
symmetry C;,. Figure 5-5 shows a normal Raman spectra by a frequency-doubled
Yb:YAG laser (A = 515 nm). As we can see, the remarkable featureat 520 cm ' is
due to the TO phonon mode ‘fromthe Si substrate. ~The peak at 331 cm™' can be
assigned to the second order-Raman scattering arising from zone-boundary phonons
2-E;(M) of ZnO, while the-peak ‘at 437 em-'-corresponds to E(high). Another
broadened peak around 580 cm™ s contributed to the superimposition of 4;(LO) and
E;(LO). We found there is no significant change of Raman spectra for the
350°C-annealed and 500°C-annealed samples. After thermal annealing over 350°C,
the intense FE>(high) peak means good crystallinity, and the full width at
half-maximum (FWHM) decreases (from 14 to 11 cm™) as the crystal size increases
which is consistent with the XRD results. Whereas, the observance of 4,(LO) and
E(LO) modes are associated with existence of some nonstoichiometric defects, such
as oxygen vacancy, interstitial zinc, or their complexes [9-11] in the secondary ZnO
NPs after heating treatment.

In previous resonant Raman scattering (RRS) experiments, in principle the

electron phonon interaction could be straightly probed. A He-Cd laser ( = 325 nm)
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Figure 5-5. Normal Raman spectra of (a) as-grown, (b) 350°C annealing for 1hour, and (c)
500°C annealing for 1hour secondary ZnO NPs, using a frequency-doubled Yb:YAG laser ( =
515 nm).

was used as the excitation source for RRS. The exciting photon energy is resonant
with the electronic interband transition energy of the wurtzite ZnO. The polar
symmetry makes the 4;,(LO) and E;(LO) modes the dominant modes, and it may
exhibit different frequencies from the TO modes. An intense multi-phonon scattering
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of the secondary ZnO NPs before and after heat treatment was observed in the
resonant Raman spectrum of Figure 5-6, where four major bands were observed to
mainly result from the polar symmetry modes 4,(LO) and £;(LO) and their overtones.
The first order Raman mode is a superposition of the LO phonon mode in which Zn
atoms and O atoms have the same vibration direction, respectively, to the neighbor
lattices of the wurtzite ZnO [12]. The weak peak, which is contributed to the E,(high)
mode around 437 cm’', is almost imperceptible as a result of other stronger RRS
peaks. Multiphonon scattering processes also have been previously reported for single
crystalline bulk ZnO [13], and recently for ZnO films [14], ZnO-opal structures [15]
and ZnO nanowires [16, 17] but rarely mentioned for ZnO NPs. From the RRS
spectra, it is remarkable that the intensities of the first order Raman mode and its
overtones are enhanced in the as-grown ZnO NPs compared with the post-annealed
samples. The reason can be-explained using the total Raman cross section for an

n-phonon process written as [18, 19]

o, =[of (@) f(R)dR , 1)
e il (afmmlo) [ ey,
o (@)= ,,;)Eomhww—hmihr\ P @

where u is the electronic dipole transition moment, E; is the size-dependent
energy of the electronic transition, @ and hw®,, are the energies of the incident
photon and the LO phonon, respectively, m denotes the intermediate vibrational
level in the excited state, and I" is the homogeneous linewidth, &, is Boltzmann’s

constant, 7 is the temperature, and the bracket indicates the overlap integral between
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Figure 5-6. Resonant Raman scatterings (RRS) of (a) as-grown, (b) 350°C annealing for
Thour, and (c) 500°C annealing for 1hour secondary ZnO NPs, using a He—Cd laser ( = 325

nm).

the ground and excited states wave functions. Consequently, RRS intensity can be
enhanced as a result of the energy of the incoming or the scattered photons, to match
real electronic states in the material and cause the denominator in the Raman
scattering cross section to tend to zero. Similar results have been previously reported
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for CdS and ZnO, using various laser wavelengths [20]. In our case, the band gap of
as-grown ZnO NPs would tend to approach the excitation laser energy because of the
quantum-confined effect as the subcrystal size is relative to the exciton radius. The
quantum-confined evidence can be seen as the intensive tail of the blue-shift
photoluminescence (PL) signal of the as-grown sample and also discovered in RRS
spectra rather than normal RS spectra, as a result of the redshift, broadening, and the
asymmetry of the first order optical phonon mode of the smaller ZnO NPs. It is well
known that phonon eigenstates in an ideal crystal are plane waves due to the infinite
correlation length; therefore the K = 0 momentum selection rule of the first order
Raman spectrum can be satisfied. When the crystalline is reduced to nanometer scale,
the momentum selection rule willebe relaxed. This allows the phonon with wave
vector |k| = ‘k‘ +27/L to participate-in the first-orderRaman scattering, where k is
the wave vector of the incident light and L is the size of the crystal. The phonon
scattering will not be limited to the center-of the Brillouin zone, and the phonon
dispersion near the zone center must.also be considered so that the shift, broadening,
and the asymmetry of the first order optical phonon can be observed. In recently
reported studies, Alim et al. [21, 22] have shown that the large redshifts in the
resonant Raman spectra from 20nm ZnO NPs are most likely due to the local heating
by UV laser excitation. In our study, since the as-grown secondary ZnO NPs contain
more air gaps than the annealed ones, the smaller thermal conductivity may become
one of the other possibilities which results in higher temperatures and larger phonon
redshift. The detailed numerical analysis of ZnO NPs of this experiment is
distinctively listed at Table 5-1 for clarity.

Furthermore, the ratio between second- and first-order Raman scattering cross

sections was found to increase remarkably from 0.38 to 2.05 with an increase of the
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TABLE 5-1. Wave number, broadening and the ratio of n-LO phonons found in RRS spectra.

The assignments of bulk ZnO are also listed as a reference.

as-grown?’ 350 °C 500 °C bulk®

grain size (nm) 9 14 20 =1000
1ILO (em™) 578 582 584 585
(fwhm) (27.2) (24.2) 23.9) (N/A)
2LO (em™) 1149 1154 1158 1165
(fwhm) (54.7) (49.3) (47.3) (N/A)
DIro/lito 0.38 0.59 1.07 2.05

* this work

®From ref 13, (used the same He-Cd laser, A =325 nm, as the excitation source for RRS)

ZnO crystallite size from nanoparticle to the bulk. Within the Franck-Condon
approximation, [23, 24] the coupling strength of the exciton transitions to the LO
phonon may be expressed in.terms/of Huang-Rhys parameter S. The cross section of
RRS was a function of particle. size, temperature, and excitation wavelength.
Scamarico et al. [25] suggested that keeping constant the resonance condition is
mandatory for a meaningful comparison of spectra associated with nanocrystals
having different sizes and hence different electron transitions, due to the strong energy
dependence of the Raman scattering cross section. In this study, we have carefully
used the same experimental conditions, such as laser wavelength, power, spot size,
and so on for each sample. We reported here with an emphasis on the tendency of the
increasing electron-phonon interaction with increasing nanocrystal size. It is
generally accepted that the electron phonon coupling is determined by two
mechanisms: the deformation potential and the Frohlich potential. Following Loudon

[26] and Kaminow [27], the TO Raman scattering cross section is mainly determined
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by the deformation potential that involves the short-range interaction between the
lattice displacement and the electrons. On the other hand, the LO Raman scattering
cross section includes contributions from both the Frohlich potential that involves the
long-range interaction generated by the macroscopic electric field associated with the
LO phonons, and the deformation potential. We found that the intensity of TO phonon
in ZnO NPs is almost insensitive, while that of LO phonon is greatly enhanced under
the resonant conditions. Therefore, we believe that the electron-LO-phonon coupling
as decreasing the nanocrystal size is mainly associated with the Frohlich interaction.
Although the complex origin is not well understood, the result in this study is
extremely consistent with recently reports in other low-dimensional ZnO

nano-systems, such as the ZnO nanewires [28] and ZnO based quantum wells [29].

5.1.3 Photoluminescence of ZnO Nanoparticles

Figure 5-7 shows the normalized room temperature PL spectra of the as-grown
and the heat-treated ZnO NPs, respectively. As.we can see, the UV emission peaks,
which were attributed to the exciton-related recombination, slightly shift their position
from 376 nm to 387 nm after heat treatment. The band gap enlargement happens to
the as-grown ZnO sample that results in enhancing the intensity of RRS, as mentioned
above. Then, the grain grows after the annealing process, resulting in the optical
property returning back to the bulk similarity. Besides, some various impurity
exciton complexes also probably cause the shifts of UV emission from ZnO NPs.
Fonoberov et al. [30, 31] have theoretically reported two possible sources of UV PL in
ZnO QDs, which have been considered as excitons confined in the quantum dot and
excitons bound to an ionized impurity located at the quantum-dot surface.

Compared with the bulk ZnO, the slightly blue shift of UV photoluminescence in our
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Figure 5-7. Normalized room-temperature PL spectra of the secondary ZnO NPs before and

after heat treatment, respectively:

as-grown ZnO NPs was due to the influence of size effect on energy level of confined
excitons. Moreover, the UV photoluminescence peaks of post-annealed ZnO samples
red-shifted from the general bulk free exciton energy (~3.31 eV at 298K) as far as
more than one hundred of milli electron volts. Therefore, we argue that the redshifts
may be caused by the presence of acceptors bound excitons if there are existing
numerous impurities at the surface of ZnO NPs after annealing at the high temperature.
So far, the opinions are in agreement with Ref 56, and the more accurate possibility of
UV transition indeed needs to be further confirmed. In addition, a broadening
visible band, from 500 nm to 700 nm, appears gradually when raising the heating

temperature. It is generally agreed that the visible emission is due to
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nonstoichiometric composition, and visible PL is most commonly green, though other
peaks such as, for example, yellow and orange emissions also can be observed which
come from oxygen vacancies (V,), [32] oxygen interstitials (O;) [33] and ionic
dopants [34]. In our room temperature PL spectra, the broad yellow emission at local
maximum position 600 nm was observed; such a deep level involved in the yellow
luminescence of ZnO is attributed to oxygen interstitials (O;). The origin is due to
oxygen diffusion of the ZnO NPs after annealing in the atmosphere, and also is
consistent with the previous study for ZnO samples sintered in moist air [35].
Furthermore, Greene et al. [36] have provided strong evidence of the disappearance of
the yellow emission in oxygen-deficient ZnO nanowires after reducing treatment.
Consequently, the yellow emission in-our present work is associated with oxygen

interstitials, beyond all doubt.

5.2 Size-controlled ZnO Quantum Dots

In this section, we demonstrate that the size-dependent PL and RRS of ZnO QDs
which are fabricated by a simple sol-gel method without placing any ligands. The
enlargement of free-exciton transition energy is responsible for the blueshift of
near-band-edge emission in ZnO QDs at room temperature. Moreover, the size
dependence of electron-phonon coupling, which can be addressed principally as a

result of the Frohlich interaction, is confirmed by resonant Raman spectra.

5.2.1 Fabrication and Structural Properties of ZnO Quantum Dots
The ZnO QDs were synthesized via a simple sol-gel method without placing any
ligands. The average size can be tailored by the concentration of precursor, zinc

acetate dihydrate (99.5% Zn(OAc),, Riedel-deHaen). A high speed centrifuge was
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used to separate the final colloids into the upper suspension and the white bottom
layer, which include the monodispersed single crystalline ZnO QDs and the secondary
ZnO clusters, respectively. In this present section, we considered only the
monodispersed ZnO QDs to avoid the intricately mutual interaction. Additional detail
of the synthesis can be found in chapter 3.3.

Figure 5-8 shows a TEM micrograph of the ZnO QDs formed using 0.06M zinc
precursor. The ZnO QDs are little aggregated but still appear to be sphere and
ellipsoid in shape. The mean-particle size is estimated to be ca. 4.2 nm. Figure 5-9
demonstrates the XRD profiles of the ZnO QDs prepared with various concentrations
of Zn(OAc),. The diffraction peaks and their relative intensities of spectra all coincide

with JCPDS card no. 36-1451, so that the observed patterns can be

Figure 5-8. TEM image of the ZnO QDs fabricated using 0.06M precursor with the inset of its
corresponding selected area electron diffraction (SAED) pattern. The scale bar has a length of

5 nm.
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Figure 5-9. XRD profiles of the ZnO QDs prepared with various concentration of Zn(OAc),.
The crystalline size can be approximately estimated to be 12, 7.4, 6.5, 5.3, 4.2 and 3.5nm,
repectively (top to bottom), for concentration 0.32, 0.16, 0.1, 0.08, 0.06 and 0.04 M.

unambiguously attributed to the presence of hexagonal wurzite crystallites with cell
constants of @ = 3.251 A and ¢ = 5.208 A. No excess peaks detected, which indicates
that all the precursors have been completely decomposed and no other complex
products were formed. It should be noted here that the full width at half maximum
(FWHM) of the diffraction peaks increase while decreasing the concentration of zinc
precursor duo to the size effect. Furthermore, the crystalline size can be estimated to

be 12, 7.4, 6.5, 5.3, 4.2 and 3.5nm, for concentration 0.32, 0.16, 0.1, 0.08, 0.06 and
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0.04 M., respectively, by using the Debye-Scherer formula. The statistical result is

consistent with the observation from TEM.

5.2.2 Band Gap Variation of ZnO Quantum Dots

Blue-shift of room-temperature ultraviolet (UV) emission was investigated in a
series of ZnO QDs with different average sizes, as shown in Fig. 5-10(a). The broad
shape of PL peaks is apparently due to the moderate size distribution of ZnO QDs.
The nature of the UV-PL from ZnO QDs itself is still a matter of controversy. [30]
Aforementioned Demangeot et al., [37] have reported that ligands coordinated at the
surface of the nanoparticles may induce some changes in ZnO bonds, leading to some
modifications of either their mechanical or dielectric properties. The UV-PL came
from surface-bound ionized “acceptor-exciton complexes revealed no significant
energy shift with varying size of ZnO NPs; furthermore, the weak bound emission
vanished at the measured temperature higher than 15K: In contrast, in the present
work, the relaxed state near the band. edge is attributed to free exciton emission with
high electronic density of states because no ligands were added during our synthesis
process and the intense UV emission still exhibited even at room temperature. The
UV emission shifts to the higher energy from 3.3 to 3.43 eV as the particle size
reduces from 12 to 3.5 nm. Moreover, the discernible broad green band (2.1-2.8 eV)
was observed only when the size of ZnO QDs is smaller than 4.2 nm as shown in Fig.
5-10(b), the surface-located complex emission reasonably be enhanced while the
surface volume of QDs were increased as decreasing the particle size. The relatively
weak visible emission indicated that the ZnO QDs contain less intrinsic defects at the
surface. Since the exciton Bohr radius, ap, of bulk ZnO is 2.34 nm, [38] the carrier

confinement in these ZnO QDs are in the moderate to strong confinement regimes.
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Figure 5-10. Room temperature PL spectra (a) and green emission (b) of ZnO QDs with
various sizes; and (c) PL spectra’of ZnO QDs (4.2 nm in diameter) as a function of excitation

laser intensity (from 1.1mW to 23mW), the exponent.y of power law / ~ L’ lies about 1.3.

The enlarged band gap from 3.41 to 3.60 eV as the ZnO QDs size reduces from 12 to
3.5 nm have been estimated by effective mass model in our previous work [39].
Although the energy differences come from the relaxed state of the exciton and its
binding energy but the parallel tendency consists with our assumption of quantum
confinement effect. To circumvent other probabilities, we operated the PL
measurements at different power. The unchanged energies of the UV emission peaks,
as shown in Fig. 5-10(c), exhibit no considerable local heating effect in ZnO QDs, and
the obtained exponent value about 1.3 of power law confirmed our assignment that

the observed UV emission bands are due to excitonic transition.
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The relationship between band gap and size of QD can be obtained using a
number of models [40-43]. Using the effective mass model for spherical particles with
a Coulomb interaction term [40], the band gap E(g [eV] can be approximately

written as:

. w1 1 1.8¢?
Eg;Eg”‘ +2—2(—+—)— ,
er™ m, m, 4ree,r

3)

where E"* is the bulk energy gap, r is the particle radius, m, is the effective mass of
the electrons, m;, is the effective mass of the holes, ¢ is the relative permittivity, ¢,
is the permittivity of free space, 7. 1S Planck's constant divided by 2z, and e is the
charge of the electron. The. polarization term included in this model is usually

negligible.

Figure 5-11 shows both the UV emission peaks, absorption onsets and the
dependence of the band gap enlargement on the ZnO QD diameter as calculated from
the effective mass model (Eq. 2) with E"*=3.35 eV, m~0.24 my, m;=0.45 my, and
&= 3.7, where my is the free electron mass [44]. Enlargement effects are expected to
be predominant when the QD size is less than 6 nm, meanwhile PL data and
absorption data of the same tendency indicates effective mass theories accurately,
which predict the size dependent energy gap. We note here that the absorption data
closely coincides with the curve calculated from the effective mass model. However,
the PL data is not fixed since it represents the emission from a relaxed state and the
exciton binding energy should be considered. We also observed a size-dependent
Stokes shift of the PL maximum relative to the absorption onset as shown in the inset

of Fig. 5-11. This Stokes shift increases as the particle size decreases and has been

117



0.24

Stokes Shift (meV)

6 8 10 12
Diameter (nm)

Eg* (eV)
w
i

Diameter (nm)

Figure 5-11. The dependence of the band gap enlargement versus the ZnO QDs diameter as
calculated from the effective mass model and the corresponding experimental data of PL peak
maximum () and the absorption onset (A) [39]. The inset shows the size-dependent Stokes

shift of various QD diameter.

observed in other II-VI and III-V QDs (e.g., InP, CdSe) and extrapolated
exponentially or hyperbolically [45]. Such a presentation was previously reported as
either size-dependent electron-phonon processes or size-dependent spin-orbit
exchange interaction, which may contribute to the Stokes shift. However, the origin of

the size-dependent Stokes shift in semiconductor QD systems remains unclear at

present [45, 46].
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5.2.3 Electron-Phonon Coupling of ZnO Quantum Dots

The electron phonon interaction could be straightly probed by the RRS when the
exciting photon energy is resonant with the electronic interband transition energy of
the wurtzite ZnO. The polar symmetry makes the 4;(LO) and E;(LO) modes the
dominant ones, while the nonpolar £, phonon is not visible. An intense multi-phonon
scattering of the ZnO QDs with various size was observed in the resonant Raman
spectra of Figure 5-12 with background (luminescence) subtracted, where three major
bands were observed to result mainly from the polar symmetry modes 4;(LO) and
E(LO) and their overtones. Multiphonon scattering processes have been previously
reported for 1D, 2D and 3D ZnO systems [13-17], in particular have recently been
reported intensely for 0D systems [22,.37].

It is remarkable that the“intensities of the first order Raman modes and their
overtones are enhanced while the size of ZnO QDs decreases. The reason can be
explained using the total Raman cross section for an n-phonon process as a result of
the energy of the incoming or the scattered photon matches real electronic states in the
material to enhance the Raman scattering cross section. The band gap of the present
ZnO QDs certainly tends to approach the excitation laser energy as decreasing its size
because of the quantum-confined effect mentioned above. Alim et al. [22] have shown
that the large redshifts in the RRS spectra from 20nm ZnO QDs are most likely due to
the local heating by UV laser excitation. In the present RRS spectra, the 1LO
frequencies were all located at ~575 cm™ (within £2 cm™ fluctuation) for the ZnO
QDs of different sizes. The heating effect coming from the inspection of
micro-Raman seems to be negligible, because we used the laser power of only 0.8
mW at the spot size about 100 pm?®.

Beyond the phonon frequency-shift, by observing the size dependence of
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Figure 5-12. Resonant Raman scatterings of ZnO QDs with various particle sizes measured at

room temperature using a He—Cd laser (A = 325 nm).

intensity ratio between the second- and the first-order LO Raman scattering, one can
evaluate the coupling strength of the electron-phonon interaction. Within the
Franck-Condon approximation [47], the electronic oscillation strength distribution

over nth phonon mode is defined as/ ~ S”e~® /n!, in which S is Huang-Rhys

120



3.5

3.0- p
2.5-
2.04

1.5

I2LO/IILO

1.0 R

0.5- =

0.0 v T v T v T v T v T v T v T
0 5 10 ..15,,.,.20 25 30 35

Diameter of ZnO crystal (nm)

Figure 5-13. Ratio between the second- and the first-order’ Raman scattering cross section as a
function of ZnO diameter. The experimental values of ZnO QDs in this section (squares)
compared with ZnO NPs of TABLE 5-1"(empty squares) and nanocrystalline ZnO thin films
of Ref. 14 (empty triangle). The dashed line joining the data points is just a guide for the eyes.

parameter, and also can be used to express the coupling strength of the electron to the
LO phonon. The ratio between the second- and the first-order Raman scattering
cross sections was found to increase remarkably from 0.4 to 3.1 while an increase of
the ZnO crystallite size from 3.5 nm to 33 nm, as shown in Fig. 5-13.

The electron phonon coupling is generally determined by two mechanisms: the
deformation potential and the Frohlich potential. On the one hand, following Loudon
[26] and Kaminow [27], the transverse optical (TO) Raman scattering cross section is

determined by the deformation potential that involves the short-range interaction
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between the lattice displacement and the electrons, and on the other, the LO Raman
scattering cross section includes contributions from both the deformation potential
and Frohlich potential that involves the long-range interaction generated by the
macroscopic electric field associated with the LO phonons. We found that under the
resonant conditions the intensity of TO phonon in ZnO QDs is almost insensitive,
while that of LO phonon is greatly enhanced. Therefore, we believe that the
electron-phonon coupling as decreasing the nanocrystal size is mainly associated with
the Frohlich interaction. Although the complex origin of coupling is not well
understood, the result in this study is extremely consistent with reports in other

low-dimensional ZnO nano-systems ** 2% %,

5.3 Summary

We have demonstrated the self-assembled secondary ZnO nanoparticles
recognized with the agglomeration of crystalline suberystals ranging from 6 to 12nm
synthesized by a sol-gel method: From TEM analyses, the artificial clusters behave
like a single-crystal structure, owing to the subcrystals coagulating as the same crystal
orientation with adjacent ones via the sintering process. The as-grown sample exhibits
phonon redshift in a resonant Raman scattering, compared with the samples after
post-annealing at 350°C and 500°C. Moreover, the electron-phonon coupling
parameter is unambiguously extracted from resonant Raman scattering, and an
interesting phenomenon of increasing electron-LO-phonon coupling is also be
discovered when the crystal size of ZnO enlarges after heating treatment. The
tendency of the size-dependent electron-phonon coupling in the 0-D ZnO particles is
similar to other 1-D and 2-D ZnO system:s.

For ZnO QDs, the enlarged free-exciton transition energy is responsible for the
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blueshift of near-band-edge PL spectra and gives significant evidence for the quantum
confinement effect. Moreover, an increasing electron-phonon coupling was also
discovered from RRS analysis while the diameter of ZnO crystal increases. The size
dependence of electron-phonon coupling is also principally as a result of the Frohlich

interaction.
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Chapter 6 Low-Dimensional ZnO
Nanostructures for Dye-Sensitized Solar Cells

6.1 Introduction of Dye-Sensitized Solar Cells (DSCs)
6.1.1 The History from Photography [1]

In 1839, Edmund Becquerel, a French experimental physicist of nineteen years
old, noticed the generation of an electric current while experimenting with a silver
coated platinum electrode placed in the electrolyte [2]. Almost at the same time when
Becquerel found the photovoltaic effect, Louis Daguerre made the first
“daguerreotype” photographic image onto a mirror-polished surface of silver bearing
a coating of silver halide particles, which is now considered as the beginning of
photography. The silver halides used in photography have band gaps ranging from 2.7
to 3.2 eV, and are therefore not photoactive for wavelengths longer than 460 nm,
lacking the sensitivity to the mid-visible spectral-and red light. An improvement was
made in 1873 by a German photochemist, Vogel, via the dye sensitization of silver
halide emulsions, leading to an extended photoresponse into the red and even infrared
regions and the first panchromatic film rendering a realistic black and white picture
[3]. In 1887, Moser intuitively observed the first case of dye-sensitized semiconductor
electrode when using the dye erythrosin on silver halide electrodes [4]. However, it
was not until 1960s that people clearly understood the operating mechanism is the
electron injection from a photo-excited state of the dye molecules into the conduction
band of the n-type semiconductor substrates, following the work of Namba and
Hishiki,[5] Tributsch and Gerischer et al. [6-8] on ZnO. Those prototype
dye-sensitized cells were characterized with poor dye anchorage (mostly physisorbed)

on semiconductor surface and low conversion efficiencies restricted by the limited,
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weak light absorption (in the order of 1 to 2%) of the dye monolayer on the planar
surface. Thicker dye layers increased the resistance of the system without adding to
the current generation [9], which disappointed Gerischer and led him not to “follow
the idea of constructing a photocell based on this effect”[10]. Incremental
improvements were then achieved both in the chemisorption of sensitizers,[11-13]
electrolyte redox chemistry and the judicious selection of photoelectrode materials.[10,
13-19] Most semiconductors such as CdS, CdSe, GaP and Si underwent serious
photocorrosion or even normal corrosion in the dark, thus a stable, wide band-gap
semiconductor, TiO,, became the material of choice, following the successful
demonstration of direct photolysis of water with TiO, [20, 21]. To solve the
absorption dilemma, the concept of using dispersed particles to provide a sufficient
interface emerged first,[22] then photoelectrodes with high surface roughness were
employed to generate multiple reflections at a rough surface, permitting the capture of
most of the incident light by a monolayer-of a dye with a high molar extinction
coefficient [23, 24].

All these improvements finally led to the announcement from O'Regan and
Gritzel in 1991 of the sensitized nanocrystalline photovoltaic device with a
conversion efficiency at that time of 7.1 -7.9 % under solar illumination and 12% in
diffuse daylight [25]. With the discovery of the N3 sensitizer and the later
panchromatic “black dye”, the power to electricity conversion efficiency was pushed
well over 10% [26, 27]. An interesting modification to this classic system was
replacing the electrolyte with a solid hole conductor, yielding an all-solid state
dye-sensitized device [28, 29]. Recent achievements of long-time stability under
accelerated experiments with non-volatile liquid and quasi-solid molten salt (ionic

liquid) electrolyte greatly promoted the practical application of this third generation
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photovoltaic technology and put it currently right at the start of commercialization

stage [30-33].

6.1.2 Base Principles of DSCs [1]

Conventional silicon and other inorganic semiconductor photovoltaic cells are
built on p-n junctions. Figure 6-1(a) depicts the energy band diagram of a p-n junction
after thermal equilibration of positive and negative charge carriers. Through the
concentration difference between the p and the n type semiconductor, holes move to
the n region and electrons to p region. The uncompensated charges induced by the
diffusion generate a built-in electric field at the junction and impair further
percolation of charge carriers since:the orientation of the electric field is opposite to
the direction of the carrier diffusion.-At equilibrium, no net charge diffusion occurs
and a depletion region is formed, which is also referred to as a space charge layer. In
the case of illumination as shown' in_Figure 6-1(b), absorption of photons with an
energy higher than a threshold, the band gap, results in generation of excitons which
interact via columbic forces. Considering that excitons will recombine after a certain
time with emission of photons or phonons (heat), therefore only those created in or
close to the space charge layer can be separated by the built-in electric field and
contribute to the photocurrent. Since both electrons and holes coexist in the same
chemical phase, these cells are called minority carriers devices and their efficiencies
are highly dependent on the ability of photogenerated minority carriers (for example,
electrons in a p-type material) to be collected out of devices before recombining with
the majority carriers (holes, in this case)[34].

On the contrary, with an electron-conducting phase (n-type semiconductor) and a

hole conducting phase (redox species or hole conductors) forming a “bulky”
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Figure 6-1. (a) Energy band diagram of a conventional p-n junction solar cell in the case of

short circuit condition; (b) Charge separation under illuminations. [1]

heterojunction, DSCs are majority carrier devices where electrons and holes are
separated in two chemical phases. Upon illumination, the surface anchored dyes are
sensitized to the exited state (S”) by light absorption. This mode of carrier generation
is also shared in organic, bulk heterojunction (BHJ) solar cells where a
light-absorbing organic polymer works as the sensitizer and a derivatized fullerene as
the electron accepter. These devices are classified by Gregg as “excitonic solar cells”,
referring to the generation of a molecular excited-state or Frenkel exciton (see
Chapter 2.2.2) as the first step of a photovoltaic event [35, 36]. In most other

“excitonic” solar cells, photogenerated excitons have to diffuse a few nm to the
interface before dissociating to an electron-hole pair. While in DSCs, the excitons are
generated right at the interface and they dissociate readily to create an electron-hole
pair, with electrons subsequently injected into the conduction band of the
semiconductor while the holes, at least initially, remain on the sensitizers. The dye
ground state (S°) is then regenerated by electron donation from the redox system to
the oxidized state of the sensitizer (S"). The recuperation of redox system is realized

by transporting holes to the counter electrode either in a diffusion or hopping
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Figure 6-2. Scheme of the operational principle of the DSCs.

mechanism (depending on the transporting mediator). The whole process is finally
completed by electron migration via the outer circuit and the device generates electric
power from light without penalty of any permanent chemical transformation [37].
These photophysical processes are schematically depicted in Fig. 6-2.

DSCs are photoelectrochemical devices where several electron transfer (ET)
processes are in parallel and in competition. Figure 6-3 shows the typical time
constants of processes involved in such a DSC device. The initial events of electron
injection and dye regeneration leading to photoinduced charge separation occur on a
femto- to nanosecond or microsecond time scale, [38] while the redox capture of the
electron by the oxidized relay and the electron migration across the nanocrystalline

film take place within milliseconds or even seconds. The square root of the product of
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Figure 6-3. Dynamics of different electron transfer processes in the conversion of light to
electric power by a DSC. The numbers in parentheses-are representative values for each

process. [1]

the diffusion coefficient (D,) and electron lifetime (z,) corresponds to the diffusion
length (L,) of the electron (L, =m ). If the latter is greater than the film
thickness, all of the photogenerated carriers will be collected. However, excitons
formed further away from the interface decay by relaxation processes (nonradiative
or radiative) before reaching the interface and do not contribute to the photocurrent.
Furthermore, the recombination or back reaction while electron trapped in the
semiconductor diminishes the photocurrent.
Following the above rationales, it is clear that photogeneration, separation and
recombination take place nearly exclusively at the high-surface area heterointerface in
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nanocrystalline DSCs. Thus the chemical stability and electron transport properties of

these interfaces are of critical importance to the conversion efficiency of the device.

6.1.3 ZnO Photoanodes for DSCs

For DSCs, a photoanode composed with the dye-sensitized nanocrystalline
semiconductors plays a significant role in converting photons into electricity. Light
harvesting, electron injection and collection, and unwanted electron recombination are
all correlated with the photoanode. So far, the most impressive DSCs are the ones
based on TiO, nanocrystalline particle films loaded with a Ruthenium (II) polypyridyl
complexes with the structure of RuLL'(NCS), (L, L' stand for polypyridine ligands),
such as N3 and N719 dyes [26, 39]: The work was first initiated by Prof. Gritzel, and
a remarkable breakthrough in-conversion efficiency (7.1-7.9%) was obtained [25].
From now on, the conversion cfficiency was continually improved, and a highest
overall conversion efficiency of 11.18% has been achieved using the purified N719
photosensitizer adsorbed on TiO, nanoporous films: in its monoprotonated state [40,
41]. Unfortunately, the record high conversion efficiency of DSCs (11.18%) plateaued
in an unchanged level over the following 5 years. Further increase in conversion
efficiency is restricted due to large energy loss from serious recombination between
electrons and either oxidized dye molecules or electron-accepting species in the
electrolyte during the charge-transport process [41-43]. Such a recombination is
related to the lack of a depletion layer on TiO, nanocrystallite surfaces [44], and
becomes relatively serious as the thickness of TiO, photoanode film increases. In
order to optimize the electron-transfer energetics and kinetics, more basic research is
needed to modify the natural components and the structural designs in the DSCs,

particularly in the semiconductor photoanode materials that bridge the dyes and the
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electron collecting anode. In this regard, the wide-band-gap semiconductor ZnO has
attracted much attention as a fascinating alternative to conventional TiO, photoanode
in DSCs. This is because ZnO and TiO; exhibit similar lowest conduction band edges
and electron injection process from the excited dyes. Additionally, the lifetime of
carriers in ZnO is significantly longer than that in TiO, [45]. More importantly, ZnO
has a higher electronic mobility which is favorable for electron transport in
comparison with TiO, [46]. Therefore, it is expected that reduced recombination
would be achieved when ZnO is used as photoanode in DSC due to rapid electron
transferring and conduction. Currently, increasing interest has been focused on
Zn0O-based DSCs, and many research groups all over the world have spent much
effort on optimizing the components of ZnO-based DSCs, such as the morphology of
photoanode, the categories of dye and electrolyte, and the selection of the catalyst on
counter electrode. Also, a large amount of studies on the performance parameters of
DSCs including open-circuit-photovoltage (V5¢), short-circuit photocurrent (/;.), and
fill factor (FF) have been performed intensively. Based on these extensive
investigations, at present, a highest conversion efficiency () of 6.58% has been
primitively achieved [47]. Many researchers exploring on ZnO-based DSCs expect
that there is still huge potential to improve the cell conversion efficiency by further
optimization in all aspects, especially the morphology of ZnO nanostructures. Due to
the ease of crystallization and anisotropic growth of ZnO material, it embodies a wide
variety of nanostructures, such as zero-dimensional (0-D) ZnO nanoparticles,
one-dimensional (1-D) nanowires/rods/tubes/fibers, 2-D nanosheets/belts/plates, and
3-D hierarchical architectures. All these nanostructures have been successfully applied
in ZnO-based DSCs. These ZnO nanostructures can be fabricated by various

techniques, including thermal evaporation, dc plasma reaction, chemical vapor
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deposition (CVD), molecular beam epitaxy (MBE), sputtering,template-assisted
method and solution-derived synthesis methods, and so forth. Considering that DSCs
will hold the balance in the future energy production and take up a considerable
market quotient in energy supply, ZnO nanostructured photoanodes should be
constructed by some facile, low-cost and scale-up methods. Recently, many

researchers have presented reviews on ZnO-based DSCs [48-50].

6.1.4 Research Motivation

ZnO is a versatile semiconductor having recently been reported as an alternative
for DSCs because ZnO offers a large direct band gap of 3.37 eV (similar to TiO;) and
very high electron mobility for «ts relatively »small electron effective mass as
compared to TiO, [51-53]. ZnO also-can be tailored tovarious nanostructures, such as
nanorods/nanowires [44, 54-57], nanotubes [58, 59], nanoflowers [60], nanosheets
[61-63], tetrapod-like nanopowders [64-66],-and polydispersive aggregates [67, 68].
ZnO nano-architectures can significantly enhance DSCs performance through offering
either a large surface area for dye adsorption or direct transport pathways for
photoexcited electrons.

Utilizing sensitized dye with a high absorption coefficient is another key issue to
improve the light harvesting of DSCs. Numerous metal-free organic dyes with high
absorption coefficients have recently been reported to act as good sensitizers for TiO,.
Ruthenium complex dyes are not suitable for environmental-friendly photovoltaic
devices that limit the potentially wide applications from the low cost and mass
production requirements. In particular, indoline dyes have been reported to show the
highest power conversion efficiency over 9.0% using volatile electrolytes [69, 70] and

efficiency 7.2% using nonvolatile ionic-liquid electrolytes [71] among organic dyes.
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The indoline dyes that exhibit remarkable performance as DSCs are relatively
inexpensive due to the simple preparation procedures [72, 73]. Recently, an indoline
dye (D149) has also been utilized in ZnO nanosheets [62] and tetrapod-like ZnO
nanopowders [65], and achieved the DSC performances of 4.2% and 4.9%,
respectively. Accordingly, a systematic study of the characterization in
indoline-sensitized ZnO DSCs are important for both the further dye molecular

engineering and are proposed for photovoltaic application points of view.

6.2 Experimental Procedures
6.2.1 Cell Fabrication

Preparation of DSCs from. ZnO Nanewires. The ZnO nanowires on FTO
were fabricated from a hydrothermal synthesis as mentioned in Chapter 3.2. The
arrays of ZnO nanowires were then rinsed with deionized water and baked in air at
450°C for 30 minutes to remove any- residual-organics. On the contrary, the VS
method seriously degraded the ‘electric conductivity of FTO owing to the relatively
raised synthesis temperature (the 700°C for ZnO buffer layers and 550°C for growth
of ZnO nanowires). Consequently, the small short-circuit current of DSCs from high
resistance of FTO leads poor performances (n < 0.2%).

Solar cells were prepared by immersing the ZnO nanowires on conductive glass
substrates into a solution of 0.5 mM
cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)-ruthenium(II)
bis-tetrabutylammonium (N719, Solaronix) in acetonitrile/zert-butanol (1:1) for 20
min, and the films were then rinsed with acetonitrile. The sensitized electrodes were
sandwiched together with thermally platinized FTO counter electrodes separated by

25-um-thick hot-melt spacers (Surlyn, Dupont). The internal space of the cell was
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filled with an electrolyte solution (0.1M Lil, 0.5M 1,2-dimethyl-3-propylimidazolium
iodide, 0.03M I, and 0.5M tert-butylpyridine in acetonitrile). The area of active
electrode was typically 0.28 cm’.

Preparation of DSCs from ZnO Secondary Nanoparticlee. The ZnO
colloidal solution was produced from zinc acetate dihydrate in diethylene glycol,
similar to what we presented in Chapter 3.3 and published papers [74, 75]. The
as-synthesized solution was placed in a centrifuge operating at 8000 rpm for 30 mins.
After centrifugation, the precipitation of ZnO colloids was then redispersed in ethanol
via high-speed stirring for 30 mins. The excess DEG solvent was then removed by a
second centrifugation. The ZnO paste for screen-printing was prepared typically by
mixing resultant ZnO colloids, ethyl cellulose (EC) and terpineol (anhydrous, #86480,
Fluka), the detailed procedure. is asfollows. EC 5-15 mPas and EC 30-70 mPas,
(#46070 and #46080, Fluka)were individually dissolved in ethanol to yield 10 wt.%
solution. Then 12g EC 5-15 and 12g EC 30-70 were added to a round bottomed
rotavap flask containing 12g ZnO colloids and 25g terpineol. The mixture paste was
dispersed in an ultrasonic bath and a rotary-evaporator (BUCHI V850) was used to
remove the residual ethanol and water in the mixture. The final formulations of the
Zn0 pastes were made with a three-roll mill (EXAKT ES50).

The DSCs were basically sandwiched together with many parts. The
photoanodes of self-assembled ZnO nanoparticles were prepared by screen-printing
the 0.28 cm® ZnO films with various thicknesses (18, 21, 27 and 32 um) on
fluorine-doped tin oxide (FTO) substrates (Nippon Sheet Glass Co. Ltd., 10 Q/per
square, 3 mm thickness). The photoelectrodes were then gradually heated under an O,
flow at 350 °C for 30 mins to remove the organic materials in the paste. After

cooling to room temperature, the ZnO photoelectrodes were immersed into a solution
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Figure 6-4. Flow chart of device assembly.

made of 0.3 mM D149 or D205 organic sensitizer (Chemicrea Inc.) with 0.6 mM
chenodeoxycholic acid (CDCA;. Sigma-Aldrich) «in acetonitrile/tert-butyl alcohol
mixture (v/v =1 : 1) at 65 °C for 1h."The counter electrodes were also made of NSG
FTO glass on which the nanocrystalline Pt catalysts were deposited by decomposing
from H,PtClg at 400 °C for 20 mins. The internal space of the ZnO photoelectrodes
and counter electrodes was separated by-60um thick hot-melting spacer (Surlyn,
DuPont) and filled through a hole with volatile electrolytes, which are composed of
0.5 M 1,2-dimethyl-3-propylimidazolium iodide (PMII), 0.03 M I, (Sigma-Aldrich),
and 0.5 M tert-butylpyridine (TBP, Sigma-Aldrich) in acetonitrile. Fabrication process
was schemed as Fig. 6-4. It is important to note that the Lil should not be added in

electrolyte solution to avoid desorption of indoline dyes from ZnO surfaces.

6.2.2 Performance Characterization
6.2.2.1 The Solar Spectrum and Air Mass
The solar spectrum is a mixture of light with different wavelengths, ranging from

ultraviolet, visible and infrared regions of the electromagnetic spectrum. According to
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the black-body radiation, the energy density per wavelength dU(A,T)/d. can be

expressed as a function of 1 by Eq. 6.1.

dU(A,T) _ 2hc,dQ 1
di A explhe,/k,T)—1

(6.1)
where dQ is solid angle element, ¢y is the velocity of light in the medium, kp and 4 is
the Boltzmann constant and Planck constant, respectively. By taking ¢°U(4, T)/dA’ =0,

the maximum value of dU(4,T)/d/ is at a wavelength

A =M _(o4974meV
4.965k,T k,T

(6.2)

The power density at the sun’s surface is 62 MW -m™ and it reduces to 1353 W m™ at
the point just outside the Earth’s atmosphere since the solid angle subtended by the
sun, €, is as small as 6.8x107~sr. On passing through the atmosphere, the spectrum is
partially attenuated by the absorptionof oxygen, ozone in the ultraviolet region and
water vapor, carbon dioxide, methane in the infrared. This attenuation is described by
the “Air Mass” factor since the absorption increases with the mass of air through
which the radiation passes. For a thickness of /) of the atmosphere, the path length /
through the atmosphere for radiation at an incident angle a relative to the normal to

the earth’s surface is given by

[ = ly/cos a (6.3)

The ratio /]y is called the Air Mass factor. The spectrum outside the atmosphere is

denoted as AMO and that on the surface of the earth for perpendicular incidence as
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Figure 6-5. Spectra of Black body 5250°C AM0.and AM1.5, respectively. [76]

AMI1. The standard spectrum-for moderate weather is AM 1.5, which corresponds to a
solar incident angle of 48° relative.to the surface normal and gives a mean irradiance
of 1000 W m™. Figure 6-5 shows the ‘comparison between the spectrum of a 5250°C
black body and those of AM0O and AM1.5. The actual irradiation varies with seasons,
climates, day time and the position of the sun. Averaged over the year, the global
mean energy current density ranges from less than 100 W m™ at high latitude areas to
around 300 W m™ in Saudi Arabia. It is a little more than 100 W m™ in central Europe,
where the amount of energy incident to a normal surface in a year is about 1000 kWh

m and also known as 1000 sun hours per year.

6.2.2.2 Photocurrent-Voltage (J-V) Characterization
Standard current-voltage measurement of a DSC determines the current voltage

response of the device, i.e. current-voltage characteristics, in the dark and under
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different light intensities. In the dark, the applied voltage (bias) on the device
generates a current that flows in the direction opposite to that of the photocurrent.
This reverse current is usually called the dark current. For an ideal diode, the dark

current /4,4 relates to voltage with Eq. 6.4.

Idark = Is (qu/kBT - 1) (64)

where ; is the saturation current of the diode (typically 107-107 A), V is the voltage
applied on the terminals of the cell and g is the elementary charge.
Under illumination, the current-voltage characteristics follow

=1, =1 <)=1,-1 " -1 (6.5)

p

where [, 1s the photocurrent that depends on irradiation intensity and V7 is often
referred to as the thermal voltage that'equals kz77q. For non-ideal devices, an ideality

factor, m, is used to describe the weaker dependence of dark current on voltage

I=1, 1" -1) (6.6)

An experimental J-V curve is shown in Figure 6-6, together with the power curve.
The following parameter can be derived with the J-V curve.

Open-Circuit Voltage (V,.). The V,. is measured under the condition when
there is no external load connected, i.e. the circuit is broken or open. In this condition,

there is no external current flow between the two terminals of the device, i.e. /=0 and
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Figure 6-6. A typical J-V curve in the experiment. The blue line shows the power output at

different bias. The dot indicates the maximum powet point.
V=V, From Eq. 6.7,

1 =L —1y=0 (6.7)

1, - 1,
VUC = mVT 11’1(]—+ 1) = mVT 11'1(1— (68)

N N

V,c increases logarithmically with the photocurrent and light intensity.

Short-Circuit Current (I,). The /. is measured at the condition when the

applied voltage, V, equals zero. From Eq. 6.9,

sc ph (69)
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I, increases linearly with the light intensity.

Fill Factor (FF). The power is calculated as the product of / x V and the
maximum power point is labeled with the dot. At this point, the device delivers the

highest power output with the voltage, V,, and current, /,,.

.
Vo =V =mVy In( 2 +1) (6.10)

T

The fill factor (FF) is defined as the ratio

I
A= (6.11)
VoI

oc— sc

to describe how the maximum power rectangle fits' under the /I-V characteristics.

Combining Egs. 6.10 and 6.11, we obtain the approximation for FF in Eq. 6.12.

V. /mV—In(V, [mV, +1)
V. /mV,+1

FF

(6.12)

Typical FF of DSC ranges from 0.6 to 0.8 depending on the individual device and
usually increases with the decreasing light intensity. It is also influenced by the series
resistance (Ry) arising from the internal resistance and resistive contacts of the cell and
parallel resistance (Ry;) from the leakage of the current. Figure 6.7 illustrates a
simplified equivalent circuit for DSC included R;and Ry;,. For an efficient solar cell,

we need a small R, but a large R;;, since a large R, and a small R, decrease the FF
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Figure 6-7. A simplified equivalent circuit for DSC. Series (R;) and shunt resistances (Ry;) are

taken into account.

dramatically. When are taken into account, a more precise diode equation is given by

eq. 6.13.

=1, =1 (""" <) (V'+IR)/R, (6.13)

Solar-to-Electric-Power Conversion Efficiency (). The efficiency n of the
device is the parameter that is associated with the performance of the device. It is

defined as the ratio of the maximum power (P, to the incident sunlight power (P).

V.1 V.1 FF
77= m-—m — oc™ S¢ (6'14)

Ps is an important experimental parameter and in order to compare different results,
standard test condition is always used for all the devices in this work including AM

1.5 spectrum illumination with an incident power density of 100 mW cm™.
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6.2.2.3 Incident Photon-to-Current Conversion Efficiency (IPCE)
The incident photon-to-current conversion efficiency (IPCE) is defined as the
number of light-generated electrons in the external circuit divided by the number of

incident photons at a certain wavelength.

IPCE = Nglecm’" — qulectron /s _ Iph (amp)

(6.15)
photon qN photon / S qN photon / S
The incident power
N oton N oton h
P, Watt) = B, (2248 L Xy, _ Zooen B (6.16)
s S s A
With Eq. 6.16, Eq. 6.15 can be rewritten as
1 1, h A
IPCE = ph =L”ﬂl=ﬂx 1240 % 100% (6.17)

q])in ﬂ’ / th Ijin q ﬂ‘ Ijin /,l’(nm)
6.2.2.4 Electrochemical Impedance Spectroscopy (EIS)

The principle of using EIS to study response of the device resembles that of the
phototransient experiment except that an electrical signal is used as the probe. In EIS
experiments, the device is first poised by an external potential bias and then subjected

‘ as a small

to a harmonically modulated low-amplitude voltage, AU = U,,e"
perturbation. An increase of AU on the device will cause a current flow of Ai = "

¢@% by a delay of phase angle . The impedance of the device is thus given by
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AU ;
Z s :|E = e (6.18)

The interpretation of the EIS spectrum of a DSC has been thoroughly discussed
recently [77-88]. Generally, a transmission line model is used to describe the system,
as is shown in Figure 6.8. Here, the whole mesoscopic TiO, film is treated as an
interconnected network. Under a forward bias, electrons are injected from FTO
substrate into the TiO, and the film is charged by electron propagation through
individual particles with a resistance of 7y,4,. Some of the injected electrons
recombine with the oxidized species in the electrolyte, characterized by a charge
transfer resistance of 7., and a capacitance of ¢4, and the rest of the electrons are then
recaptured by the FTO current collector during the opposite phase of the sinusoidal
voltage modulation. The two channels for electron transportation through TiO, and
that of the I3 through the electrolyte are coupled in series. Taking d as the thickness of
the mesoscopic TiO; film, the electron transport resistance is R, = r,*d, the interfacial
charge recombination resistance is R., = r./d and the chemical capacitance of the film
is Cch = c.,*xd, where the lower case letters represent resistances and capacitance that
are normalized to the film thickness [84]. Rrrozr and Crrosr stand for the charge
transfer resistance and the corresponding double layer capacitance at exposed
FTO/electrolyte interface and change with surface conditions (blocking layer and
cleanliness). Due to the irreversibility of /I3 couple on FTO, Rrro/e 1s usually very
large. The diffusion of 15 within a thin layer cell is described by a Nernst diffusion
impedance Zd. Regeneration of I3™ at the counter electrode is characterized by Rcr and
Cce, which are the charge transfer resistance and double layer capacitance at the

platinized FTO, respectively.
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Figure 6.8. Equivalent circuit model for DSCs using TiO, photoanode. [1]

The impedance of TiO, from equivalent circuit as depicted in Fig. 6.8 can be

written as [85]

ct

Rtrans COth[J(M)(l + ﬂ)] (6 1 8)
i R w,

7o, —

’ R, iw
Zhwrans N 4 B
\/( R ) wk)

ct

Where w; = 1/z,, w; and 7, are defined as the recombination rate constant and lifetime
of an electron in TiO,, respectively. The impedance of the electron transfer at the Pt

counter electrode can be described approximately by the following simple RC circuit.

7 = (6.19)
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The finite Warburg impedance describes the diffusion of triiodide ions in the

electrolyte [75, 76].

Z, = Ro tanhy SELLAN (6.20)
io (Dl 167)
(D, /6%)
J— 621)
m-q°A4,C D,0
D
O 5253 (6.22)

where D/ and o represent the diffusion coefficient of 137 and the thickness of the liquid
film, respectively. The number of electrons transferred in each reaction, m, is 2 in this
case. Ay and C* are Avogadro’s constant and the concentration of I3 in the bulk,
respectively.

The total impedance of the DSC, Z,.;, is given as the summation of the
impedance of diffusion and recombination in the TiO, electrode, Zri02, Z,, Z4 and Rs
which is a series resistance for the transport resistance of FTO and all resistances out
of the cell.

2 =Zyo, v Zp +Zy + R, (6.23)

total

Typical EIS spectra are shown in Figure 6.9 and the measured data are presented

in squares. The upper curve displays real part (Z') versus the imaginary part (Z") of
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Figure 6.9. Typical curves of impedance spectra fora DSC. (a) Nyquist plots and (b) Bode

phase plots. Experimental data are plotted in black squares and-the fitting is in solid lines.

the impedance, usually known as the Nyquist plot. The lower curve is the Bode plot
where the phase angel 6 is plotted against frequency. It is apparent that the Nyquist
plot consists of three semicircles. The small semicircle occurring at highest
frequencies represents redox charge transfer at the platinum counter electrode, the
larger one at intermediate frequencies stands for the electron transport in the TiO,
layer, the electron transfer at the oxide/electrolyte interface and the third one at lower
frequencies is attributed to ion diffusion within the electrolyte. Accordingly, there are
three peaks in the Bode plot (Fig. 6-9 bottom), corresponding to the RC time
constants shown in the Bode plot. Based on the equivalent circuit in Fig. 6.8, fairly
satisfactory fittings can be obtained as the solid lines shown in Fig. 6.9.

The data fitting gives key parameters of the device. The diffusion coefficient D,
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is then calculated by D, = &/ (RyansCen) While the electron lifetime 7, is obtained by

7y = R.Cen. The electron diffusion length L, thus can de delivered as

o (6.24)

trans

6.2.3 Characteristic Instruments

Photocurrent—Voltage (J-V) and Electrochemical Impedance Spectroscopy
(EIS). Efficiencies for solar energy conversion and electrochemical impedance
spectroscopy (EIS) measurements, a white light source (Yamashita Denso, YSS-100A)
was used to give an irradiance of 100 mWem™ (the equivalent of one sun at AM 1.5)
on the surface of the solar cells, and the data were collected by an electrochemical
analyzer (Autolab, PGSTAT30). The light power was calibrated with a set of neutral
density filters and detected by a silicon photodiode (BS-520, Bunko Keiki).

Incident Monochromatic Photon to Current Conversion Efficiency (IPCE).
The action spectra of the incident monochromatic photon to current conversion
efficiency (IPCE) for solar cells were measured as a function of wavelength from 400
to 900 nm using a specially designed IPCE system (C-995, PV-measurement Inc.) for
DSCs.

Optical Absorbance. The optical absorbance of photoanodes was carried out
with a Hitachi U-2800 UV-VIS spectrophotometer. Dye loading was determined by
detaching the dye from the ZnO photoelectrode surface with 0.1 M NaOH solution
and measuring the optical absorbance.

Photoluminescence (PL) and Time-Resolved Photoluminescence (TRPL).

The steady-state and time-resolved photoluminescence (PL) spectroscopy were
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monitored using a Jobin-Yvon Triax-320 monochromator with a charge-coupled
device and a time-correlated single photon counting (TCSPC) system (PicoHarp 300,
PicoQuant), respectively. The pumping apparatus was employed by a
frequency-doubled mode-locked Ti:sapphire laser (Mai Tai, Spectra-Physics) to
generate output pulses at 400 nm with duration ~100 femtosecond and a repetition

rate of 80 MHz.

6.3 7ZnO Nanostructures for DSCs
6.3.1 Branched ZnO Nanowires for DSCs

The formation mechanism of the branched ZnO nanowires has been mentioned
in Chapter 4. Figure 6-10 shows - the compared photocurrent—voltage (J-V)
characteristics for solar cells; constructed using the bare ZnO nanowires and the
branched ZnO nanowires, with AM 1.5 illumination at"100 mW/cm® from a xenon
lamp. The short-circuit current density (Js) and the overall light conversion efficiency
of the branched ZnO nanowire'DSCs were 4.27 mA/cm® and 1.51 %, respectively,
which are almost twice higher than that of the bare ZnO nanowires. One factor for the
increment in short-circuit current density would be the enhanced photon absorption
associated with the presence of enlargement of internal surface area resulting in
sufficient dye-loading. Although the length and density of ZnO structures exhibit the
disadvantage compared with previous study [44], the overall efficiency can achieve
almost the same value via utilizing the extra secondary nanobranches. The values of
fill factor (FF) for ZnO DSCs are general lower than those using TiO, nanoparticles
(0.6-0.7). This is attributed to recombination between photoexcited carriers in the
photoanodes and tri-iodide ions in the electrolyte. Slightly different value in the bare

7Zn0O nanowire and branched ZnO nanowire DSCs revealed almost the same
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Figure 6.10. Current density against voltage (J-V) characteristics of the bare ZnO nanowires

and the branched ZnO nanowire DSCs:.

interfacial recombination, which was evidenced by the equivalent value of the shunt
resistance Ry, =(dV/dl)y-9 from the J-V curves under illumination. The series
resistance Ry=(dV/ dI);=y for branched ZnO nanowire DSCs (25.64 Qcm®) was
significantly lower than the bare ZnO nanowire ones (46.13 Qcm?).

Recently, electrochemical impedance spectroscopy (EIS) measurement has been
widely performed to investigate electronic and ionic processes in DSCs [86-94]. The
Nyquist plots of the impedance data for bare and branched ZnO nanowire DSCs were
performed by applying a 10 mV ac signal over the frequency range of 10 >-10° Hz
under illumination at the applied bias of V., as shown in Fig. 6-11. r,, is the transport

resistance of the electrons in the ZnO electrode; 7y is the charge-transfer resistance of
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Figure 6.11. Nyquist plots of the bare ZnO nanowires and the branched ZnO nanowire DSCs.
The solid lines in are the fitting results based on the equivalent circuit model (modified from

ref 87) as shown in the inset.
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the charge recombination between electrons in the ZnO electrode and I5” in the
electrolyte; The thickness Ly of all anodes are about 8um; C, =(c.Lr) 1s the chemical
capacitance of the ZnO electrode; Rs is a series resistance for the transport resistance
of FTO and all resistances out of the cell; Zy is the impedance of diffusion of I5™ in the
electrolyte; Rp, and Cp, are the charge-transfer resistance and the interfacial
capacitance at the counter electrode (platinized FTO glass) /electrolyte interface,
respectively; Rpro and Crro are the charge-transfer resistance and the interfacial
capacitance at the exposed FTO/electrolyte interface, respectively; Rgz and Cry are the
resistance and the capacitance at the FTO/ZnO contact, respectively. Some interior
parameters of the devices with thickness of Ly can be derived by well fitting the
impedance data of the Nyquist plots to-expressions based on the modified equivalent
circuit of nanowire DSCs suggested by Wu et al [92, 93].

In fact, the concrete equivalent circuit might be more complex in the operation of
the DSC devices. Mora-Ser6+ et al. have recently reported a negative capacitance for
different types of solar cells, that is, an inductive behavior which comes from the
conductivity modulation of the electrolyte by injected electrons from the
photoelectrode when providing high forward bias with low frequency [91]. Hence, the
impedance data obtained at different applied potentials cannot be fitted with a single
equivalent circuit. An essential component such as an inductive response was
suggested to be considered in series with a recombination resistance. In order to avoid
the unnecessary interference from the inductive behavior, we presently ignored the
low frequency part of impedance data. The fitted results were listed in Table 6-1
which include the first-order reaction rate constant for the loss of electrons (k.), the
electron lifetime (r = 1/ky), the electron transport resistance (R, = r.Lr), and the

charge transfer resistance related to recombination of an electron at the
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TABLE 6-1. Performances and electron transport properties of the bare ZnO nanowire and the

branched ZnO nanowire DSCs determined by photocurrent density-voltage (J-V)

characteristics and electrochemical impedance spectroscopy (EIS) analysis.

Jsc Voc ke eff R Rw De
ZnO DSCs , rFo| I ¢ 7
(mA/em?) | (V) (%) | (s7) (s) (Q) | () | (cms)
Bare 4
. 2.37 0.636 | 0.498 | 0.75 | 38.31 | 0.026 | 92.12 | 3.63 | 6.23x10
Nanowires
Branched 4
. 4.27 0.675 |1 0.522 | 1.51 | 26.31 | 0.038 | 86.85 | 3.36 | 4.35x10
Nanowires

ZnOl/electrolyte interface (R; = ri/Lr). We found R, and R,, are quite similar for both
DSCs in this present work, which indicated the same interfacial recombination and
equal crystallinity for either bare ZnO nanowires or branched ZnO nanostructures. On
the contrary, k. in the branched” ZnO manowire DSCs was smaller than the bare
nanowire ones to cause the .smaller effective diffusion length [88] (D =
(Rk/RW)LFZkeﬁ) in branched ZnO nanowire DSCs. Since k. is related to reaction rate,
the electron lifetime (7. = I7ke). could be prolonged by the additional transport
distance between branches and conductive electrode (backbone nanowires).

In general, the current density for DSCs is determined by the initial number of
photogenerated carriers, the electron injection efficiency from dye molecules to
semiconductor, and the recombination rate between the injected electrons and
oxidized dye or redox species in the electrolyte. Base on the assumption of the same
injection efficiency and recombination rate for the given ZnO DSCs systems, it is
reasonable that the initial number of photogenerated carriers may be significantly
affected by the variation in the light-harvesting capability of different-structured
photoanodes. Figure 6-12 displays the wavelength distribution of incident
monochromatic photon to current conversion efficiency (IPCE). The photocurrent

peaks occurring at approximately 400 nm were due to direct light harvesting by ZnO
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Figure 6.12. The incident monochromatic photon to current conversion efficiency (IPCE) of

the bare ZnO nanowire and the branched ZnO nanowire DSCs.

semiconductor, in which the photogenerated electrons diffused through ZnO and the
holes in the valence band were replenished directly by charge transfer from the
I;/T" electrolyte [95]. The maxima of IPCE at approximately 525 nm are contributed
by the dye absorption, corresponding to the visible /,—n* metal-to-ligand charge
transfer (MLCT). The IPCE obtained for the branched ZnO nanowire DSCs was
almost 1.5 times that of the bare ZnO nanowire. The improvement in the IPCE
suggested that the high energy conversion efficiency results predominantly from
sufficient dye-loading by branched ZnO nanowires, which enlarged internal surface
area within the photoelectrode. The dye loading of the photoelectrodes was measured

to determine the surface concentration of dye molecules adsorbed on different ZnO
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Figure 6-13. Optical absorption of dye detached from the bare. ZnO nanowire and the

branched ZnO nanowire substrates, and dissolved in 0.1M 'NaOH solution.

nanostructures, as shown in Fig. 6-13. The concentration of dye in the branched ZnO
nanowire electrode was found to be 2.9x10° mol/cm™ as measured from
dye-desorption experiments, which is almost 40% higher than the obtained value of
2.1x10” mol/cm™ for the bare ZnO nanowire electrode. It is important to note that the
dye loading of the branched ZnO nanowires was not twice as higher as the value of
the bare ZnO nanowires, even though the current density and energy conversion
efficiency of the branched ZnO nanowire DSCs are twice higher than the bare ZnO
nanowire ones. The different could be ascribed to the insufficient internal surface of
the bare ZnO nanowires and the excess dye which resulted in the formation of

Zn*"/dye complexes instead of the effective chemical bonding between ZnO and dye
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moleculars [96]. The shorter immersion time for deficient chemical-stability ZnO
electrode as compared with TiO, electrode have recently been reported in detail by
Chou et al. [97]. Therefore, the excess immersion time for the insufficient internal
surface of bare ZnO nanowires could not achieve more dye loading but seriously
deteriorate the performance of DSCs.

The concept of the branched nanostructures is anticipated to be applicable to
other semiconductor photoelectrodes in organic—inorganic nanocomposite solar cells,
and branched heterojunction nanostructures for the future applications. Although the
secondary branches had non-uniform distribution, the branches emanated from partial
Zn0O nanowires due to the simple dip-coating process, they still can offer greater
effective surface area for dye adsorption than the bare nanowires. For optimization of
the filling factor of the ZnO nanostructures, the de or radio-frequency (RF) magnetron
sputtering and atomic layer deposition (ALD) might be a great benefit to the
pre-coating processes. Further improvement of energy conversion efficiency could be
implemented through adjusting denser and longer branches to fill the interstitial voids
between backbone nanowires, which will substantially improve the light harvesting

and the current density.

6.3.2 Hierarchical ZnO Nanoparticles for DSCs

Hierarchically-packed ZnO nanoparticles were formed in the condensation
reactions of the sol-gel process that be mentioned in Chapter 5. The spherical shape of
the secondary ZnO nanoparticles, with the diameter in the range of 160-580 nm, is
recognized with agglomeration of many primary single crystallites ranging from 6 to
12 nm, as shown in Fig. 6-14. The similar ZnO architectures have been elucidated as

the random lasers in which the cavities were formed by multiple scattering between
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Figure 6-14. (a and b) The FESEM and TEM images for the self-assembled ZnO secondary
nanoparticles, respectively. (c¢) The'schematic multiple’scattering of light within the

hierarchical ZnO photoelectrode composed by self-assembled ZnO secondary nanoparticles.

ZnO primary particles [98]. The laser action emerges from efficient amplification
along the closed loop light-scattering paths within a secondary ZnO nanoparticle.
Recently, Cao et al. have demonstrated that the aggregation of ZnO nanocrystallites
perform an effective scheme to generate light scattering within the photoelectrode
film of DSCs without using any other scattering layers [67, 68]. In addition,
dye-molecule adsorption could retain sufficiently due to enough internal surface area
provided by the primary nanocrystallites. The maximum energy conversion efficiency
of 5.4% has been achieved with utilization of ruthenium complex cis-[RuL,(NCS);]
(L=4,4"-dicarboxy-2,2’-bipyridine), N3 dye. Herein, the
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Figure 6-15. (a) Diameter distribution for the ZnO secondary nanoparticles. (b) The
corresponding optical absorption spectra of ZnO photoelectrodes with various film

thicknesses, from 2pum to 12 pm.

broad size-distribution of secondary. nanopatticles with mean radius of 360 nm, as
shown in Fig. 6-15(a), is controlled to provide the wide range absorption of visible
sun light within the preferable packing of the ZnO. photoelectrode. The hierarchical
ZnO photoelectrode provides the. multiple scattering of light and therefore the
light-traveling distance can be significantly prolonged. Figure 6-15(b) also shows the
corresponding optical absorption spectra of ZnO photoelectrodes with various film
thicknesses. The absorption peak at 375 nm, which could be particularly identified
from 2pm film, mainly resulted from the intrinsic exciton absorption of ZnO.
However, the absorption at wavelengths around 400-650 nm is enhanced dramatically
with increasing the thickness of the ZnO photoelectrodes from 2um to 12um. The
ZnO films with thicknesses above 10 um provide light localization through significant
light scattering from the highly disordered structure. The results manifest the
light-scattering capability of the films with different thicknesses and the formation of
optical confinement through the aggregated ZnO films that could provide more
photon absorption in the visible region by the dye molecules.
The molecular structures of the indoline-based organic dyes employed in this
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Figure. 6-16. Molecular structures of indoline D149 and D205 dyes.

section are depicted in Fig 6-16. The double rhodanic acid was used as an anchor
moiety for both D149 and D205 sensitizers. The D205 is designed by introducing an
octyl substitute onto the terminal rhodanine ring to replace the ethyl group of D149.
The detail molecular structures of the indoline-based organic dyes employed in this
study have been depicted in previous reports [70, 71]. Figure 6-17(a) shows the light
absorption spectra and PL spectra of D149 and D205 in acetonitrile as the
concentration of 0.015 mM, respectively. The solutions were filled within cuvette
cells to avoid thickness and geometry effects. The absorption spectra of D149 and
D205 in solution consist of two branches. The 388 nm peak is ascribed to a mixture of

intramolecular charge-transfer (ICT) and the n—n* excitation from the HOMO to the
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Figure 6-17. Absorption and photoluminescence spectra of : (a) D149 and D205 dyes in
tert-butyl alcohol/acetonitrile (1/1) solution and (b) D149 and D205 dyes anchored on the

4um-thick ZnO photoelectrodes.
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LUMO-+1, on the other hand, the main absorption peak, located at 530 nm, is ascribed
to an ICT transition from the HOMO to the LUMO [99, 100]. Both the absorption
spectra are almost identical, revealing that the D205 dye has almost the same
molecular coefficient value of 68700 M~ cm™as D149 [73]. The PL spectra of D149
and D205 in solution are also identical with broad peaks at around 660 nm which
could attribute to radiative relaxation. The transition predominantly results from the
absorption maximum since the wavelength of excitation at 400 nm. Figure 6-17(b)
shows the light absorption and PL spectra of D149 and D205 on 4um-thick ZnO
photoelectrodes, respectively. The dye-sensitized ZnO films were prepared as the
standard procedure as mentioned in experimental section but covered with pure
acetonitrile without the additive redox couple. The absorption spectra of D149 and
D205 on ZnO photoelectrodes thave broadened peaks and blue-shifted main
absorption peaks centered around 516 nm that indicates these indoline dyes have a
moderate interaction between dye molecules - on the ZnO surface. The red-shift
absorption peaks at low wavelength for indoline-dyes on ZnO could be related to the
influence of thickness effect on the photoelectrode. The blue shift of the main
absorption peak from 530 nm (indoline dyes in the solution) to 516 nm (indoline dyes
on ZnO films) could be addressed as a hypsochromic shift due to plane-to-plane
arrangement (H-aggregation). The observation is similar to the previous reports
concerning about the indoline dye on TiO; [98]. The origin is mainly attributed to the
formation of a bidentate complex between the carboxylate and the polar ZnO surface
[102]. While the yield of the fluorescence decreases substantially for D149 and D205
on ZnO with respect to D149 and D205 in solution, suggesting the occurrence of PL
quenching. Furthermore, the PL spectra consistently move toward a lower energy with

respect to those of indoline dye in solution. The observed redshift in PL spectra
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indicates the interface between adsorbed dye molecules and ZnO is strongly bonded
that provides effective electron transfer between dye molecules and ZnO.
Meanwhile, the polar ZnO surface enhances the delocalization of the m-electrons and
lowers the band gap energy of indoline dye. With the 20 nm (from 660 nm to 680 nm)
redshift for D205 and 10 nm (from 660 nm to 670 nm) for D149, we presumably
ascribe a remarkable bonding force while D205 anchor onto ZnO surface. However,
further investigations on the interactions of dye aggregation are needed for better
understanding the dynamics of DSCs.

To investigate the interfacial electron-transfer between indoline dye and ZnO, the
TCSPC studies were employed to provide further information of the electron injection
dynamics. Time-dependent fluorescence was collected at the confirmed emission
maximum for each specimen from Fig.:6-17. Figure 6-18(a) shows the emission decay
recorded with indoline dyes. A biexponential decay" kinetics was found to be
satisfactory in determination of emission lifetimes. Normally, the PL decay has a fast
decay to begin with followed by.a slow decay. The fast decay normally results from
nonradiative energy transfer or charge transfer with shorter decay time zyg, while the
slow decay attributes to radiative recombination with longer decay time 7z. The
lifetimes and corresponding amplitudes are listed in Table 6-2. The radiative decay
times for pure D149 and D205 in solution are 0.86 and 0.96 ns, respectively. It is
apparent that increasing the alkyl chain length results in slower fluorescence decay,
indicative of the slower radiative recombination. The reduction in the radiative decay
times to 0.73 and 0.7 ns for D149 and D205 on ZnO suggests PL quenching as
mentioned previously from the decreasing fluorescence yields that appears more
dramatically for D205 dye.

Besides, it should be noted that the dynamics of excited state decay is strongly
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Figure 6-18. (a) Photoluminescence decay of D149 and D205 dyes in tert-butyl

alcohol/acetonitrile (1/1) solution and on ZnO photoelectrodes, respectively. (b) Schematic

representation of the charge transfer of photo-excited indoline dyes anchored onto ZnO

surfaces. The energy levels of D149 and D205 are sourced from [100]. The vacuum level is

defined at 0 eV.
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TABLE 6-2. Kinetic Parameters of the Idoline Dye Emission Decay Analysis®

Indoline dye avg | we@s) | ar | w@s) | K. (10%5s)
D149 In solution | 2641 0.47 1218 | 0.86 -
D205 In solution | 2823 0.55 953 0.96 -
D149 On ZnO 2298 0.18 1524 | 0.73 3.42
D205 On ZnO 1845 0.16 1192 | 0.70 4.43

* Time coefficients, including lifetime and corresponding amplitude, can be obtained from
fitting the biphasic decay. The charge-transfer rate constant was estimated from the formula

(6-25).

enhanced for the indoline dyes anchor onto ZnO surfaces; indicative of a faster
interfacial electron transfer behaves_as a new relaxation process. The nonradiative
decay takes 0.47 and 0.55 ns for D149 and, D205 in solution, respectively. However,
the nonradiative decay times have dramatically decreased to 0.18 and 0.16 ns for
D149 and D205 anchored on ZnO. As a-dilute system (indoline dyes in acetonitrile
solution) with the concentration of ‘0.015 mM, the probabilities of intermolecular
charge-transfer and intermolecular energy-transfer are presumably negligible. The
nonradiative decay of dyes in solution with wygmpye 1s mainly attributed to
intramolecular energy transfer, the observed decrease in nonradiative time TNr(Dye+zn0)
for dyes on ZnO is contributed by the additional pathway of charge transfer between
the excited-state dye and ZnO surface. Therefore, the charge-transfer rate can be

evaluated from the nonradiative part by the expression:

K-t 1 (6.25)

et
z-NR(Dye-i—ZnO) z-NR(Dye)

Here we assume that zygpye+zn0) counts for both energy transfer and charge transfer
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but Tyrmye for energy transfer only. The electron-transfer rates of 3.42x10° and
4.43x10° s for D149 and D205 on ZnO surfaces are obtained, respectively. We thus
conclude that the D205 exhibits efficient electron injection dynamics for ZnO
nanoparticles with respect to D149 as a result of faster interfacial electron transfer and
retardant fluorescence decay. The simplified diagram describing the mechanism of
charge transfer between the indoline dyes and ZnO interfaces is also presented
schematically as Fig. 6-18(b).

In order to improve the DSC performance, optimization of the thickness of the
ZnO photoelectrode is necessary because the photovoltaic characteristics exhibit
significant variation depending on the thickness. Figure 6-19 displays the incident
monochromatic photon to current: conversion. efficiency (IPCE) spectra of DSCs
constructed using two indoline dyes-with different ZnO photoelectrode thicknesses.
Because of the UV cut-off effect caused by the thick glass substrate the spectra at
wavelengths shorter than 400 nm are - deteriorated.” The photocurrent peak at
approximately 367 nm is due to direct light harvesting by ZnO semiconductor which
remain almost unchanged while increasing the photoelectrode thickness from 18 pum
to 32 um because of short penetration depth for UV light. However, with increase in
thickness of ZnO photoelectrode, the maximal IPCE increase from 71% to 74% and
77% to 79% at 550 nm for D149- and D205-sensitized ZnO DSCs, respectively.
Moreover, the values of IPCE increase significantly in the longer wavelength region
(580-700 nm) with thicker photoelectrode films but saturated at the thickness above
30 um because of the limitation of electron diffusion length. The numerous cracks in
thick photoelectrode films (>32 pum) were also observed due to unpracticed-printing
technique. The optimal IPCE obtained for the D205-sensitized ZnO DSCs are higher

than the D149-sensitized DSCs in the visible-wavelength (400-700 nm) region.
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Figure 6-19. Photocurrent action spectra of ZnO DSCs constructed using (a) D149 and (b)

D205, with different photoelectrode thicknesses.
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Figure 6-20 also shows the variations in the photovoltaic characteristics of DSCs
depending on the thickness of the indoline dye-sensitized hierarchical ZnO
photoelectrode. The open-circuit photovoltage (V,.) decreased linearly with the
increase in ZnO film thickness (Fig. 3a). Increasing the thickness leads to increasing
the non-excited area meanwhile lowers V. further after averaging the electron density
in the non-excited area. On the contrary, the short-circuit photocurrent density (J;.) for
DSCs using both indoline dyes increases monotonically with increasing in ZnO film
thickness (Fig. 6-20 (b)), as a result of enlarged dye loading. In addition, V,. and J,.
for D205-sensertized ZnO DSCs are higher than D149-sensertized ones. This
observation can be ascribed to the effective suppression of electron recombination
between I3~ and electrons injected.in the photoelectrodes by extending the alkyl chain
on the terminal rhodanine moiety from ethyl to octyl [103]. The further examination
will be described via the electron transport analysis afterward. The fill factor (FF) for
D205-sensertized ZnO DSCs is slightly lower than that of D149-sensertized ZnO
DSCs that is rationalized in terms of the series.résistance of the DSC, the higher J,.
values end up the lower FF values. Although V,. decreases with the ZnO film
thickness, this loss of V,. is compensated by a gain in J; and consequently the
maximal energy conversion efficiencies (1) of 4.95% and 5.34% were achieved for
D149- and D205-sensertized ZnO DSCs, respectively, with 27um-thick ZnO
photoelectrode film under AM 1.5 solar radiation. It is important to recognize that the
influence of thickness on the photocurrent of DSCs utilized secondary ZnO
nanoparticles is relatively small in comparison with utilizing tetrapod-like ZnO
nanoparticles in our previous report [62]. The possible explanation for this could be
ascribed to the sufficient light-harvesting capability of these hierarchical ZnO

architectures even with quite thin photoelectrodes.
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Figure. 6-20. Relationship between photovoltaic characteristics and photoelectrode thickness
of ZnO DSCs. Red circles and blue squares represent D 149-'and D205-sensitizered DSCs,
respectively. (a) Open-circuit photovoltage, V,.; (b) Short-circuit photocurrent density, J,.; (¢)
Fill factor, FF; and (d) Photopower energy conversion efficiency, #. The solid lines are plotted
to guide the eyes.

Figure 6-21(a) shows the detail comparison of photocurrent—voltage (J-V)
characteristics for solar cells constructed using 27um-thick ZnO photoelectrode films
and these two indoline dyes under AM 1.5 full sunlight illumination (100mW cm™)
and in the dark. For D205 uptake, the J-V plot reveals V,. = 0.653 V, J,. = 12.17 mA
ecm™, FF, = 0.67, and = 5.34 %. For comparison, the J-V plot of D149 uptake
reveals V,. = 0.641 V, J,. = 10.94 mA cm’z, FF=0.71, and 7 = 4.95 %. The resultant
improvement in J;, responds to the corresponding higher IPCE for the

D205-sensitized ZnO DSCs as compared with the D149-sensitized ZnO ones. The
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Figure 6-21. Photovoltaic characteristics of DSCs with 27um-thick ZnO photoelectrodes and
two different indoline dyes: (a) J-V curves for D149- and D205-sensitized DSCs with AM 1.5
illumination and in the dark, respectively. (b) Nyquist plots of D149- and D205-sensitized
DSCs performed under illumination at the applied bias of V.. The solid lines are the fitting

results.
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curves of dark current also indicate that D205-sensitized ZnO DSCs have a slightly
more negative onset potential for the reduction of I3 than D149-sensitized ZnO
DSCs. The lower dark current could also be rationalized in terms of a negative shift in
the conduction band edge of ZnO caused by the adsorption of D205 dye. Both V,. and
Jse for D205-sensitized ZnO DSCs are higher than D149-sensitized ones. The superior
performance for D205 dye uptake can be ascribed to the effective suppression of
electron recombination between I3° and efficient electrons injection into the
photoelectrodes by extending the alkyl chain on the terminal rhodanine moiety from
ethyl to octyl [103]. Principally, the dyes with the hydrophobic alkyl chains would not
only form a blocking layer over the sensitizer dye layer to protect the dye layer
against water ingression from the_electrolyte but rearrange the dye orientating more
perpendicular to the ZnO surface. The effects of different dyes on the electron
transport of the interfaces in the DSCs can be further investigated with aid of the
electrochemical impedance “spectroscopy (EIS). Adequate physical models and
equivalent circuits have been proposed and widely: applied to analyze the electron
transport in photoelectrode and recombination between the photoelectrode and
electrolyte interface in DSCs [86-94]. The Nyquist plots of the impedance data for
D149-, and D205-sensitized ZnO DSCs were performed by applying a 10 mV ac
signal over the frequency range of 10 °~10° Hz under illumination at the applied bias
of V,.. The Nyquist plots in Fig. 6-21(b) show the radius of the middle semicircle,
which belongs to D205-sensitized ZnO DSCs, is larger than that of D149-sensitized
ZnO DSCs, indicating that the electron recombination resistance is enlarged from
D149 to D205. Some interior parameters of the devices can be further derived by well
fitting the impedance data of the Nyquist plots to the expressions based on the

equivalent circuit of DSCs as shown in Fig. 6-22, similar as Fig. 6-11. r,, = (R\/Lp) is
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Figure 6-22. The equivalent circuit model of ZnO DSCs composed with hierarchical

nanoparticles.

the transport resistance of the electrons in the ZnO ¢€lectrode; 7, = (RiLrg) 1s the
charge-transfer resistance of the charge recombination between electrons in the ZnO
electrode and I5” in the electrolyte. The thickness Lz of all anodes are about 27um; C,
= (c,Lr) 1s the chemical capacitance of the ZnO electrode; Rs is a series resistance for
the transport resistance of FTO and all resistances out of the cell; Zy is the impedance
of diffusion of I3 in the electrolyte; Rp, and Cp, are the charge-transfer resistance and
the interfacial capacitance at the counter electrode (platinized FTO glass) /electrolyte
interface, respectively; Rpro and Crro are the charge-transfer resistance and the
interfacial capacitance at the exposed FTO/electrolyte interface, respectively; Rrz and
Crz are the resistance and the capacitance at the FTO/ZnO contact, respectively. The
fitted results are also listed in Table 6-3 which include the first-order reaction rate for
the loss of electrons (ke), the electron lifetime (v = I/k.y), the electron transport
resistance (R,), and the charge transfer resistance related to recombination of electron
at the ZnO/electrolyte interface (Ry). The electron-loss rate k. in the D205-sensitized
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TABLE 6-3. Performances and electron transport properties of the D149- and
D205-sensitizered DSCs (27um-thick ZnO photoelectrode) determined by J-V characteristics
and EIS analysis.

Jse Vo kefy Teff Ri | R Degy
ZnO DSCs FE | n(%)
(mA/ecm?) | (V) s | ms) | (Q) | Q) | (cm¥s)
D149 1094 | 0.641 | 0.71 | 4.95 | 57.85 | 17.29 | 12.55 | 2.47 | 2.14x107
D205 12.17 | 0.653 | 0.67 | 534 | 47.12 | 21.22 | 1443 | 1.98 | 2.51x107

ZnO DSCs is smaller than the D149-sensitized ones, which causes the prolonged
electron lifetime in the D205-sensitized ZnO DSCs. The increase in electron lifetime
supports more effective suppression of the back reaction of the injected electrons with
the I5” in the electrolyte. This evidence can also be confirmed with the larger R, value
for D205-sensitized ZnO DSCs that indicates the less interfacial recombination
occurring between the ZnO and electrolyte interface; Moreover, the effective electron
diffusion coefficient (Do = (Rk/RW)Lszeﬁ”) i1s-also enhanced with utilization of D205
sensitizer. In general, the current density for DSCs is determined by the initial number
of photogenerated carriers, the electron injection efficiency from dye molecules to
semiconductor, and the recombination rate between the injected electrons and
oxidized dye or redox species in the electrolyte. Based on the assumption of the same
injection efficiency and dye loading for the given ZnO DSCs systems, it is reasonable
that the photocurrent density may be straightly affected by the variation in the electron
recombination rate. The amphiphilic nature of D205 may assist the formation of a
self-assembled dye monolayer that prevents the recapture of the photoinjected
electrons by the triiodide ions within electrolyte, consequently resulting in a higher

Voe and Js. [72].
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The compared ZnO DSCs composed of only primary nanocrystallites without
any aggregation were also demonstrated as the contrast. Figure 6-23 shows the cell
behaviors of D205-sensertized DSCs composed with 23 pm-thick primary
nanoparticles (via girding the secondary ZnO nanoparticles) with 4pum-thick
commercial ZnO particles (Merck Ltd.) as a scattering layer on the top. For the
grinded particles, the J-V curve reveals V,. = 618 mV, J,. = 10.22 mA cm'z, FF=0.66,
and n = 4.16 %, for which the performance is poorer than the hierarchical ZnO
potoelectrode. The IPCE spectrum also shows remarkable deterioration in the
visible-wavelength (400-700 nm) region for the D205-sensertized DSC composed
with grinded nanoparticles because insufficient light-traveling distance. The
insufficient light-harvesting for non-aggregated- ZnO potoelectrode also leads to
increasing the non-excited area, which-lowers V. further after averaging the electron
density. From Cao’s report [67, 68] the optical-absorption spectra of the ZnO films
consisting of aggregates will be affected by different sizes and size distributions.
Normally, the scattering efficiency will shift to long wavelength while the secondary
particle size is increasing. However, Cao et al. specially indicate that polydisperse
aggregates with a large average size or broad size distribution could result in an
obvious enhancement in the optical absorption and light-harvesting efficiency of
photoelectrode films due to Mie scattering. Moreover, the photoelectrode composed
with broad size distributed secondary ZnO particle will superior for obtaining
compact films from screen-printing process.

Comparative experiments reported on metal-free indoline dyes emphasize the
importance of improving the photovoltaic performance by suitable molecular
engineering. The unambiguously enhancement of photopower-conversion efficiency

was examined by extending the length of alkyl chain on the indoline sensitizer with

176



IPCE (%)
g
.
“ﬁ\.“.
H
:
3 *
-

Current density (mA /cm?)

1
n
[=]
Il
.
o
o o~

-2_- O-F/ T T T ? \D\

300 400 500 600 700 800
Wavelength (nm)

A
o
0"
|Lo—

-4 T T q r
0.0 0.2 04 0.6

Voltage (V)

Figure 6-23. (a) FESEM image of non-aggregated primary ZnO nanocrystallites (size 8~10
nm) from grinding the original ZnO secondary nanoparticles; scale bar, 1 pm. (b) Commercial
ZnO particles (Merck Ltd.; broad size distribution, 100~600 nm) as a scattering layer on the
top; scale bar, 1 um. (c) J-V curve and IPCE spectrum (Inset) of D205-sensertized DSCs
composed with 23 um-thick grinded nanoparticles and 4pm-thick commercial ZnO particles

as a scattering layer on the top.

the hierarchical photoelectrode composed by aggregated ZnO secondary nanoparticles.
Although the efficiency of ZnO DSCs cannot compete with TiO, systems, presently,

we hope these investigations could shed light on the development of organic
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sensitizers and can be used in the ZnO nanostructure optimization for the proposed

solar cell applications.

6.4 Summary

For 1-D ZnO nanostructures, the branched ZnO nanowires have been fabricated
on FTO substrates using a solvothermal method for DSCs. The short-circuit current
density and the overall light conversion efficiency of the branched ZnO nanowire
DSCs were almost twice higher than the bare ZnO nanowire ones. The improvement
can be explained association with the enlargement of internal surface area within the
photoelectrode without increasing interparticle hops. In addition, the sufficient
dye-loading in branched ZnO nanowire DSCs was further evidenced from the lower
series resistance R,=(dV/ dl);=p and dye-desorption measurement. The branched ZnO
nanowires significantly enhanced IPCE spectra as compared with the bare ZnO
nanowires. Therefore, the concept of these one-dimensional branched nanostructures
could simultaneously afford a “direct conduction pathway and achieve higher dye
adsorption to significantly enhance the overall energy conversion efficiency of the
DSCs.

Furthermore, self-assembled ZnO secondary 0-D nanoparticles have been
demonstrated as an effective photoelectrode within DSCs which retain the desired
specific surface area for dye-molecule adsorption and the sufficient light-harvesting
from prolonged light traveling. D149 and D205 indoline dyes were used as the
effective sensitizers for DSCs composed of hierarchical ZnO photoelectrodes. The
higher charge-transfer rate and retardant fluorescence decay reveal that D205 has
better electron injection dynamics for ZnO nanoparticles as compared to D149. The

optimal energy conversion efficiencies of 4.95% and 5.34% were achieved for D149
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and D205 on 27um-thick ZnO photoelectrode films under AM 1.5 solar radiation. The
significantly enhanced performance for D205-sensitized ZnO DSCs is ascribed to the
effective suppression of electron recombination as well as enhancing interfacial
electron transfer rate by extending the alkyl chain on the terminal rhodanine moiety
from ethyl to octyl. The results of the comparison of the electron transport property
were further confirmed, presenting a prolonged -electron lifetime in the
D205-sensitized ZnO DSCs. Thus, the hybrid system of hierarchical ZnO architecture
and metal-free indolne sensitizer may represent an alternative candidate with regard to

high-performance DSCs.
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Chapter 7 Conclusions

7.1 Conclusions

Vertically well-aligned ZnO nanorods were synthesized without employing any
metal catalysts on glass, Si (111), 6H-SiC (0001) and sapphire (0001), but were
pre-coated with c-oriented ZnO buffer layers. The in-plane alignments of ZnO
nanorods depend on the crystallographic alignment of pre-coed ZnO buffer layer.
Similarly, the photoluminescence of ZnO nanorods are basically related to the type of
the substrates used. In addition, high-density, vertically oriented arrays of ZnO
nanowires were also successfully epitaxial grown on the GaN(0001)-buffered
sapphire substrate. We demonstrated that the arrays of ZnO nanowires are well
aligned along the c-axis and suffer-a-small biaxial compressive stress of 121.9 MPa.
The resonant Raman spectra (RRS) show good crystal quality and reveal phonon
modes that are affected by the' size confinement of the ZnO nanowire. The
exciton-related recombinations ‘near.the band edge dominate the UV emissions at
room temperature as well as at low temperature.

The self-assembled secondary ZnO nanoparticles recognized with the
agglomeration of crystalline subcrystals ranging from 6 to 12nm synthesized by a
sol-gel method have also been demonstrated. The artificial clusters behave like a
single-crystal structure, owing to the subcrystals coagulating as the same crystal
orientation with adjacent ones via the sintering process. The as-grown sample exhibits
phonon redshift in a resonant Raman scattering, compared with the samples after
post-annealing at 350°C and 500°C. Moreover, the electron-phonon coupling
parameter is unambiguously extracted from resonant Raman scattering, and an

interesting phenomenon of increasing electron-LO-phonon coupling is also be
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discovered when the crystal size of ZnO enlarges after heating treatment. For ZnO
quantum dots, the enlarged free-exciton transition energy is responsible for the
blueshift of near-band-edge PL spectra and gives significant evidence for the quantum
confinement effect. Moreover, an increasing electron-phonon coupling was also
discovered from RRS analysis while the diameter of ZnO crystal increases. The size
dependence of electron-phonon coupling is also principally as a result of the Frohlich
interaction.

For further dye-sensitized solar cell (DSC) applications, the solvothermal method
was utilized to fabricate the ZnO nanowires and branched nanowires on FTO
substrates. The short-circuit current density and the overall light conversion efficiency
of the branched ZnO nanowire DSCs were almost twice higher than the bare ZnO
nanowire ones. The improvement can-be explained association with the enlargement
of internal surface area within the photoelectrode without increasing interparticle hops.
In addition, the branched ZnO nanowires-significantly enhanced the dye-adsorption
and IPCE as compared with the bare.ZnO nanowires. Therefore, the concept of these
one-dimensional branched nanostructures could simultaneously afford a direct
conduction pathway and achieve higher dye adsorption to significantly enhance the
overall energy conversion efficiency of the DSCs.

Furthermore, self-assembled ZnO secondary nanoparticles have been
demonstrated as an effective photoelectrode within DSCs which retain the desired
specific surface area for dye-molecule adsorption and the sufficient light-harvesting
from prolonged light traveling. D149 and D205 indoline dyes were used as the
effective sensitizers for DSCs composed of hierarchical ZnO photoelectrodes. The
higher charge-transfer rate and retardant fluorescence decay reveal that D205 has

better electron injection dynamics for ZnO nanoparticles as compared to D149. The
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optimal energy conversion efficiencies of 4.95% and 5.34% were achieved for D149
and D205 on 27um-thick ZnO photoelectrode films under AM 1.5 solar radiation. The
significantly enhanced performance for D205-sensitized ZnO DSCs is ascribed to the
effective suppression of electron recombination as well as enhancing interfacial
electron transfer rate by extending the alkyl chain on the terminal rhodanine moiety
from ethyl to octyl. The results of the comparison of the electron transport property
were further confirmed, presenting a prolonged electron lifetime in the
D205-sensitized ZnO DSCs. Thus, the hybrid system of hierarchical ZnO architecture
and metal-free indolne sensitizer may represent an alternative candidate with regard to

high-performance metal-free organic DSCs.

7.2 Prospective

Coupling between electronic and vibrational excitations plays an important role
in semiconductor materials because of its significant influence on the optoelectronic
properties of semiconductors, e.g., the transport processes, the energy relaxation rates
of excited carriers, and linear or nonlinear optical absorption. Beyond size control,
recently, our laboratory also found the strength of exciton-LO-phonon coupling can be
reduced in Zn;\Mg,O powders (0 <x <0.05) [1]. The increase of the exciton binding
energy results from decrease of the exciton Bohr radius that is responsible for
reducing the coupling strength of exciton-LO-phonon as increasing Mg content. This
investigation could shed a light on the development of further ZnO nanostructures (ex:
Zn0/ZnMgO MQWs) for advanced photonic devices with Bose—Einstein
condensation for the realization of room-temperature polariton lasers. Beside
resonance Raman scattering, femtosecond pump-probe methods appears to be one of

the most direct, generally applicable methods to probe electron-phonon coupling in
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semiconductor nanostructures. As a controversial topic for electron-phonon coupling,
it should be important to circumvent the confounding factor that has not been
considered in most of previous experiments and obtain more reliable results for my
further works. An interpretation with the aid of numerical simulations and multiple
experimental observables will also be considered.

In order to increase the power conversion efficiency, high density, long branched
treelike multigeneration hierarchical crystalline ZnO nanoforest photoanodes via a
simple selective hierarchical growth sequence and could significantly improve the
DSC power conversion efficiency (2.63 %) [2]. However, the performance is still
quite inadequate in practice. From Yang’s and Gao’s reports, the surface of ZnO
nanostructures were successfully modified with: ultrathin TiO, layer by means of
atomic layer deposition (ALD)-and achieved DSC efficiencies of 2.27% for core-shell
ZnO/Ti02 nanowires [3] and 6.3% for ZnO nanocrystallite aggregates. The utility of
TiO, ultrathin layer indeed overcome the limitation of the neutrally chemical
unstability for ZnO and temporarily-avoid the unsuitable dye designed primarily for
Ti0,. Furthermore, the concepts of multiexcitions [5] and hot-electron transfer [6]
with appropriate chemical treatment of the ZnO surface for quantum dot-sensitized
solar cell systems will also be attempted. The pico-second time-resolved
photoluminescence (TRPL) and time-resolved second harmonic generation (TR-SHG)

could be built up as well to further realize the transient transfer mechanisms.
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