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Abstract

To satisfy the universal goal of improving solar-energy conversion efficiency, the need to
develop and deploy large-scale, cost-effective, renewable energy is becoming increasingly
important. In recent years, a solar cell consisting of organic or inorganic materials along with
good transparent conducting oxide (TCO) films has achieved good power conversion efficiencies
(PCE). Transparent conducting oxide (TCO) films or nanostructures serve as a window for light
to pass through to the active material beneath and as an ohmic contact (electrode) for carrier
transport out of photovoltaic. All detailed studies will become the focus in this thesis.

In the first part, a spray deposition process was used to investigate the effect of oxygen
content in the carrier gas on FTO film morphology and properties. The carrier gas containing
various O,/N concentrations (0, 20, 50, 80 and 100%) led to significant change in thickness, size
and shape of grain growth. The deposited films reach a low resistivity of ~10™*Q-cm and a
transmittance of 76%~96% a 550 nm. Finally, photovoltaic implement of dye-sensitized solar
cells (DSSCs) and polymer-based solar cells reveals the particular behaviors such as charge



transport, recombination, and collection properties respected to the surface and interfacial
effects.

However, in case of amorphous silicon solar cells (aSi:H), it was found that a
hydrogenated effect results in the deterioration of FTO film as TCO electrode. Therefore, a
double-layered transparent conducting AZO/FTO thin film was investigated and the results
suggest that the AZO film acts as a protecting layer for the beneath FTO film surface, providing
an excellent epitaxial interface, from the direct bombardment of H ions and radicals. Moreover,
following by a post-annealing treatment at 400°C, the degraded properties of FTO can be
recovered via the reoxidization of Sn-O bounds, in which H-ions diffusion and Sn-O redox
process was interpreted by XPS and SIMS analysis.

In the second part, the investigation is mainly focused on a selective plasma-treatment
technique for introducing surface functionalization, passivation, and etching to form nanorods
(NRs), nanowires (NWs) and nanotubes (NTs). Herein, we fabricate the p-type SnO,-based
transparent conducting electrode which was constructed by a novel approach of In and N co-
doping by nitrogen plasma (5-40 min), to In-doped SnO; films with several In contents (O, 3, 7,
15 and 30%). Depending on In doping concentration, (N, 1n)-codoped SnO, can be modified to
either p-type or n-type where N atoms primarily substitute in O sites in SnO, with enhanced
conductivity, Hall mobility and solubility of the In dopant. Significantly, such behavior is also
exhibited in term of pn core-shell heterojunction, showing the symmetrical I-V curve with
rectified diode characteristics.

Furthermore, similar method was applied to investigate the key aspects in comparison
between ZnO NWs and NTs under nitrogen plasma treatment at room temperature condition.
Upon an extended treatment of 900 s, the ZnO NTs exhibit higher reliability of photoresponse,
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20 times of NWs without deteriorated structure. This indicates that higher surface-to-volume
ratio of NTs is critically important factor for inducing the surface modification, occupying the
oxygen defects and impurities in the ZnO matrix by the presence of N ions.

On the other hand, we proposed a selective oxygen-plasma-etching technique for the
formation of ZnO-FTO heterostructure nanotubes using presynthesized ZnO nanorods (NRS) as
sacrificial templates, and FTO nanoparticles are deposited onto the ZnO nanorods by a simple
spray pyrolysis method. XPS analysis demonstrated that the oxygen-plasma treatment decreased
the O*/OH" concentration ratio, resulting in dissociation of the Zn-O bonds and the outward
diffusion of Zn cations to form an interior hollow, which is related to the formation of the
hydroxyl functional group, Sn-OH, a the FTO surface. Time-dependent photocurrent (I-T)
measurements under ON-OFF cycles of UV illumination confirms a rectified photoresponse
characteristic and a dark current increased by about 3 orders of magnitude over that of the
unetched sample.

Keywords. metal-oxide materials, plasma treatment, transparent conducting oxide
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Chapter 1

I ntroduction

During the past decade, it is increasingly clear that the global reliance on exhaustible
natural resources (e.g. oil, ethanol, natural gas and coa) must shift in favor of using sustainable
strategies and renewable energy sources in order to provide more environmentally production
route. One renewable resource that has the capability to meet the increasing energy demand
comes in the form of solar radiation. The direct conversion of solar energy to electricity
attributed to photovoltaic effect has a significant impact allowing clean, unlimited-source,
reliable, and cogt-efficient methods. However, one of major components in photovoltaic cells
relies on semiconductor materials that involve the use of sophisticated technologies with high
production cost. Thus, significant cost reductions using novel strategies must be considerably

necessary to compete with other traditionally generated power.

Transparent conducting oxides (TCOs) that provide thermal stability, high transparency,
and oxidation resistance have yet to be widely used in electronic, optoelectronic and photovoltaic
applications [ 1-4]. The components of TCOs are mainly composed of the wide band gap metal
oxides with unintentional n-type conductivity generated by intrinsic defects and the inadvertent
incorporation of other impurities. For example, the role of oxygen vacancies (V) is predominant
for the electronic properties. Consequently, the large oxidizing power of charge transport in
metal oxide coupled with low-cost production renders it the semiconductor materials of choice

for many applications that exploit solar energy conversion efficiency.



Among the metal oxide materials, there are alarge number of options for improving solar
cell performance by the use of nanomaterials as building blocks for devices. This can help
downscale conventional technologies by developing a miniaturization of functional units with its
unique physical and chemical properties. In particular, low-dimensional, nanostructured
materials have attracted much attention because of their large surface-volume characteristics,
which promote some advantages such as superior sensitivity to light, electrical transport, and
lower charge carrier recombination. Moreover, the effect of defects on the physical properties
can significantly increase with decreasing in dimension of material. In this thesis, of particular
interest is also the use of plasma technology to deliver high throughput, conformal coverage, and
reproducibility of gaseous treatment at low substrate temperature, for high surface reactive
nanostructures. Especially, a high aspect ratio of 1D nanostructures such as nanorod [5, 6],
nanowire [7, 8], core-shell nanowire [9, 10], nanotube [11, 12], etc. could be more effective
with plasma than other alternative nanostructures or textured films when quantum confinement,

charge-carrier collection and transport are determined by low trapping/detrapping.

For the purpose to develop new technique for the metal oxide surface modification,
particularly using in solar cell applications, Chapter 4 firstly demonstrated the fundamental
investigation of the effect of oxygen content on FTO film morphology and properties. The
various ratios of O,/N; carrier gas led to significant change in thickness, size and shape of grain
growth of FTO films, which is indicative of variable conditions to study the role of correlation
between optical and electrical properties. As the result, high film quality was obtained at a low
resistivity of ~10*Q-cm and a transmittance of 65%~92% (A=550 nm). Moreover, photovoltaic
implement of dye-sensitized solar cells (DSSCs) also revealed the particular behaviors such as

conversion efficiency, charge transport, recombination, and collection properties. With this
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investigation, the model will examine the concept in understanding the mechanism of ion-
incorporated film and the defect state behavior, which is fundamentally important to the rest of

following studies.

In Chapter 5, we proposed the development of double-layer TCO electrode that involves
an additional AZO barrier layer coating on the FTO layer. The deterioration of FTO film
properties might be reduced when the products were exposed to hydrogen plasma atmosphere
during the fabrication process of hydrogenated amorphous silicon (a-Si:H) solar cells. This
configuration was confirmed by the structural (SEM, TEM, XRD, XPS and SIMYS), optical (UV-
Vis), and electrical (Hall measurement) characterizations that the AZO layer is able to protect the
FTO film from the bombardment of H-ions and radicals. Finally, a systematic study of the post
annealing treatment reveals a recovery of the deteriorated properties of FTO films through the

diffusion mechanism of incorporated hydrogen in the films.

Chapter 6 demonstrates a novel methodology for developing co-doped p-type SnO; films
using dual acceptors (In and N elements). The deposited films were delivered by ultrasonic spray
pyrolysis containing mixed solution of In and Sn precursors in combination with thermal
annealing at 600°C and post nitrogen-plasma treatment. In this chapter, not only the film
characteristics with different conditions will be presented, but also this technique can be adapted
to use in 1D-nanoscale, e.g., core-shell nanowire. Because the ultrafine p-SnO; thin film with
controllable size (~10 nm in thickness) and texture suites with such selective plasma treatment
method (reactive ion etching; RIE), this nano-heterojunction seems to behave the same way as a

conventional thin film diode. Therefore, we produced n-ZnO/p-SnO, core-shell diode using ZnO



nanorods as a template, which represents another technological challenge for a variety of

applications in nanoscience.

Similar to Chapter 6, the investigation in Chapter 7 is involved with the influence of
nitrogen plasma on chemically grown ZnO nanowire (NWs) and nanotubes (NTs). This section
discusses, for the first time, the photoluminescence (PL), dark current (I-V measurement), and
photoresponse (I-T measurement) behavior due to a change of the surface defect; indicating that
the oxygen defects and impurities are occupied by the presence of N ions in the ZnO matrix.

Finally, Chapter 8 demonstrates the use of a selective oxygen-plasma etching technique
to fabricate ZnO-FTO composite nanotubes. In this approach, presynthesized ZnO nanorod
arrays act as templates, and FTO nanoparticles are deposited onto the ZnO nanorods by a simple
spray pyrolysis method. Upon high power of oxygen plasma treatment, various ions and radicals
(0", O**, and O*) generated by the oxygen plasma, readily diffuse into oxygen vacancies and
create negative charges on the ZnO NR surface. Then, with prolonging the treatment time, the
accelerated etching rate might occur to produce a large number of voids in the ZnO surface and
form a hollow ZnO-FTO heterostructure, respectively. In addition, an etching mechanism via
oxygen plasma will be tentatively discussed along with examining a rectified photoresponse and

dark current characteristics compared with the as-synthesized sample.



Chapter 2

Literature Review and Theoretical Framewor k

2.1 Wide band-gap metal-oxide materials

During the past decades, metal oxide semiconductors have attracted much research
attentions in a wide range of advanced applications such as electronics, optoelectronics, sensors,
photocatalysts, field emissions, solar cells, etc. [13-17]. It is known as one of the material
compounds containing transition elements and oxygen. So, for example, the oxide materials can
provide various utilizations from additional doping incorporation due to its variable bandgaps
across the infrared to ultraviolet regions. Moreover, the excellent chemical and thermal
stabilities have commonly been observed based on the recognition that metal-oxide bound
exhibits durable from dissolution in acidic and basic solutions and very high decomposited

temperatures (more than 1000°C), respectively.

2.1.1 Background of metal oxide nanostrucutres: ZnO and SnO,

Among the metal oxide proposed as wide band gap materials, Zinc oxide (ZnO) is one of
the most extensively studied, owing to unique multiple properties such as high electron mobility,
piezoelectric, pyroelectric, and strong room-temperature luminescence. Crystalline ZnO has a
wurtzite type of crystal structure under ambient conditions. The wurtzite structure has a
hexagonal unit cell with two lattice parameters (a and ¢), in which either Zn or O atom displaces
with respect to each other along the threefold c-axis. Figure 2.1a shows tetrahedrally coordinated

Zn** and O ions with alternating planes stacked layer by layer along the c-axis direction. The
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bonds between cation (Zn) and anion (O) possess a strong ionic interaction that the opposite
charges result in a spontaneous polarization and piezoelectricity with normal dipole moment. For
an electrostatic point of view, this polarity is an important factor in crystal growth, defect
generation, plasticity, etching, etc. In addition to polar surfaces, it also introduces the four most
common faces of wurzite ZnO including the polar Zn-terminated (0001), O-terminated (0001)
faces (c-axis) and the nonpolar (2110) and (0110) faces [18]. Therefore, various shapes of the
ZnO crystal are originated due to the configurations; differences in the growth rates of different
crystal planes, which can also be facilitated for the fabrication of novel nanostructures. Dueto its
diverse and rich structures and properties with low-cost strategies, recently, many types of
nanostructured ZnO including nanowires [19], nanoneedles [ 20, 21], and tubular whiskers [22]
have already been synthesized mainly by hydrothermal growth, atmospheric spray pyrolysis, and

vapor-liquid-solid (VLS) depositions [ 23-25] .

(a) (b)

[0001]

Figure 2.1 Sructures of (a) wurtzite ZnO and (b) cassiterite ShO,[ 26, 27].



Tin oxide (SnOy) is another important n-type semiconductor regarded as an oxygen-
deficient material. Its large bandgap (Eq = 3.6 eV at 300 K) makes it ideally working as a
transparent conducting electrode for a wide range of industrial applications [ 28-31]. Structuraly,
SnO, can be formed by two natural oxidation states, Sn(ll) and Sn(IV). The dominant crystal
structure of the products is commonly described as cassiterite or rutile-structured SnO,, which is
composed of the tetragonal unit. In a tetragonal unit cell, three-fold coordinated oxygen atoms
surround the octahedral coordinated tin atoms as shown in Figure 2.1b. To activate the surface
stability of such cassiterite structure, some energy (temperature in the range of 350-600°C) is
required to keep balance between the number of the dangling cation bonds and the dangling
anion bonds. Furthermore, the unique properties were arisen when nanosized dimensions occur
in crystal structure through fabrication processes. The synthesis and growth of a certain
morphology can be selectively controlled by the assembly of the building blocks [32-34].
Therefore, by exploiting the special electrical and optical properties of nanomaterials, there is a
great potential as well as fundamental prerequisite for the development of nanoscience and

nanotechnology, which will be a major discussion in the following sections.

2.2 The State-of-Art of Defect Chemistry in Metal Oxide Materials

2.2.1 Electronic and optical properties

The structura imperfections in crystals can be commonly defined as “point defects’,
when either atoms in the host crystal (intrinsic) or additive chemical impurities (extrinsic) is not
in regular lattice position. The presence of point defects or impurities plays a major role in

determining the electrical and optical properties of the host crystal.
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The most dominative intrinsic point defect is a lattice vacancy, which is a missing atom
or crystalline site. Given the importance of some binary oxide based semiconductors (e.g. CdO,
In,03, SNO,, ZNnO) [35], it has been postulated that a native point defect, such as oxygen
vacancies, clearly establishes its prevailing n-type character according to: 0 < 1/20,(g) +
V" + 2¢€'. In principle, a generation of an oxygen defect releases two electrons, which is mainly
contributed to the shallow electron states. Another vacancy defect is an extra atom in a non-
crystalline site, which is transferred from a lattice site to the interstitial position. Interstitial atoms
are considered to require a large amount of energy to immigrate into a close-pack crystal. If the
energy of such defect-related states happens to be much deviated from that of states of the
perfect crystal, the mechanism of electrical conductivity will be significantly affected by the
motion of diffused atoms or ions. However, it becomes an important consequence that all types
of metal oxide materials may not occur in the same configuration because their corresponding
interstitial formation reactions yield noticeably different oxygen partial pressure (p0,)

dependence of conductivity [ 36] .

The addition of a foreign atom in the fraction of a host crystal atom is known as
“extrinsic point defect”. When the proper proportion of doping impurities was applied, the
substitutions will take the place of a normal atom at the lattice site at equilibrium state, hence
improving the operation of physical properties. Based on atomic size and formation energy
considerations, substitutional impurities introduces relevant charge states differently within the
band gap: (1) “deep level” isreferred to the energy of the impurity-related states near the middle
of band gap, while (2) it provides “shallow level” when the states lie close to the valence band
(VB) or conduction band (CB). One example of such SnO, doping of Group-V elements (N, P,

As, and Sb cations) was demonstrated by Varley et a. [37], to understand the effect of doping
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mechanism in metal oxide semiconductor. Generally, it has been established that undoped SnO,
crystal typically exhibit n-type conductivity due to the presence of its native point defects; tin
interstitials (Sn;)) and oxygen vacancies (V). The electronic-structure calculations revealed that
P, Asand Sb strongly prefer to occupy the Sn sites to enhance “n-type conductivity” of as-grown
SnO,, in which the extra electrons in states below the CB freely move in the host matrix. In
contrast, N is preferentially incorporated to the anion O sites (No), which has the lowest
formation energy among other possible N defects under both O- and Sn-rich conditions (Table
2.1) [38], and act as a deep acceptor (p-type conductor). This is because the empty states known
as “hole” was left right on the top of VB after N atom-occupied O site simulates an electron to
be excited out of the filled valence band to higher level states. Upon incorporation of donor or
acceptor doping atoms, similar electronic-transition effects have also been reported in other
metal oxide semiconductors such as binary oxides: Ga,O3; [39], Fe;Os [40], TiO, [41], MgO
[42], ternary oxides. CUAIO; [43], SrCu,0O, [44] and even co-doped metal oxides. (H, Al)-

codoped ZnO [45], (N, F)-codoped TiO, [46], etc.

N-doped SnO, O-rich condition Sn-rich condition
Nsn 3.7 12.9
No 0.68 2.0
Nin-3 4.4 8.3
Nin-4 6.3 10.2

Table 2.1 Formation energy (eV) of N-doped ShO, atom supercells in O-rich condition and Sh-rich

condition [ 38] .



Not only doping techniques have been broadly used to enhance the conductivity and the
stability of various metal oxide thin films by modifying the energy band structure, but aso
optical transitions between impurity levels or other occupied conduction states could be a critical
role to achieve optical property enhancement through absorption or emission characteristic of
photons. Taking n-type TCOs (Sn-doped In,O3; ITO) as a prototype [36, 47], a high optical
transparency is mainly determined by the factor: the fundamental band gap (Eg) becomes larger
in fact up to ~1eV, with increasing carrier concentration from electron doping impurities. Figure
2.2 shows the magnitude of the shift (Agm), indicated as dark area, due to the Burstein-Moss
effect, which is attributed to alowed transition between the fundamental conduction band edge
and the second conduction band (SCB). However, the band-gap shrinkage or renormalization
(Arn) Occurs inversely due to an increase in the energy of the valence-band maximum (VBM)
and decrease in the energy of the conduction-band minimum (CBM), when the excess of charge
carriers was applied in the conduction band. Finally, the optical transparency in the visible
wavelength range is maintained, defined as a difference of the two contributions, AEg = Agwm -
Arn. Somehow, the findings could be also adapted for understanding charge transport in

optoelectronic devices based on other wide-band gap metal-oxides.

VBM i i _.-—""__—"L-‘_
'—/-——-.\h .—/—_-_-‘\
> Eqtbon | Eo+Aouben

Figure 2.2 Schematic diagrams of charge transport in the energy transitions from the valence band to the

conduction band [ 35].
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2.2.2 Band-gap Engineering

In doping semiconductors, band-gap engineering in term of analyticak model
demonstrates how the presence of charge carrier concentrations based on external dopants is so
crucial for the operation of electronic devices. The model basically interprets several effects such
as excitation/recombination of charge behavior within the space-charge region, interface states at
athin oxide (depleting layer), the creation of the Schottky barrier (band bending) at the interface,
and tunneling effect due to highly doped concentration. The operating mechanism begins when
(1) the external electric field excited electrons from the donor-related state, instead of the VBM,
to the CBM. (2) Or, smilarly, electrons can be also excited from the VBM to the acceptor-
related state and leave a delocalized hole at the original state, if the impurity state locates much
closer to the VB than the CB. Consequently, any occurrence of these two cases results in
generation of electron and hole (current), flowing in the direction of the applied electric field
depending on their signs (+/-).

For two parts in the contact between metal-semiconductor or semiconductor-
semiconductor, so-called “spatial inhomogeneities” were normally introduced by effective
Schottky barrier (¢g) at the interface, which also correlate with noise properties of Schottky
diodes and grain boundaries [48]. The combination of the metal (or conductive oxide) electrode
and the semiconductor affects the energy of electronic state on the semiconductor side. The
different work functions (¢) between these two layers create a charge depletion region and band
bending on the semiconductor, which hinder the electron transfer across the interface. However,
corresponding to the relative position of Fermi levels (Er), electrons (negatively charge carriers)
move from the semiconductor (lower work function) to the metal (or conductive oxide) electrode

(higher work function) until the Fermi levels align at the thermal equilibrium state. Like an

11



example as shown in Figure 2.3, when ITO transparent electrode and TiO, are brought into the
contact [49], band alignment in a ITO-TiO; junction induces electrons moving from one side
(TiOy) to the other (ITO), responsible for overcoming the potential (Schottky) barrier (Vs). It
indicates that the built-in barrier; qV; = q(¢,, — ¢s) and the shift in work function; gA¢ =
q(dm — x), Where y, ¢, and ¢, are the electron affinity, the work functions of ITO and TiO,,
respectively. To achieve higher efficiency and yield, this work investigated a simple way to
conserve the electrical conductivity of ITO films under post annealing process by applying a
reducing H, gas. As a result, this method could prevent annihilation of oxygen vacancies (free
carriers generating the electrical conductivity) from oxygen in the atmosphere. In principle, the
increased optical band gap of ITO may occur because the additional donor electrons occupy the
energy states above the CB, which could higher the Fermi energy level, i.e., reducing the
Schottky barrier at the interface. Therefore, the Hy-annealed ITO electrode was assumed to
employ significantly improved interfacial charge transport due to decreased internal resistance of

the cell.

(a) (b)

...........

Vacuum level

Before reduction ' After reduction

Figure 2.3 Illustration of band alignment and the Schottky barrier formed at the junction of conducting

oxide (ITO) and semiconductor (TiO,) (a) before and (b) after H,-gas reduction [49].
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Furthermore, improvement of interfacial adhesion has been a matter of intensive study.
The advantages and disadvantages of various common techniques depend on a variety of factors,
such as contact area, charge-transport dimensionality, structural similarity, and charge
recombination. For instance, poor interfacial contact (TiO,/FTO), encountered in nanoparticulate
film-based devices, can be tallored by a UV laser welding [50]. One obvious evidence as
electrochemical impedance analysis (Z) proved that the contact resistance decreased proportional
to an increase in the power of laser beam upto 0.5 W. It was claimed to be a simple, fast, and
adaptable for any other efficiency improvement schemes. However, since a thin region of the
interface was locally involved in this technique, the experiment must be very tricky to handle.
The exceeded irradiation might readily damage the TiO, particles or even degrade the

conductivity of the ITO film.

Similarly, in the case of p-n junction, two parts in contact are basically composed of one
semiconductor doped with donor impurities (n-type) and the other one doped with acceptor
impurities (p-type). Due to high mobility of the carriers (electron and hole), they diffuse toward
the opposite directions; electrons move to p-doped side and holes move to n-doped side. At the
p-n junction, the energy bands of the semiconductors must bend, also forming a depletion region
corresponding to the alignment of Fermi energy level in both p and n-doped layers. This
consequence leads to arectifying behavior in oxide materials, which has been reported in term of
“homojunction” or “heterojunction” diode. Toru et a. [51] have fabricated a ZnO-homojunction
diode by using laser phosphorus (P) doping to form a p-type ZnO layer on a typically n-type
ZnO substrate. Band-edge emission (A = 370-380 nm) and broad peak (A = 400-500 nm) of the

ZnO diode was revealed via the electroluminescene spectrum under forward current injection at
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110 K. The light emission of white-violet color was observed, which is evidently caused by a

band-edge component of defect states.

In addition, p-i-n (p-type/intrinsic/n-type) heterojunction diodes [52] commonly offer
another approach for improving the rectifying configurations of abrupt junction in ordinary p-n
diode [53]. Figure 2.4a displays the structure of transparent p-CuY O,:Ca/i-ZnO/n-ITO diode. It
concluded that using the selective materials with their proper band-gap mismatch could lead to a
smooth transition as shown in Figure 2.4b. This can develop the injection of electrons from n-
ITO to p-CuY O, while the flow of space-charge-limited current is attributed to the single-carrier
injection in the i-ZnO layer. The possible applications of p-i-n diode have been widely used in
many branches such as fast switches, photodetectors, and high voltage power electronics [ 54,

55].

In contact

p*-CuYO,:Ca (300 nm)
In contact i-Zn0 (250 nm)
I
n*-ITO (200 nm)

Glass Substrate

Figure 2.4 (a) Sructure and (b) equilibrium energy band diagram of the CuYO,:Ca/ZnO/ITO p-i-n

heter ojunction diode coated on glass substrate [ 52] .
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2.3 Surface modification in nanoscience and nanotechnology

2.3.1 Surface passivation

A wealth of the techniques with controllable temperature and doping concentration has
been widely reported by various research groups, with notable purposes including surface
passivation [56], functionalization [57, 58] and etching [59, 60]. Song et al. [56] demonstrated
the passivation effects of a polymethyl methacrylate (PMMA) on the electrical characteristics of
ZnO nanowires, under various oxygen environments. They found that the surface passivation can
prevent oxygen ions (0~,02%~, or 0;) from being absorbed onto the defect site (V,2*) of ZnO
nanowires, where such intrinsic defects (V,2* and Zn?™) dtribute to the n-type conductivity in
ZnO. Then, the electrical characteristics of the single ZnO nanowire with and without coating
PMMA passivation surface were compared via the field effect transistors (FETS) devices under
ambient air (20% O,) , dry O,, and vacuum (~10° Torr) environment. In Figure 2.5, the output
Ips-Vps and Ips-V s curves indicates that carrier concentration, mobility, and threshold voltage of
the as-grown ZnO nanowires were significantly influenced proportional to increasing in the
contents of oxygen environment, while the passivated samples remained unchanged due to no

electrons trapping to the oxygen molecules at the surface.
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Figure 2.5 IpsVps curves (at different gate biases: 6, 8 and 10 V) and Ips-Vg curves (at Vps=0.1 V) of a
ZnO nanowire FET under ambient air, dry O2, and vacuum conditions as compared between (a, c) before

and (b, d) after PMMA passivation, respectively [ 56] .

As mentioned above, it also suggests that the performance characteristics of
heterostructure nanodevice primarily rely on the quality of growth interface. Combining two
materials with the same crystal structure is assumed to offer well-defined and clean interface of
the epitaxial growth films associated with passivation of surface defect density. However, this
concept was also adapted for using in the epitaxial growth of other couple materials with
different crystal systems. Such SnO,/ZnO heterojunction nanocatalyst core-shell was
successfully synthesized by which it exhibits the possibility of using in various types of

application [10, 61, 62]. Architecturally, the 3D epitaxial heterostructure for superlattice
16



structures [63, 64], coaxial [65-68], and biaxial [69-71] nanowires or nanocables were
developed and applied to the DSSCs, in order to enhance the overall device efficiencies with a
consideration of high aspect (surface-to-volume) ratio and cataytic activity. Herein, to
understand detailed information about the microstructure and morphology of core-shell
nanowires, SEM images and their insets can be seen in Figure 2.6 that the uniform-size
distribution can be readily obtained, while the shell thickness was varied with the number of the

atomic layer deposition (ALD) cycles[10].

Figure 2.6 SEM images of SnO,-ZnO core-shell where the ShO, nanofiber was synthesized by
electrospinning and the ZnO outer layer was deposited with different ALD cycles of (a) 0, (b) 100, and (c)

400[10].

However, Kuang et al. demonstrated that HRTEM images (Figure 2.7) evidently revealed
more understandings about layer-to-layer interaction. As aresult, although the ZnO nanorod was
completely coated with a well-crystalline SnO; layer, the lattice mismatch (misfit dislocation)
between the SnO, shell and ZnO core might be induced due to the injection of structure defects

and stress through the epitaxial layers [62]. Accordingly, it becomes very important to further
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develop this strategy by selecting correlated hybrid materials in responsible with using suitable

fabrication methods.

Zn0-(0001)
¢Znatom ¢ Snatom @ O atom

Figure 2.7 (a) TEM image of a ZnO-SnO, core-shell nanorod where the inset shows a magnified image of
the crystal fringes in the ShO, shell. (b) High-magnification TEM image reveals misfit dislocation in the
O, epitaxial layer. (c) Schematic model of the atomic arrangements of the ShO, hexagonal nanoring on

the (100) plane surrounding a ZnO nanorod on the (0001) plane[62] .

2.3.2 Surface treatment by plasma

Several semiconducting metal oxides such as ZnO, SiO,, 1n,03, and SnO, serving as
direct wide band gap materials are strongly affected by the chemical adsorption of ambient
gases. In this approach, the surface modification methods using a dry plasma treatment
represents straightforward route to change the structural, optical and electrical properties via
surface energy band bending due to the generation or degeneration of additional or removal

molecules in defect sites.
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In atmosphere, water molecules normally physisorb with the hydrogen sides to the metal
oxide surface in order to introduce the lower free energy and the overall stability of the system.
For example, the hydroxyl groups (OH") of water molecules were weakly bound to ZnO surface
at the positively charged active sites (Zn?*-OH’), which will subsequently capture the electrons
as illustrated in Figure 2.8 [57, 58, 72]. According to the reason, this topic deserves further
investigation regarding to the incorporation of surface treatment on the physical properties of
metal oxide materials. Recently, the study of oxygen plasma assisted epitaxial ZnO thin film
growth [73] revealed the creation of the rectifying behavior, therefore improving the UV
detector characteristics as compared with the ohmic behavior in the untreated samples. The XPS
(O 1s core level) spectra in Figure 2.9 exhibit the removal of conductive OH layer accumulated
at the surface; the deconvoluted peaks show an increase in the relative intensity of the O-Zn peak
to the O-OH peak when the plasma treatment time was increased. This indicates the abundance
of atomic oxygen radicals filling into the oxygen vacancies of the host lattice, which is able to
lower the Fermi level (Ef) in the band gap and create band bending upward. The oxygen plasma
treatment not only eliminates all detectable hydroxide and hydrocarbon contaminations leading
to an increase in surface conductivity, but also the formation of Schottky barrier are much

suitable to gold , platinum contact, etc., due to its low oxygen affinity [ 74] .
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Figure 2.8 Schematic drawing of ZnO nanowire shows (a) the influence of physisorbed water molecules
in air, capturing free electron and inducing a low-conductivity depletion layer at the nanowire surface.
The current is increased under a vacuum condition due to a desorption of the water molecules. (b) Upon
illumination with UV in air, electron-hole pairs are generated, while the carriers are decreased with the

replacement of the hydroxyl group by oxygen ions from the steady light [57].
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Figure 2.9 XPS spectra of O 1s core level from untreated and oxygen plasma treated (5-30 min) ZnO

films[73].
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In case of SnO,, the surface electronic states are also affected by oxygen plasma[ 75, 76];
the absorbed oxygen species from oxygen plasma were expected to induce the reduced SnOy
surface, where the Sn?*-O bonds existed, by forming the damaged (depleting) layer on the
surface. In a detall, this phenomenon was demonstrated by the energy level diagram in Figure
2.10. The energy bands at the surface bent upward (denoted by “¢g”) after oxygen plasma
treatment, resulting in a surface accumulation layer and additional electron trap states. When a
depleting layer was produced, the electron affinity () is reduced, hence making contribution to
the formation of a Schottky contact with Au electrode, used in various applications. On the other
hand, to treat the samples under N, gas annealing, the incorporation of nitrogen atoms in the
SnO, host matrix [38, 77] introduced possible mechanisms in the opposite way. The interstitial
and substitutional N atoms preferentially located in anion sites due to low defect formation
energies in the O-rich conditions. In principle, density function theory calculations revealed a
major possibility that the N atoms are energetically favorable to occupy the O site within a
limitation of diffusion depth. In this process, the introduction of such defects or impurities can
change the surface chemistry by surface oxidation, thereby recovering the Sn**-O bonds (SnO
phase). This can enhance the field emission characteristics of SnO, due to decreasing in the

emission barrier and the work function (¢) at the depleting layer.
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Figure 2.10 (a) Idealized energy band diagram for an Au/ShO, interface. Band alignment of Au contact
on (b) an as-deposited O, film and (c) an oxygen-plasma treated SO, film.(d) Structures of the ShO,

films exposed under different oxygen plasma-treated time (30 and 180 s) [ 75].

As scaling down of complementary metal-oxide-semiconductor, the effect of defects on
the physical properties increases with decreasing in dimension of material. The improvement of
guantum physics limitation might require the ability of such plasma technology to deliver high
throughput, conformal coverage, and reproducibility at low substrate temperature. For these
advantages, different plasma-involved methods have recently been extended to use in the
numerous applications of metal oxide nanostructure including transparent conductors [78],
electrochromics [54], Li-ion batteries [79], photovoltaic cells [80], gas sensors [81], and
complex oxides [43]. Typically, plasma system is used as a passivation technique by different
gaseous carriers, which can effectively reduce the surface or interface trap states. Recently, a
reversible process to control the characteristics of SnO, nanowire transistors (NWTS) has been

proven by reducing the V, under the N, plasma exposure and recovering after ultraviolet-ozone
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(UVO) treatment, dternatively [82]. The lower concentration of V,, which acts as a donor type
defect to produce electrons in NW, might decrease the conductivity when nitrogen ions were
filled into the V, sites. Under a subsequential treatment of UVO radiation, the O atom could
react with N ion-substituted V,, to form NOx, which is likely to detach from the surface. Finally,
the reproduced V, was obtained leading to an increase in conductivity at its initial state.
However, this study has been found in contradictory with the other previous reports [ 37, 38, 83],
which are related to the mechanism of N-incorporated SnO,; Pan et al. [83] examined that
atomic N could actually prefer to substitutes at O sites in SnO,, due to the lowest formation
energy among the other defects. Hall probe measurement shows the enhancement of p-type
conductivity with increasing N doping concentration, in which the generation of dominative

acceptorsis highly possible to compensate n-type conductivity of the intrinsic defects.

Recently, semiconductor nanocrystals (quantum dots-QDs) have been used to combine with
low-dimensional metal oxides to enhance the efficiency of solar cell devices because the tunable
size of QDs can basically provide the ability to match their absorption wavelength with the solar
spectrum. Instead of using capping or linking agent [ 84-87], plasma treatment becomes another
suitable technique for developing interfacial properties in such hybrid materials. For example,
oxygen plasma could modify ZnO NWs surface in order to improve CdSe QDs absorption [88];
O ion bombardment was assumed not only to remove the surface-bound contaminants in ZnO
surface such as hydroxyl (OH) and hydrocarbon (C-H) groups, but also to create the dangling
bonds of carboxyl (COOH) group on the species to increase the colloidal QDs attaching on the
ZnO NW surface. A consistent result was also obtained with |-V characteristics of dye-sensitized
solar device where the higher QD coverage may cause an enhancement of light absorption,

electron injection, and generated photocurrent, respectively.
23



2.3.3 Surface etching by plasma

In terms of nano-architectural device, conventional lithography techniques widely offer
one possibility for the fabrication of requisite structures, spanning the size in the range of 10-100
nm. There is a number of different techniques such as soft lithography [89], colloidal lithography
[90], and electron lithography [33], which were used for 2D or 3D patterned surface combined
with template-directed synthesis. Among several nanomaterials including hallow-core, tubular,
porous, and nano-array structures [59, 60] have promoted unique chemical and physical
properties because of their ultralarge surface areas and inherent catalytic activities. One
important methodology in the lithographic process is associated with “plasma etching
technology”, which allows high throughput and simple control of the operating parameters
(plasma source, etching gas, flow rate, etc.). Thus, a higher scalability of selective-plasma
etching has been successfully applied to remove metal oxide [59] or organic templates [60] with
remaining origina crystalline structures of unetched portions, as compared with thermal
decomposition (the Kirkendall effect) [91] or wet chemical etching [92].

For metal oxide nanostructure, a primary technique that determines dry etching
mechanism in this interest is reactive ion etching (RIE) method. It is one of most well-known
methodologies in terms of top-down etching techniques, large operating area, and high density at
relatively low pressure (10%-10* Torr). RIE consists of a glow-discharge-generated plasma
where chemically reactive gases are added to gain higher etching rates via selective
bombardment of reactive species. radicals (chemical selectivity) and ions (physical removal of
substrate species). In a detail, RIE introduces a negative charge (electron produced in the plasma)
at the substrate, while the positive ions are simultaneously accelerated toward the surface plane

resulting in a creation of more reactive surface. In this case, an anisotropic etching might be
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achieved and able to produce high aspect ratio features, if low plasma potentials (<100 V) and
high rf biases (>500V) are applied. An example of the fabrication of binary and ternary particle
arrays with nonspherical building blocks was done by RIE under O, plasma [90]. This approach
used different structures of colloidal arrays as nanolithography masks, being self-organized, onto
the PS bead-coated substrates. As illustrated in Figure 2.11, 2D patterned structures possess for
organizing some common geometries, which depend mainly on two basic concepts regarding to:
(1) different colloidal arrangements will give different final structures, i.e. fcc and hcp crystal
structures in the stacking of the hexagonally close-packed (111) layers. (2) The use of either pure
O, or O,-CF, mixture plasma could introduce an anisotropic RIE, which is sufficiently severe for
etching the voids of interstices between the colloidal particles, without disturbing their ordered

structure.

Figure 2.11 Illustration of the colloidal lithographic concept with some 2D geometrical structural units:
(a) hexagonal double layer, (b) hexagonal triple layer (HCP), (c) hexagonal triple layer (FCC), (d)

square doublelayer, and () squaretriple layer [90] .
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To be more specifically, plasma etching mechanism for a fabrication of metal oxide
materials can be mainly divided into two types: positive etching and negative etching. Positive
etching is attributed to removing soft template that is coated by oxide materials on the outer
surface. Like in core-shell structure reported by Moon et al. [60], TiO, hallow hemispheres were
fabricated by using polystyrene (PS) beads as a template (Figure 2.12). The size of PS core-
template tended to shrink when it is initially impacted by oxygen ions from O,-treated plasma,
for which low operating pressure improves diffusion of ions and reactive species through inter-
grain of the TiO, shell layer. Finally, a TiO, hollow structure with the monolayer-film thickness
of 150 nm was produced. Noted that this type of core-template film is much suitable for using
dry plasma etching method due to ultra-small etching technique, by which high surface area and
small interface area between the film and the substrate significantly enhanced gas sensitivity

compared to conventional (flat) thin film.

S0'nm
—

Figure 2.12 SEM images of the resultant embossed TiO, films coated on polystyrene bead templates (a)
without O, plasma etching, and O, plasma etching for (b) 2 min and (c) 4 min. (d) Cross-sectional TEM

image of a hollow TiO, hemisphere with TiO, film deposition at intervals as shown in the inset. () High-
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magnification TEM image from the TiO, shell showing polycrystalline layer with thickness (~150 nm) and

grain sizes (10-30 nm) [ 60].

On the other hand, negative etching can be often seen in terms of porous membrane used
as anodic aluminum oxide (AAO). The nanoporous membrane is the most widely used sacrificial
template for the construction of 1D metal, metal oxide, and polymer nanostructures. AAO
template can be dissolved to liberate free-standing nanorod or nanotube arrays, offering excellent
size uniformity in diameter and length. Unlike the positive etching, it permits the synthesis of
aligned, electrically connected arrays of nanocomposites without the need to self-assemble the
template. However, interestingly, deposition methods used in positive templates can be applied
to the secondary templates for the negative etching methods. In particular, Fan et al. [59]
proposed fabrication of silica nanotube arrays from vertical silicon nanowire. As shown in the
flowchart in Figure 2.13, oxygen plasma was employed to etch the top-surface (step 3) and the
entire matrix (step 5) of parylene template membrane. It indicates that this oxygen plasma
etching in the multistep approach play a main role for making silica nanotube arrays with its

well-controlled and accurate process depending on the applied power and duration.
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Figure 2.13 Flowchart for ordered silica nanotube arrays, fabricated by using vertical silicon nanowire
templates[59] .
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24 Solar celsbased Transparent Conducting Oxide (TCO)

semiconductors

2.4.1 Perspectives and evolutions of solar cells

The large abundant of solar energy promises to be a vital source of clean and renewable
energy being developed to minimize future climate changes. Effective utilization of solar energy
relies on the development of efficient photovoltaic devices. However, the large-scale
implementation of conventional silicon-based solar cells still remains more expensive in term of
the produced electricity cost, compared with traditional fossil fuel-based sources of power. In a
consideration, the most extensively studied solar cells are based on the improvement of energy
conversion efficiency being comprised of inexpensive materials, low environmental
contamination, and optimum band gap-maximized solar absorption. Herein, we focus two
important types of photovoltaic cell; hydrogenated amorphous silicon (a-Si:H) and dye-
sensitized solar cells. Therefore, we can gain more understanding about how to enable the novel

conversion mechanism by using small-scale and low-cost processes.

2.4.2 Hydrogenated amor phous silicon (a-Si-H) solar cells

The aSi:H films have been used to fabricate solar cells as a choice to provide the
advantage of lower costs and less material required than crystalline silicon solar cells (¢c-Si). This
material is easy to deposit on a wide range of substrates (flexible, curved, and roll-away types),
suitable for large area applications with high overall efficiency around 10%. However, the
amorphous Si contains many defects, which results in a small minority carrier diffusion length.

Therefore, afilm of active material is required a sufficient thickness equal to the diffusion length
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to absorb light, effectively. Moreover, the increase in defect density may degrade the amorphous
film due to illumination, which breaks the dangling bond of hydrogen from the forth silicon
bond. The higher defect density will capture more electrons created by photon. Lately,
researchers have found ways to compensate the effect by using hydrogen as the carrier gas
during film deposition. Two main methods for depositing aSi:H film were proposed including:
(1) Silance-based (SiH4; gas) glow discharge induced by plasma enhanced chemical vapor
deposition (PE-CVD) and (2) hot-wire catalytic deposition [93]. Unfortunately, although the
hydrogen diffusion in this stage is expected to result in the formation of dangling bond, a large
impact of generated hydrogen ions and radicals prefers to segregate at the interfaces between
epitaxial layers and grain boundaries and then causes the degradation of properties of metal
oxide semiconductors (TCO electrode). Regarding to the density of hydrogen incorporated in the
film, the use of various manufacturing techniques may be possible to overcome this problem.
Hayashi et al. [94] reported that chemical reactions and hydrogen-related effect contribute to the
properties of aSiy1.xCx:H (p-layer; x=0.28)/SnO; interface in the cell where the reduction of SnO,
was occurred by activated plasma decomposition of BoHs. To prevent Sn diffusion and its
incorporation in the p-layer, an a-SisN4:H barrier layer was inserted between those two layers by
the plasma CVD nitridation of ultra-thin aSi:H. The XPS spectra showed that the formation of
Sn-N bond in the barrier layer plays a key role to reduce the Sn-doped aSi; xCx:H and increase

the density of states in the valence band tail near the Fermi level.
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2.4.3 Dye-sensitized solar cells (DSSCs)

The DSSCs-based photovoltaic devices that rely on the conversion of photons of sunlight
into electricity have become an intensively rectified aternative as the most efficient solar cells
technology available. To date, the advantage of this device is to provide more feasible energy-
conversion efficiencies, up to 11%, with requiring cheap and large-scale manufacturing process
than the conventional silicon-based photovoltaic [95, 96]. In particular, the schematic drawing in
Figure 2.14 illustrates the operating system of the cell which is composed of conductive glass
electrode (anode), TiO, (semiconductor layer), dye (photosensitizer), electrolyte (electron
transfer mediator), and counter electrode (cathode and catalyst of electron transfer). These
features basically associate with the optical absorption and the charge separation in a photo-
electrochemical cell, so that this configuration can prevent the contacting-phase effect of solid-
solid junction. In the reaction, the excited state of photo-absorbed dye principally generates
photoelectron, which induces injection of the electron transport to the conduction band (CB) of
TiO, and the conducting glass electrode (collecting anode). At the end, the electricity is
produced, however; the oxidized dyes are reduced by redox species according to one electron has
jumped to TiO,. Therefore, the dye molecules are compensated by capturing another one from
the iodide electrolyte. Concurrently, the iodide (I5) can regain its lost electron to equilibrium
state in turn by reduction of triiodide (317) at the counter electrode, where the electrons are

resupplied through the external circuit.
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Figure 2.14 Schematic representation of the principle of the dye-sensitized photovoltaic cell operating

under illumination [96].

The monochromatic current yield defined in term of incident photon to current
conversion efficiency (IPCE) can be expressed as the equation below, mainly corresponding to
the photon flux that strikesthe cell, the photoexcited electron that injects into the semiconduction
layer and conductive electrode, and the dark reactions that occur during the light-to-electricity

conversion.

IPCE(4) = LHE(A) X ¢inj X coll

where LHE(1) (light harvesting efficiency) is the fraction of the incident photons of wavelength
A that are absorbed by the dye, ¢in; IS the quantum yield for the subsequent charge injection into
the crystallites that renders the TiO, conductive and 7cq is the electron collection efficiency at

the back electrode (anode).
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To go further, experimentally, another equation that refers to the overall conversion
efficiency (n) of DSSCs consists in assuming the relations among the photocurrent density
measured at short circuit (I), the open-circuit photovoltage (Voc), the fill factor (FF), and the

intensity of the incident light (l):

Ise X Voo XFF
IS

Supposing that the measurement is done under solar radiation through AM (airmass) of 1.5 and
intensity Is of 1000 W/n?. It is known that the FF can be affected by the values of the cell’s
series and shunt resistance, while the Vo. generated under illumination corresponds to the
difference (AV) between the Fermi level in the semiconductor and the redox potential of the

electrolyte.

However, one of the major limitations in DSSCs is the relatively low charge collecting
efficiency of a TCO layer; the leakage of electron transport occurred at the interface between the
conducting glass and the semiconductor layer, which may increase the recombination rate of
photoinduced electron-hole pairs. Therefore, to further improve the efficiency of DSSCs,
considerable attempts have been involved on novel development of nanostructure building

blocks.

Some success in approaching this concept has been achieved by several methods to
maximize the surface area, using nano-scale architecture semiconductors instead of bulk (flat)
materials. Sander et a. [97] demonstrated a template-directed approach for producing TiO,
nanotube arrays on silicon substrates by using atomic layer deposition (ALD). The method
enables to precisely control the tube-wall thicknesses in the regime where the tunable size
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(diameter, spacing, ordering, and wall thickness) affects efficiency in photovoltaic devices. Kang
et a. [98] showed that nanorod-based DSSCs lead to the enhancement of energy conversion
efficiency (6.2%), compared with nanoparticle-based DSSCs (4.3%). Their investigations was
focused on a reduction of intercrystalline contacts between grain boundaries, and 1D stretched
grown gructure could slightly facilitate the electron transport in the specific directionality
contributing to the increase of enhanced electron life time and diffusion length. Wang et al. [ 99]
proposed the advanced nano-encapsulated structure, which was formed in term of so-called “3D
electrode’; TiO,-embedded 1TO nanowire arrays. Photoelectric conversion efficiency as high as
4.3% was achieved rather than that of pristine film type. Recently, Yang et al. [100] minimized
the deterioration of device performances in the use of typical 1D nanostructured electrode due to
introducing the series resistance and roughness factor. A novel architectural design was
composed of grown ZnO nanotips as semiconductor component on host Zn microtip arrays as an
electro-collecting anode (Figure 2.15). Obviously, to enable the scalable size effect, the rough
portions were alocated to the collecting anode instead of imparting them onto the semiconductor
layer attached to the anode. Their results suggested that increases in fill factor, compared with
the ZnO nanowired-based DSSCs, were related to extension of the recombination time for the
excited charge carriers. This is because the short length of the ZnO nanotips plays an important
role in faster process of the electron collection, which can suppress electron trapping by
electrolyte. As a consequence, the open-circuit voltage is also enhanced due to the enlarged
potential barrier between the quasi-Fermi level and the redox species under illumination, which
leads to the electron accumulation at the Zn/ZnO interface and hence improves the overall

efficiency of DSSCs device.
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Figure 2.15 Schematic drawing of the DSSC. An array of Zn microtips, grown vertically from conductive

glass dectrode and decorated with ZnO nanotip hierarchy, serves as the photoanode [ 100] .

In other words, another approach is the use of hetero-structures for a conducting electrode,
which has made available new material platforms and alternative device-fabrication techniques.
These emerging technologies will improve the sensitivity, reliability, and electron transport
properties of next-generation solar cells due to the epitaxial interface effects. Such the
applications of multilayered TCOs; for example, Nb-doped TiO, (NTO) layer [ 101] and F-doped
SnO, (FTO) [102] coated on Sn-doped 1n,O3 (ITO) conducing layer could enhance the thermal
stability, hence prevent deterioration of the electrical properties of the ITO films, after the
thermal annealing process that is essential for a phase formation of components. The
investigators found that multilayered TCOs exhibited dramatic improvement in the overall
energy conversion efficiency as much as 17% compared to that of bare ITO-based DSSCs [ 101].
This behavior was explained through compensating the defect complexes in which the overlayer

can suppress the formation of interstitial-oxygen-related defect (O;) during air annealing.
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Generally, by the reason that conducting TCOs film/semiconductor (TiO,) NPs interface
contains a large internal spacing among numerous grain boundaries. Consequently, electron
trapping and detrapping process may give a rise to the charge recombination due to a loss of

photogenerated electrons during the redox reaction in electrolyte (Figure 2.16) [103].
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Figure 2.16 Interfacial electron transfer via dye, TiO, particle, and TCO €eectrode, involving a

trapping/detrapping process [103].

The ZnO NW-ZnO NP composite is one of many examples [104] that introduced the use of
hybrid nanostructures to overcome the charge recombination in photoelectrode, as FTO
conducting layer of DSSCs. As shown in Figure 2.17, the unique configuration was contributed
to increasing the contact area between photoelectrode and sensitizer dye, while the nanowire acts
as one-directional pathway to boost the electron transport toward the conducting layer. The
investigation showed that the performance of the NW-NP composite is mainly influenced by the

ZnO NW well-adhered on the single-crystalline ZnO at the 6.2 um thick composite film.
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Nevertheless, it can be pointed out that, without annealing treatment, layered basic zinc acetate
(LBZA) might be remained as the large fraction of as-deposited NP, which can form the
insulating overlays (electron blocking barrier) in TiO,-NP DSSCs. Therefore, different annealing
procedures were carried out to improve the phase crytallinity and interfacial adhesion, hence
provide faster electron transport. By optimizing the process, the superior efficiency () of 3.2%

was finally obtained.

Possible electron transport pathways pDye LBZANP LBZA/ZnONPs ZnO NP ZnO NW
By tunneling By diffusion
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Figure 2.17 Directing the flow of photogenerated electrons across the nanostructured semiconductor
ZnO NW/ZnO NP composite and the possible el ectron transport mechanism regarding to the annealing

treatment process[104].
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3.2 Preparation of metal-oxide materials

3.2.1 Fabrication of F-doped SnO, (FTO) and co-doped p-type (N, In):SnO,

Fluorine doped tin oxide films (SnO,: F) were deposited over coining glass substrates by
ultrasonic spray pyrolysis. The precursor solution containing a mixture of SnCl'4H,O (1 mM)
and NH4F (0.5 mM) was dissolved in 500 ml of DI water. To improve solubility of the solution,
a 10 ml of HCI was added into the solution and keep stirring vigorously (~30 min) until the
solution turns transparent. The product solution was placed to ultrasonic nebulizer reactor, which
can produce the aerosol with a controlled-droplet size. The experimental apparatuses consist of
specific homemade ultrasonic atomizer, spray gun and graphite hotplate. The deposition
parameters such as substrate temperature, spray rate and distance from the spray gun to the
substrate were kept constant at the optimized value: 400°C, 20 mi/min and 30 cm, respectively.
In addition, different morphologies of textured FTO films can be obtained by applying the carrier
gas containing O, and N, during deposition process at several contents (O,: 0%, 20%, 50%,
80%, 100%).

For preparation of co-doped p-type (N, In):SnO,, precursors of In-doped SnO, at 0%,
3%, 7%, 15% and 30% were synthesized from SnCl,-4H,O and InCl;.4H,0 dissolved in a
mixture of DI water and absolute ethanol (with a volume ratio of 4:1). The mixture was stirred
vigorously for 2 hours at 70 C. In order to obtain good solubility, a small amount of HCI was
added to the precursor solution. Upon stirring, the solution immediately became transparent,
indicating its solubility. Depositions were carried out in an ultrasonic nebulizer reactor a a
constant temperature of 400°C to spontaneously form the small grains of the In:SnO; film on a
Corning glass substrate. After the deposition of the In:SnO, layer, the color of the samples

changed from white to yellowish, due to the high substrate temperature. Following thermal
38



annealing at 600°C, the samples were then exposed to nitrogen plasma for 0, 5, 10, 20 and 40
min at 100 mTorr in an inductively coupled plasma (ICP) environment. The ICP power was

fixed at 100 W, and the nitrogen gas flow was fixed at 30 sccm.

3.2.2 Fabrication of Al-doped ZnO (AZO) filmon FTO

AZO film was deposited on FTO substrate via radio frequency magnetron sputtering
system using a commercial AZO target. An unthrottled base pressure of 2x10® Pawas controlled
by a combined vacuum system of mechanical and turbo-molecular pumps under supplying high-
purity Ar gas into the main chamber. The deposition temperature was done at 80°C, with
annealing process up to 300°C. The sample preparations involve a constant thickness (~ 200 nm)
of films depending on the deposition duration (15 min). For the investigation of hydrogen plasma
durability, the films were prepared in different geometries for comparison: single layer FTO,
AZO and double layer AZO/FTO films, then exposed under hydrogen plasma. Hydrogen plasma
was generated by HDP-CVD from H, gas with a gas flow of 20 sccm and a pressure of 100
mTorr. Bias voltage was held constantly at 10 V and rf power was 200 W. All of the samples
were employed to investigate hydrogen-radical durability of films by varying the plasma
duration at 0, 5, 10, 20 and 30 min at 250°C of substrate temperature. In addition, to achieve a

reversibility of film properties, the plasma-treated samples were finally post-annealed at 400°C.

3.2.3 Synthesis of ZnO nanorods (NRs), nanowire (NWs) and nanotubes
(NTs)

For the hydrothermal reaction, ZnO NRs, NWs or NTs was grown on a ZnO-film-coated

glass substrate by immersing in an agueous mixture of zinc nitrate hexahydrate
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[Zn(NO3),'6H20] and hexamethylenetetramine (HMT) in deionized water with equimolar (5
mM) ratios of 1:1, 2:1 or 1:1, respectively. Prior to the actual concentration, the incubation of
wet-chemical growth was subsequently kept in an electric oven at 75°C (10 hr) for NRs, and
95°C (24 hr) for NWs and NTs. After removal from the agueous solution, the ZnO products were
rinsed several times with deionized water, dried in air, and post-annealed at 300°C. Finally, both
ZnO samples were exposed to nitrogen plasma for 60, 180, 300, 480, 600, 720 and 900 s at 100

mTorr in RIE with the RF power fixed at 100 W.

3.2.4 Preparation of O, plasma-etched ZnO/FTO heter ostr uctur e nanotubes

To explore the potency of our new strategy, we synthesized the highly ordered template-
based 1D core/shell structure. The depositing method of FTO film as described earlier was
carried out in an ultrasonic neubilizer reactor, of which the temperature was constantly kept at
400°C to spontaneously deposit the small nanoparticles (NPs) on the ZnO NR arrays to form
ZnO/FTO composite core-shell heterostructures. After that, the samples were treated by oxygen
plasma [P=350 mTorr and radio-frequency (RF) power=350 W] for O, 2, 10, and 20 min.
Consequently, the formation of hollow structure was observed along the [0001] plane in the ZnO

inner core through etching mechanism from O-ion bombardment.

3.25 Preparation of n-type ZnO/p-type (N, 1n):SnO, core/shell
heter ojunction diode

Firstly, we manipulated the ultrafine thickness (~10 nm) of the p-type In:SnO, shells
deposited on n-type ZnO nanorods (~ 200 nm in length) by optimizing the coating time at 3 min

and deposition temperature a 400°C. Consequently, the products were composed of crystalline
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In:SnO, NPs to be well-distributed as a continuous film on the ZnO NR surface with an excellent
crystallographic adhesion between two layers. Then, the layer portion of the In:SnO-coated ZnO
NR arrays was only exposed to nitrogen plasma for 40 min regarding to a diffusion depth of N
atoms with the treated 1n:SnO, layer thickness, thereby creating n-type ZnO/p-type (N, 1n):SnO,

core/shell heterojunction diodes.

3.3 Characteristicsanalysis

All studies in this thesis were mainly characterized by means of the structural, electrical
and optical techniques. Morphology analysis (i.e. roughness, grain size, and other cross-sectional
observations) of the samples was basically done by field emission scanning electron microscope
(SEM, JEOL JSM-6700F), high resolution transmission electron microscope (TEM, JEOL 2100),
operated a 200 keV, and atomic force microscope (AFM). The crystal structures were
determined using XRD diffractometer equipped with a Cu Ka radiation source (A=0.154 nm) and
the diffraction data were collected from 20= 10~70°. X-ray photoelectron spectroscopy (XPS)
was performed using Ar* sputtering at 2 keV with calibration of Pt 1s peak at 70.9 and 74.3 eV,
in which survey scans and detail scans of photodectron emissions were recorded to determine
the chemical compositions for each sample. Moreover, depth profiles were obtained using Auger
electron spectroscopy (AES) with an etching rate of 2 A/sec. Secondary ion mass spectroscopy
(SIMS) depth profiles revealed the diffusive behavior of hydrogen ions into the films.

For the optical analysis, a UV-VIS double beam spectrophotometer (Model: Evolution
300 BB) was employed to record the optical transmission spectra of the deposited films over the

wavelength range of 300-700 nm. To investigate the emission and defect properties of ZnO
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nanostructures, photoluminescence (PL) measurements were carried out with a He-Cd laser (365
nm) as the excitation source at room temperature, taken over a wavelength range of 350-800 nm.
Photon absorbance was measured by |-T measurement of the UV light source (A=365 nm)
vertically positioned at 15 cm from the samples, using a model 600C series electrochemical
analyzer with an applied direct-current voltage of +5 eV. ON-OFF cycles were consistently
repeated upto a 1600-s time trace.

The current-voltage (I-T) characteristics were measured by an electrochemical analyzer
(Model 600C series) with an applied DC voltage in the range of +1 eV. Furthermore, Hall effect
measurement was carried out at room temperature with a Van der Pauw sample configuration
(magnetic field: 4000 Gauss, electric current: 0.1 mA), using indium balls as Ohmic electrode, to
demonstrate the electrical properties such as carrier concentration (n), resistivity (p) and mobility
(w). For device performance, dye-sensitized solar cells (DSSCs) were fabricated using N3 dye,
TiO; sol, liquid electrolyte, and a Pt counter electrode. Moreover, polymer solar cells were also
fabricated in the following manner. A hole-transport layer of poly(3,4-ethylenedioxythiophene)-
polystyrene sulfonate (PEDOT:PSS) was spin-cast onto the FTO glass substrate. Above that, the
active layer of a mixture of regioregular poly(3-hexylthiophene) (P3HT) and [6, 6]-phenl-C60-
butyric acid methyl ester (PCBM) was prepare with a weight ratio of 1:1. For both types of solar
cells, the photovoltaic properties including short-circuit current density (J), open-circuit voltage
(Voe), and conversion efficiency (1) were measured under AM 1.5 sunlight illumination (Model
Y SS-80, Yamashita Denso, Japan; intensity: 100 mW/cm?) from an illuminated area of 0.5 cm x
0.5 cm. Electrochemical impedances of the cells were also measured using the photocurrent-
potential-impedance analyzer by applying open circuit voltage as bias in the frequency range of
0.1Hz - IMHz.
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Chapter 4

Effect of Oxygen on the Microstructural Growth and Physical
Properties of Transparent Conducting Fluorine-Doped Tin Oxide

Thin Films Fabricated by Spray Pyrolyss Method

4.1 Introduction

Transparent conductive oxides (TCOs) have a large market in modern electronics. Due to
highly optical transparency and likely metallic conductivity, they were widely used for electrode
applications in devices such as thin-film solar cells [105], optoelectronic devices [106], gas
sensors [ 107], frost-resistant surfaces [ 108], e-windows [109], etc. Recently, fluorine-doped tin
oxide (FTO) has been found to be one of most comparable materials with tin-doped indium
oxide (ITO). FTO has been attracted much attention as promising alternatives because of its wide
energy gap (Eg = 3.67 €V), low cost of production, thermal stability, chemical inert, and high
transparency, athough lower conductivities as compared with ITO obtained hinder its
commercial applications.

Up to now, FTO thin film have been extensively prepared by various methods, such as
chemical vapour deposition (CVD), metalorganic deposition, rf sputtering, sol—gel, and spray
pyrolysis deposition (SPD) [110-113], but considerable efforts have been investigated how to
develop atexture surface of FTO conducting electrode, in order to improve performance of solar
cell devices by reducing light reflection or making light scattering more efficient. Anisotropic

post-etching method using lithographic patterning and etching steps was typically involved to
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achieve the desired morphology [89, 90]. However, this might be deleterious to the film
properties, difficult to control and increase processing costs. Therefore, this becomes an
important issue for developing high surface roughness with self-textured films. Among the
various techniques, spray pyrolysis deposition (SPD) is a low-cost process and has been
economically conducted to produce FTO films with simply scalable deposition and easy doping
process but no systematical investigations are proposed to develop the self-textured FTO film
film through the SPD process on the basis of the manipulation of substrate temperature,
calcinations, gas pressure, and flow rate.

In the present work, we report the effect of oxygen content in the carrier gason FTO film
morphology and optoelectronic properties during the spray pyrolysis deposition. The variation in
the growth and nucleation of FTO deposited films is strongly determined by oxygen-
incorporated concentration, which causes different surface mobility and oxidation rate of
chemical precursors. The significant change in thickness, size and shape of deposited films on
glass substrate is reflected in the particular behaviors such as charge transport, recombination,
and collection properties due to the surface and interfacial effects, which present variable
correlation between optical and electrical properties used for dye-sensitized solar cells (DSSCs)

and polymer solar cells.

4.2 Formation and microstructure of FTO texturefilms

Based on our spray pyrolysis method, different O,/N, concentrations (0%-100%) serve as
the carrier gas for depositing the FTO films with different surface morphologies. The grain size,

estimated from the top AFM images (Figure 4.1(a)-4.1(€)), is apparently smaller for higher O,-
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content films. The optimized deposition temperature (constant at 400 °C) and duration (varied by
5-10 min) were used for all film types, in order to form the similar thickness in range of 400-450
nm as indicated in the cross-sectional TEM images (Figure 4.1(f)-4.1(j)). As aresult, the surface
roughness (RMS) varies in a small range of 22-27 and the thickness was slightly increased being
pronounced with higher O, concentration. However, two types of growth for FTO films can be
classified in two cases. islands-like structure a low O, content (0%-20%) and pyramid-like
structure at high O, content (50%-100%). The side view of TEM images reveals the grain growth
mechanism as indicated in the figures. The first type of films may exhibit a strong lateral grain
development rather than the grain boundary scattering, therefore the dense and thick films were
grown in geometrical directions with round-shaped coverage. On the other hand, in the second
type, it is possible that higher oxygen concentration will suppress the lateral growth and
individually form cone seeds with apexes. The nucleation site density becomes much higher than
the first type due to the effect of low surface energy at higher oxygen concentration. Moreover,
the low magnification SEM images in Figure 4.2 (a)-4.2 (b) illustrate the top views of a portion
of the large-area FTO films (O,: 0, 20 and 100%, respectively). An examination of the surface
morphology shows how the high-density microstructural grains are homogeneously fabricated in
an array over a large area with certain size. The films are very compact but the textura
boundaries are clearly visible, in which the result shows a correlation with the AFM and TEM

images.
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(a) 0,-0% RMS 23

0,-20% RMS 22
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(c) 0,-50% RMS 27

(e)

Figure 4.1 (a-€) AFM topographic 5x5um scans and (f-j) cross-sectional TEM images for oxygen-

incorporated FTO films deposited at various oxygen concentrations: 0, 20, 50, 80 and 100%.
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Figure4.2 FE-SEM images of the deposited FTO films on glass substrate as a function of oxygen

content: (a) 0%, (b) 20% and (c) 100%.

According to nucleation theory, the nucleation density (N) can be expressed by the

following equation:
€ . —AG
= Aexp(—pp

where AG is the activation energy of nucleation, composing of the volume free energy (AGy)
and the surface free energy (AGs). R, T, and A are the gas constant, growth temperature, and a
constant, respectively. Earlier research explained that the change of the volume free energy
decreases as the content of O, increases in ambient atmosphere of deposition process. Thus, the
activation energy of nucleation becomes lower at O-rich condition, which enhances the surface
mobility for the formation of initial layer of FTO film resulting in smoother films and smaller

grains[114].
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The XRD pattern in Figure 4.3 reveals the evolution of FTO thin films with varied
contents of O./N, carrier gas. All the FTO films are polycrystalline, indicating SnO, rutile
(tetragonal) structure without additional peaks for SnO or Sn phases. As-deposited FTO film (Oz:
0%) shows the preferential orientation of (110), (200), and (211) a 26.5, 38, and 51.5 degree,
respectively. When the oxygen content was added up to higher content, i.e. 80% and 100%, the
(200) peak monotonically dominated the patterns, together with decreasing (110) peak. The
intensity ratio between (110) and (200) decreases from 1.3 to 0.7 corresponding to a change in
the carrier gas from pure nitrogen (Oz: 0%) to pure oxygen (O 100%). In principle, this
particular orientation can be influenced by the grain evolutionary selection that follows the
concept of periodic bond chain theory [105, 108]: the thermodynamic equilibrium form of SnO,
structure typically shows a dominant (110) plane of polar faces composing of both tin and
oxygen atoms. However, Korotkov et a. reported that the addition of oxygen at high content
may enhance the presence of the polar halogen-rich region due to byproduct HCI from the spray
pyrolysis process [ 109], hence; leading to quenching of the [110] growth direction and growth
rate saturation. On the other hand, low surface energy at high oxygen content was found that
predominate (200) deposition could be induced by the formation of seed layer, which allowed
the enhanced nucleation density to change the orientation of above layer with high texture

surface, being useful for TCO applications.
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4.3 Optical and electrical properties

In Figure 4.4, the overall transmission of the films was characterized by UV-Vis
measurement. The 100% O, sample shows the highest percentage in transmission (96% at the
wavelength of 550 nm). Furthermore, the samples with the lower O, content at 0%, 20%, 50%,
and 80% indicate the lower transmission at 76%, 82%, 86%, and 89%, respectively. The
evaluation results can be explained by a correlation of light scattering and reflection depending
on size and shape of the grain structures. As shown above, the first result is attributed to an
enhanced scattering at the surface and internal layer, and diffraction at structures with sizes close
to the wavelength of photon (Figure 4.1). This is due to a smaller and denser grain growth
compared with that of lower O, content. Note that the theoretical consideration of this behavior
is also referred to an increase in waveguide sensitivity. At 80% and 100%, the fluctuation of
frequent waves can be clearly observed due to high surface texture, e.g., pyramid-like
nanostructure together with large refractive index (n). In contrast, a dome-like structure with the

flat surface on grains may give rise to a possibility of light reflection, which results in loss of

49



surface-normal incidence based on Fresnel effect [115, 116]. The desired waveguiding sideways
is reduced relatively because the dome with large incident angles seems to act as individual
converging lens only redirecting the light into the forward and backward direction, but less

internal diffusion.
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Figure 4.4 Transmission (T%) spectra of FTO films of varying oxygen concentration, deposited on

Corning glass.

Figure 4.5 shows the electrical properties of FTO film at room temperature as a function
of oxygen contents in carrier gas (0%, 20%, 50%, 80% and 100%) including carrier
concentration (n), resistivity (p) and Hall mobility (p). The carrier concentration became higher
up to 16.12x10%° cm® at 50%, and then leveled off for a further increase in oxygen content. In a
consistent manner, the values of resistivity rise up to 18 and 70 Q-cm at 80 and 100%,
respectively. As the above results, increasing in oxygen content up to 50% is expected to
improve the internal oxidization of metallic Sn, which forms a well dispersion of SnO,. Instead,
a oxygen concentrations above 50%, the excessive oxygen ions (O?) generated from O
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molecules at high working temperature (> 300 °C) might predominantly disrupt the stochiometric
FTO film by reducing the amount of intrinsic donor defects (V; and Sn**). Thus, the O% ion will
serve as a compensating acceptor defect to trap free electron and raise the height of potential
barrier along grain boundaries, resulting in lower carrier concentration and higher resistivity in
the matrix. Additionally, the mobilities were as high as 14.45 cm?/V-s at 0% and 16.25 cnm/V-s
at 20% because the formation of large grain is allowed to develop in denser and smoother surface
than others with higher oxygen contents. Thus, the mobility significantly decreased down to 1.17
cm?/V-s at 100% where the small-grain size with numerous boundaries between the grains could
hinder the intergrain carrier mobility. Due to the increased grain boundary and ionized impurity
scattering of the carriers, the electrical properties tend to degrade in a proportion of oxygen

concentration.
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Figure 4.5 FTO film electronic-transport properties: carrier concentration (n), resistivity (p), and Hall

mobility (1) as a function of the oxygen concentration (0-100%).
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4.4 Performance of photovoltaic devices

Photovoltaic properties of the textured FTO films-based DSSCs with different
incorporated O, content (0%, 20% and 100%) in the films are summarized in Figure 4.6 and
Table 4.1. At 100%, the conversion efficiency (1) is obtained as low as 3.22%, and then it was
increased to 3.93% and 4.12% at 0,:20% and O,:0%, respectively. This is mainly due to the
increased short-circuit current density (Js) from 6.20 to 7.62 and 7.88 mA/cm?, respectively,
although the open-circuit voltage (V) was not changed much (only varied in the range of 0.750-
0.761 V). Because V. strongly depends on the recombination or back-electron transport, the
high values within a small variation could be associated with suppressing those effects, resulting
in high electron throughput. On the other hand, a large change in Js;: is indicated by differences of
grain boundaries (spacings) in each case, which can affect electron transport on the FTO film
surface (as described by Hall measurement) and the interfacial pathway (contact area) between
TiO; layer and FTO film. Moreover, the low electrical characteristics (p and ) of 100% O,
sample, due to an abundant O, incorporation, were assumed to dominate the performance of

DSSCs, athough the film showed a highest transmission in UV-Vis (Figure 4.4).
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Figure 4.6 J-V characteristics of FTO film-based DSSCs. The illumination intensity of 100 mW cmi® with

AM 1.5 and active area of 0.25 cn¥ were applied.

Due to the grain boundary effect as mentioned above, we further examined the
correlation between the cell performance and the internal resistance of the DSSCs via
electrochemical impedance spectroscopy (EIS) measured at Vo under 1.5 AM (Figure 4.7).
Regarding to a significant difference in surface morphology (grain growth), the 0%, 20% and
100% O, samples were used to elucidate the behavior of the electron interception and the
electron diffusion to the collecting anode. The Nyquist plots of the samples exhibited four
impedance components of a DSSC including: the resistance element (Ry) of the FTO layer in the
high frequency region (> 10° Hz) and the other three impedance element Z; (01: 10°-10° Hz), Z,
(02 1-10° Hz), and Zs (02 0.1-1 HZ) associated with charge transfer processes at the counter
electrode, the interface among the FTO/TiO,/dye/electrolyte, and the Nernstian diffusion within
the electrolyte, respectively. A specific feature in the arc of Z, of 100% O, sample increases by

11.5 Q in width compared to those of 0% and 20%, which is attributed to the electrochemical
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interfacial resistance between the FTO and the TiO, working electrode. Simultaneously, the Ry,
of 100% O, sample also increases by 6 Q, showing a good agreement with the electrical

properties of Hall measurement in Figure 4.4, while the other values (Z; and Z3) remain almost

identical.
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Figure 4.7 Representative Nyquist plot of the electrical impedance spectra of the FTO films measured in

the frequency range of 0.1Hz — 1IMHz under AM 1.5.

Furthermore, we also applied the deposited FTO films (O,: 0%, 20% and 100%) to
integrate the polymer solar devices (Scheme 4.1) which can be comparable to the DSSCs in the
previous section. Nevertheless, by spin-casting a hole transport layer of poly(3, 4-

ethylenedioxythiophene)-polystylene sulfonate (PEDOT:PSS) onto the FTO electrodes,
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following by annealing treatment (120 °C), a thin continuous contact is expected to be formed at

the interface as aresult of the low melting point of PEDOT:PSS film.

Al
Active layer (P3HT)

PEDOT:PSS I
FTO

glass

Scheme 4.1 Schematic cross section of polymer solar cells deposited on an FTO-coated glass substrate,

using an oblique electron-beam evapor ation method.

In Figure 4.8, the conversion efficiency of 100% O, sample (3.13%) is apparently larger
than those of 0% and 20% O, samples (1.85% and 1.89%, respectively). Indeed, the results show
the opposite way from the DSSC devices, especially; the performance of 100% O, sample is
significantly improved from DSSCs. Table 4.2 shows an abrupt increasing in the current density
(Jsc) and the open-circuit voltage (Vo) of 100% O, samples from the other two, which is due to
the polymer highly suppressing the abundant channels between the grains. The width of
depletion region and Schottky barrier becomes narrower. Thus, holes are more efficiently
collected by the embedded nanoelectrodes (pyramid-like structure) than the flat-grain type;
meanwhile, the electrons can be easily generated and injected from the active layer to FTO,

giving rise to higher conversion efficiency by ~40%. Overall, the improved photovoltaic
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performance of 100% O, FTO-based polymer solar cells can be explained that successfully
originates from (1) their superior interface modification between highly textured FTO and
polymer layer, leading to a decrease in charge recombination and (2) high transmittance with

improved light absorption compared to the planar surface of large grain samples.

Somehow, due to the reason that high oxygen gas flow or even surrounding atmosphere
applied at high deposition temperature serves as an oxidation annealing process, it may result in
oxygen-annihilated oxygen vacancies, thereby deteriorating the electrical conductivity of FTO
film. Therefore, this could be the way to further improve the cells performance as comparable
with the standard DSSCs or polymer solar cells; fabrication of surface roughness architectures
will develop an optimization between electrical (more efficient charge transport) and optical
(enhanced light harvesting) properties to increase the conversion efficiency of textured FTO-

based DCCSs.
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Figure 4.8 Trace of current dengity against voltage (J-V) for three cells with 0%, 20% and 100% O,/N,

concentrations.
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Table 4.2 Summary of photoel ectric conversion efficiencies for a selection of polymer solar cells.

O,-content V_ (V) J_(mA/cm?) FF¥ Efficiency (%)

0% 0.41 7.38 0.61 1.85
20% 0.46 7.9 0.52 1.89
100% 0.57 9.03 0.61 3.13
45 Summary

In summary, fluorine-doped tin oxide (FTO) electrodes have been investigated as an
alternative anode to indium tin oxide (ITO) in dye-sensitized (DSSCs) and polymer photovoltaic
devices. FTO films were grown by ultrasonic spray pyrolysis deposition on Corning glass
substrate at 400°C, using O./N deposition concentrations at 0, 20, 50, 80 and 100%. The
structural, electrical and optical properties of the FTO texture films were studied as an effect of
surface morphology. A significant reduction in grain size was found to depend strongly on the
increased oxygen concentration, in which the films showed higher resistivity (p) and
transmittance (T%). For the photovoltaic performance, the FTO film-based DSSCs with 0% O,
showed higher conversion efficiency (4.22%) compared with 100% O, (3.12%), which the
numerous grain boundaries and pyramid-grown structure made a large contribution to the
degradation of electron transport (diffusion length). In contrast, the polymer solar cells, based on
PEDOT:PSS layer spin-casted on the FTO electrode, improved the interfacial contacts between
grain boundaries. The results showed the opposite trend that the efficiency of 100% O, sample
was much more enhanced (3.13%) than that of 0% O, (1.85%) because of the necking of grain
boundaries, higher transmission (T=96%), and the possibly reduced charge recombination by

larger surface area.
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Chapter 5

Mechanism of a AZO-coated FTO Film in Improving the Hydrogen
Plasma Durability of Transparent Conducting Oxide Thin Film for

Amor phous-Silicon Based Tandem Solar Cells

5.1 Introduction

Hydrogenated amorphous silicon (a-Si:H) solar cells have generated intense interest as an
alternative to crystalline silicon cells because of the low cost of the preparation procedure. They
provide the function of light absorption and charge-carrier transport that takes place in the
transition of a multijunction p-i-n diode [94, 117] (interface region) sandwiched between the
transparent conductive oxide (TCO) layer and the back contact layer. In general, amorphous
silicon thin films can be grown by plasma-enhanced chemical vapor deposition (PECVD), by
exposing the sample to silane plasma containing hydrogen radicals and ions. Therefore, one of
the key problems is an enhanced reduction of tin oxide (FTO or ITO) inthe TCO layer dueto the
generation of H atoms on interstitial (H;) and substitutional (H,) defect sites. Once a certain
incorporation of defects is achieved, a significant degradation in the electrical, optical and even
structural properties is observed in a number of studies[93, 118, 119].

In addition, another class of transparent-conducting materials including Al-doped ZnO,
has also received much attention not only for its excellent electronic and optical properties

comparable with FTO or ITO but also for its high durability under exposure to thermal annealing
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and H-plasma treatment [45, 120-123]. However, AZO films deposited by sputter deposition
tend to display a flattened surface, which causes lower haze values. Therefore, from an
architectural point of view, the textured FTO film is generally fabricated by high temperature
deposition with various methods in which a controllable morphology of film growth is employed
to enhance the light scattering and haze ratio for the TCO electrode [ 124-126)].

A number of fabrication strategies have been successfully utilized to generate a double-
layer TCO electrode [101, 102]. However, these reports mainly examined the effect of the
successive preservation of the FTO film by an alternative protection layer. For example, coating
the aSi3N4:H barrier layer on top of the SnO, layers was proposed to reduce the diffusion of
decomposed Sn atoms into p-type aSiixCx:H (x-0.28), and an XPS spectra revealed the
formation of chemical bonds between Sn and other elements such as Si, C and N according to the
diffusion mechanism of Sn [117]. Recently, to overcome disadvantages such as low
conductivity, transparency and durability of coated films, a double-layer TCO film composed of
binary compound oxides (In-doped ZnO/F-doped SnO,) has been utilized as a transparent
electrode for aSi:H solar cells [121]. Unfortunately, the production of In-doped ZnO films
requires high temperatures (>375 °C) in order to deposit a rough and thick layer on FTO glass,
which degrades the original FTO properties. Accordingly, the interfacial effect of epitaxially
grown films should be another important factor that controls the atomic diffusion behavior. Also,
attempts to further understand and examine the properties of this structure under H-plasma
treatment and thermal annealing effect have not yet been undertaken.

Therefore, we propose a double-layer TCO electrode that involves an additional barrier
layer of AZO above the FTO layer. In this configuration, the original morphology of FTO
remains, while the deterioration of FTO film properties might be reduced even in the presence of
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a plasma atmosphere containing hydrogen radicals and ions. Moreover, we also investigated the
diffusion of incorporated hydrogen in the double layer AZO/FTO films via a change in the
chemical composition and a reversal of deterioration, by performing a post annealing treatment
(at a higher temperature than observed during the plasma treatment) following the plasma
process. A comparison between the results of as-deposited, plasma-treated and post-annealed
samples for a variety of single and double layer films provides an improved understanding of the
surface and bulk characterization, as determined by the analysis of the structural, electrical and
optical properties. Presumably, the investigation of this reproducible double TCO films could

lead to a significant development in the generation of efficient aSi:H solar cell devices.

5.2 Surface morphology and structural properties of single-layered

FTO filmsand double-layered AZO/FTO films

Figure 5.1 shows the SEM images of a single-layered FTO film and a double-layered
AZO-coated FTO film under H-plasma treatment of various durations (0-30 min). As shown in
Figure 5.1(a-c), the FTO film has a grain size in the range of 50-150 nm. After H-plasma
treatment for 5 min, the surface morphology begins to produce little white particles because of
the disintegration of original FTO. With increasing H-treated time up to 30 min, the white area
becomes more apparent and forms larger stacks (approximately 300 nm in grain size) that are
assumed to be integrated from ultrafine Sn nanoparticles up from the surface of the film. In
Figure 5.1(d-f), the morphology of deposited AZO layers has a granular surface coverage on top
of the FTO surface. The size of fine AZO particles, formed on the crystalline FTO surface due to

secondary nucleation, was measured to be approximately 10-20 nm. Along with increasing
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plasma duration, the AZO/FTO is able to retain its original morphology because of the protection

of abarrier AZO layer.

(a) as-deposited FTO 5 ETO: 5 min FTO: 30’ min

- as-deposited AZO/FTO: 5 min (f) AZO/FTO: 30 min
"AZO/FTO ;

Figure5.1 Plain-view SEM images of the textured FTO films and the AZO/FTO films (a and d)

without H, plasma treatment, or with H, plasma treatment for (b and €) 5 min, and (c and f) 30 min.

Figure 5.2 shows the XRD pattern for FTO, AZO and AZO/FTO films before and after
the plasma process. The spectrum of the FTO film contains the existence of (110), (101), (200),
(211), (310) and (301) transitions, corresponding primarily to SnO, polycrystalline planes,
whereas the AZO film has a single peak dominated by the (002) orientation of crystalline ZnO.
Moreover, the combination AZO/FTO double layer film also shows the crystalites of the two
metal-oxide compounds. Following the post H-plasma heat treatment at 250°C, there are no
additional diffraction peaks that belong to other nonrelative compositions in the treated films as

compared with the as-deposited films; this result indicates that H* ion bombardment and thermal
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effect seem not to distort the crystallinity of the lattice structure. In addition, the XRD results are
also consistent with the cross-sectional TEM analysis of AZO/FTO samples under plasma
treatment as shown in Figure 5.3(@). The result reveals that the FTO film has a columnar growth
of pyramidal shapes with a thickness of 245 nm, which is covered by the AZO layer with a
thickness of 120 nm. Note that the AZO/FTO sample was also coated with Pt to facilitate the

preparation of cross-sectional TEM samples using the Focused ion beam (FIB) method.
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Figure5.2 X-ray diffraction pattern of the FTO, AZO, and AZO/FTO samples before and after H,

plasma treatment for 30 min asidentified at each spectrum.

A thin continuous AZO layer was formed as a result of the low surface energy of FTO,
and could completely bridge the gap at the interface. Both FTO and AZO layers exhibit clear

lattice fringes that separate each other from the atomically sharp interface, indicating the
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epitaxial growth of the AZO layer. Therefore, even though the samples were exposed by plasma
for 30 min, Figure 5.3(b) clearly demonstrates that the lattice fringes of individual pyramids in
each FTO grain could remain crystallographically aligned along the same direction [200] with
respect to the preferential orientation. The spacing between two adjacent lattice planes remains

constant at 0.267 nm, which is consistent with the (100) plane of rutile SnO..

Figureb5.3 (a) Cross-sectional TEM image of a double AZO/FTO film coated by a thin Pt conductive

layer. (b) High-magnification TEM image taken from the region, marked by a squarein (a).

5.3 Evolution of transparent conducting films under H-plasma

treatment

The dependence of the Hall measurements, that is, the carrier concentration (n), Hall
mobility (1) and sheet resistance (Rs), on the length of H-plasma treatment are illustrated in

Figures 5.4(a), 5.4(b) and 5.4(c), respectively. For FTO samples, the carrier concentration
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decreased from a maximum of 6.61x10% to 5.36x10%° cm® after 30 min, which can be explained
because H radicals eliminate oxygen vacancies (1/,") during plasma treatment. In other words, the
mobility gradually increased from 12.83 to 16.52 cm?/V-s after plasma trestment of up to 20
min. The trend is inversely proportional to the lower carrier concentration as a consequence of a
decrease in the electron scattering centers. However, the mobility decreased to 12.35 cm?/V-s
when the treated time was increased to 30 min. As aresult, surface scattering may occur from the
grain boundary effect because a large number of H radicals is likely to be dispersed at grain
boundaries or around the FTO particles. Thus, the formation of accumulated stacks on the
surface, as shown earlier in the SEM image (Figure 5.1(c)), can hinder the charge transport
across boundaries. In principle, this implies that the characteristics of the mean free path of the
carriers must be changed by an increase in the potential-well barrier at the depleted region. A
decrease in carrier concentration induced by H atom filling a portion of the I, can elucidate a
weak durability of FTO film and is also in good agreement with the 2-fold increase in sheet

resistance after the plasma treatment, as shown in Figure 5.4(c).
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Figure5.4 Dependence of (a) carrier concentration, (b) Hall mobility, and (c) sheet resistance on

H, plasma treated time for the deposited FTO, AZO, and AZO/FTO films.
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However, both the carrier concentration and mobility of the AZO film increase with
increasing plasma duration, although they remain constant after a certain amount of treatment
time, due to an H-absorbed saturation. Interestingly, a dramatic reduction in the sheet resistance
was observed after 5 min (from 16.78 to 11.05 ohm/sg.), which was dependent on the variation
in the carrier concentration, as shown in Figure 5.4(a). Indeed, this result indicates that the
plasma-enhanced conductivity is due to surface-related electron transport rather than a bulk
effect. Hydrogen plasma allows for the chemisorption of H ion impurities on the surface so that
interstitial H atoms with small migration energy can subsequently form the hydroxyl OH groups
with the nearest-neighbor O aom, which acts as a shallow donor in ZnO [120, 123].
Furthermore, after longer plasma treatments, the H atoms are expected to diffuse toward deeper
levels through the hopping process associated with the rebinding of the second-neighbor O atom
and so on. Indeed, the donor concentration, as well as the generation of free electrons, becomes
enhanced, leading to improved conductivity of H-incorporated AZO film relative to the untreated
one.

In the double layer AZO/FTO film, the mobility was slightly varied as a function of the
plasma treatment time, while the other electrical characteristics (n and Rs) are improved after a5
min treatment. The results can be explained in the following manner: (1) Because the Hall Effect
is considered a surface-related measurement, the enhanced electrical properties of the entire
AZOJ/FTO film are mainly due to the high conductivity of the AZO film layer. (2) Meanwhile,
some degradation may also occur when the H-plasma treatment exceeds a given amount of time
(10-30 min), which induces the diffusion of hydrogen toward a deeper level and its accumulation
at the interfacial layer between AZO and FTO films. The partial H* ions presumably disintegrate
SnO, of the uppermost crystalline FTO film, resulting in a surface desorption of the metallic Sn.
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Subsequently, a depletion of an ultrafine-thin layer occurs from the migration of structure defects
(misfit dislocations) to a region of a lower diffusion coefficient at the bottom of the AZO layer
[94]. Nevertheless, the examination of the AZO layer has been proven to mostly prevent the H
atoms from annihilating a portion of the FTO layer, which can preserve the contact properties by
limiting the metallic interdiffusion and the accumulation of impurities. On the basis of the above
statements, it is implied that the slight variation in properties could be attributed to the
compensation between phenomena (1) and (2) in the equilibrium state.

In the presence of H-plasma, the FTO samples in Figure 5.5(a) exhibit a change in the
UV-Vis spectra, wherein the optical transmission is gradually diminished from 99.6 to 31.6% at
the wavelength of 550 nm, as the duration of plasma treatment increases to 30 min. The
combination of the structural and optical data shows that the FTO films were deteriorated by H-
incorporated radicals because of the reduction of SnO, to metalic Sn and sub-oxide of Sn (SnO).
Because both excess Sn and SnO may create crystal disorder and trap electron carriers, the
reduction of the optical band gap is expected by moving the valence band (VB) up and
conduction band (CB) down. The dominating intrinsic defects (Sny and V) in SnO, are
compensated by the presence of metallic Sn and SnO, which lowers carrier density and which
results in a decrease in the refractive index (n) [124]. Moreover, the absorption edge shifts
toward a longer wavelength (or lower energy) for all H-treated samples in Figure 5.5(a),
corresponding to the quantum size effect; hence, this behavior indicates an enlargement in the
grain size due to surface roughness, as shown in Figure 5.1(c). According to above reasons, the
formation of the SnO texture has a remarkable effect of inducing higher light scattering and

optical trapping in the film.
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Figure5.5 The effect of (a and b) H, plasma treatment at O, 5, 10, 20 and 30 min, and (c and d) post

annealing treatment at 400°C on the optical transmission for the FTO and AZO/FTO films.

However, the transmittance of the deposited AZO/FTO samples in Figure 5.5(b) did not
show any dependence on the H” ion energy with increasing exposure times. All of the samples
show the average transmission of more than 80% in the spectral range of 400-700 nm, although a
slight shift in the absorption peaks is observed because of the addition of H-related point defects

such as Zn interstitial (Zn) and oxygen vacancy (V). Theoretically, this is because the H-
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incorporated atoms containing H; and H, are coordinated at interstitial (lying in a Zn-O bond-
centered position) and substitutional O sites, respectively. It is noted that only H;, with its high
mobility and low formation energy, rather than H,, can easily migrate from the original position
to the preferential position and that it is likely to form a O-H bond with the nearest-neighboring
O aoms. Thus, there will not be substitution of H atoms at O sites (Hy) in ZnO leading to a
dissociation or reformation of Zn-O bonds, unless the formation energy is high enough to

overcome the oxygen chemical potential ().

Furthermore, to examine whether the heat could indeed recover the optoelectronic
properties of plasma-treated films, all samples were then placed in an oven at 400 °C for 1 h.
During the thermal treatment, the heat flow is expected to be isotropic to expel the diffusion of H
atoms either upward or downward in the film interlayer, which is suitable for understanding the
reversible thermal mechanism. Figures 5.5(c) and 5.5(d) show the optical transmission after the
post annealing process for FTO and AZO/FTO films, respectively. Clearly, there is an increase
in the transmission in Figure 5.5(c) back to the original value (as-deposited FTO). As a result,
the 5- and 10-min plasma treated samples show nearly a complete recovery, which is not the case
for samples treated for 20 and 30 min. Although a particular H, is stable enough to occupy the O
sites, the annealing treatment at 400 °C is high enough to break a multicenter bond of Sn-H and
to release the unbound Sn. The thermal treatment suggests that at short H-plasma treatment
durations (5 and 10 min), the H" ions are able to escape from the film, while the Sn is reoxidized
to form the SnO, phase as a result of the appropriated annealing conditions. However, longer
treatment times (20 and 30 min) might affect other physical properties by permanently changing
the surface morphology of the FTO films. Thus, the severely damaged film containing a large

amount of suboxide SnO will not result in the recovery of optical transmission.
68



5.4 Diffuson mechanism of hydrogen-incor porated atoms

Figure 5.6 displays the concentration profiles of several elements including Sn, O, F, and
H as a function of the depth for both a single FTO and double AZO/FTO film deposited on the
Corning glass substrate. The normalized intensity shows the variations in concentration with
respect to the Cs’ ion etching depth (nm), for the plasma-treated samples (S2) and the post-
annealed samples (S3). Oneregion in the single FTO film (225 nm) is clearly identified in Figure
5.6(a-b), while the AZO-coated FTO film contains two main regions (440 nm) with a constituent
interfacial region, as shown in Figure 5.6(c-d). It should be noted that neither Zn nor Al signals
were shown in this profile because only H-effected elements with high intensity are assigned to
interpret the relative changes in chemical compositions. In Figure 5.6(a), the severe damage due
to H-ion incorporation (S2) may cause a lower intensity of Sn and O signals at the near-surface
region (<75 nm in depth) than in the in-depth region, because of the presence of metallic Sn or
SnO, which mainly causes the surface roughness mentioned earlier. Then, after the annealing
process (S3), Sn and O signal intensities change significantly to nearly a constant value,
demonstrating the reoxidization and recovery of the film. Meanwhile, the amount of both H and
F ions was noticeably reduced because of the effect of thermal-enhanced diffusion, especially at

the surface and the bottom of the film.
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Figure5.6 SMS depth profiles of (a and b) FTO and (c and d) AZO/FTO films for secondary ion
count of S, F, O, and H normalized relative to FTO. The plasma-treated samples and the post-annealed

samples arerepresented by S2 and S3, respectively.

In Figure 5.6(c), a clear separation between AZO and FTO layers is identified as the
interfacial region “(i)” where the Sn and F signal intensities increase drastically, indicating the
beginning of the main components in FTO films and the appearance of their maximum

intensities at stochiometric point corresponding to the O signal intensity. Similar to the single
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FTO film in Figure 5.6(b), Figure 5.6(d) shows the accumulation of H* ions at the surface and in
the interfacial region, where it is assumed to have a lower surface energy compared with the
mid-layer regions [ 127]. After the subsequent annealing process (S3), only slight changes in Sn
and O intensities are observed. Because the AZO coated layer can prevent the dissociation of
FTO film from H-ion incorporation, the variation in the intensity of all matrix elements shows
only small changes between the S1-S2 (decomposition) and the S2-S3 (reoxidization or
recovery).

To probe the detailed electronic structure of FTO and AZO/FTO films, we used XPS to
investigate the oxidation states at the surface. The chemical bonding composition of the F dopant
and the Sn element was examined by following the sequential process. as-deposited, H-plasma
and post-annealing treated films are defined as S1, S2 and S3, respectively. For S1 in both film
types, the primary spectra in Figure 5.7(a) and 5.7(b) do not show any F 1s peaks because of the
very low level of F doping concentration in SnO.. If the FTO film preparation contained a proper
level of F doping concentration, fluorine atoms would be expected to occupy the O site in SnO,
to act as a donor in the generation of free electron carriers, rather than excess F atom at
interstitial sites (F;). Therefore, no signals corresponding to fluorine or its ionic form can be
detected at this stage. Interestingly, after undergoing the H-plasma process (S2) for 30 min, the
binding energy (BE) of the F 1s peak for the single layer FTO and double layer AZO/FTO films
appears at 684.8 eV, which is composed of two deconvoluted peaks a 684.7 and 687.5 eV,
assigned to F; and F,, respectively. As aresult, it can be assumed that the replacement of oxygen
with fluorine may have changed the doping behavior because of the incorporation of H atoms.
This is because the interstitial hydrogen has a low formation energy and high mobility that can
react with ion-absorbed oxygen (O%) in SnO; to form the strong O-H bond. In addition, the
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reaction between H and O atoms could potentially have a great impact on the release of the F
doping element from the O sites and a reduction of SnO, to a suboxide (SnOy) or metal tin (Sn),
leading to aloss in electrical conductivity. Because fluorine (F) is known to be one of the most
reactive and electronegative elements, a consequential ionic fluoride such as a Sn-F bond could
be readily formed on the surface of the film. Thus, a deconvoluted peak F; a low binding energy
is meant to be the major component, represented by the Sn-F bond complex. In other words, an
F, shoulder in the F 1s peak located at high binding energy can be observed, where the negligible
peak is assigned for C-F bonds, which probably arise from the carbonaceous species in the
atmosphere [125] and which are often found in the powder form. The intensity of F, is much
lower than that of ionic fluoride (F;) because the carbon-fluorine bond is much weaker and less
dense in the FTO film [126] and is thus susceptible to thermal-induced desorption on the

crystalline solid surface.
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Figure5.7 X-ray photoelectron spectra of the F 1s peak observed for (a) FTO and (b) AZO/FTO
samples with as-deposited condition (S1), 30-min plasma treatment (S2), and post annealing process,
subsequently. The deconvol uted peaks F1 and F2 indicate a major component (Sh-F bond) and a minor
component (C-F bond), respectively.
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Furthermore, we note that the single-layer FTO sample is much more disrupted than the
double-layer AZO/FTO film in the presence of increasing H content above a critical value,
because the major F; peak of the FTO film shows an increase in the formation of Sn-F bonds,
while the AZO/FTO film a twofold decrease in the same intensity. The difference between the
peak intensities in of the two films suggests that the barrier AZO layer partially prevents severe
damage due to H-ion bombardment from occurring on the FTO film. At the final stage (S3), the
samples were annealed at 400 °C for 1 hr to examine the desorption behavior of H atom. For the
FTO sample, the peak nearly disappears because of thermal perturbation, which takes place in
the presence of reoxidized SnO,. In contrast, a small amount of the F; peak in the AZO/FTO
sample can be observed, which may represent the residual Sn-F bonds located at the interfacial
layer between AZO and FTO films, particularly at grain boundaries.

In addition, Figure 5.8 provides further insight into the effect of H incorporation for both
film types, demonstrating the variation in the [Sn]/[O] atomic intensity ratios, derived from the
XPS spectra in the inset of Figure 5.8. It shows the binding energy of the Sn 3ds, and Sn 3ds,
electrons, a common signature of the Sn oxidation states (Sn**), corresponding to the equilibrium
O-Sn-0 gpecies bound to the SnO, framework. These results are consistent with Figure 5.7 and
indicate that the plasma (S1 to S2) and post annealing (S2 to S3) treatments on the FTO sample
introduce decomposition and reoxidization of the Sn-O bonds, respectively. Note that the relative
values of [Sn]/[O] ratio at each individual stage show a gradual effect to the changesin the F 1s

peak for the single FTO sample in Figure 5.7(a).
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Figure5.8 The variation of [S]/[O] atomic intensity ratios for the FTO and AZO/FTO films
corresponding to the surface of as-depostied films (SL), the surface of H-plasma exposed films (S2), and
the surface of subsequently annealed films (S3). The insets show the relative Sh (3ds,) and Sh (3ds2) core

level spectra.

However, surprisingly, the AZO/FTO samples show a different result that the [Sn]/[O]
ratio (Sn-O bonds) at S3 that is lower than that of S2, indicating a lack of recovery at the surface
state of SnO, in the AZO/FTO sample. Indeed, despite possible variations in the chemical
composition of the FTO film protected by the AZO overlayer upon H-plasma treatment (30 min)
at S2, the result at S3 are extraordinary, and explained by Scheme 5.1 in the following manner:
(1) the accumulation of H atoms at the AZO layer could be partially released beneath the FTO
layer because of the heat-enhanced H-atom migration; therefore, the fraction of secondary H*

ions diffusion might play an important role on breaking chemical bonds at the crystal boundaries
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of the surface of the FTO film. (2) The AZO-coated film also acts as the barrier layer to block
some H* ions from diffusing outward from the plasmatreated FTO film, enhancing the
dissociation of Sn-O bonds at the interface between AZO and FTO layers. Therefore, an
improvement in film recovery might be achieved more effectively by using a post-oxygen
plasma treatment, because of a decrease in the hydrogen concentration at the surface or interface

of the film.

FTO AZO/FTO FTO layer

AZO layer
«S]1—> v
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Scheme 5.1 Illugtration showing the cross-sectional structure of FTO and AZO/FTO films and the

possible H-ion diffusion mechanism under different conditions.

5.5 Summary

In summary, two types of films—a single layer FTO film and a double layer AZO/FTO
film—were investigated for use as the transparent conducting oxide layer in hydrogenated
amorphous silicon (a-Si:H) solar cells. The FTO was deposited by the spray pyrolysis method on
a glass substrate, and then, the AZO thin film was deposited by radio-frequency magnetron

sputtering method. The results show that the surface of bare FTO films can become deteriorated
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because of the reduction of SnO, to metallic Sn and sub-oxide of SnO by H-incorporated ions
and radicals under exposure to the H-plasma treatment. In contrast, the AZO overlayer was
found to conserve the structural, electrical, and optical properties of the FTO film. In particular,
TEM images reveal that following a 30 min treatment, H* ions and radicals from the plasma do
not appear to significantly change the lattice structure a the interface, indicating an effective
passivation of the oxygen vacancies (V") in the upper-most FTO layer by the AZO protecting
layer. Furthermore, the post-heat treatment (400 °C) results in the recovery of degraded FTO
films. This strategy was proven to be convenient and effective for aSi:H solar cells, while the H-
ions incorporation and diffusion in the matrix is necessary for the development of multilayer

films with designed interfaces and improved properties.
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Chapter 6

Nitrogen Plasma-Assisted Co-doped P-type (In, N):SnO, Ultra-Fine
Thin Films and N-ZnO/p-SnO, Core-Shell Heter ojunction Diodes

Fabricated by an Ultrasonic Spray Pyrolysis Method

6.1 Introduction

Transparent conducting oxides (TCOs) have yet to be widely used in electronic,
optoelectronic and photovoltaic applications, including solar cells, flat panel displays, light
emitting diodes (LED) and electrochromic (EC) materials [37, 101, 128, 129]. In particular, the
TCOs provide various outstanding properties, such as thermal stability, high transparency and
oxidation resistance, that are beneficial for developing device performance and the fabrication
process. More specifically, light emitters and optical detectors [130, 131] require a structure that
is composed of a junction between an n-type (electron) and a p-type (hole) conductor. The
interface at the p-n junction could be a functional window that emits light when excited with
sufficient photon energy. Unfortunately, it has been difficult to achieve active device fabrication
using TCOs, due to the lack of a p-type conductivity component. Because most of the wide band
gap oxides show unintentional n-type conductivity, researchers have tried to promote p-type
properties by using different doping methods that incorporate doping elements (In, Li, Al, N and
Ga) into n-type semiconductors based on I1-VI and 111-V compounds (ZnO, SnO,, GaN, AIN and

InN) [83, 132-137].
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In this work, tin oxide (SnO,) was selected as a promising host TCO because of its large
band gap (3.6 €V), high exciton binding energy (130 meV) and high carrier mobility (250 cm?).
The SnO; crystal exhibits n-type properties in which the shallow donors are mainly generated by
intrinsic defects (e.g., oxygen vacancies (V,), tin interstitials (Sn) and the inadvertent
incorporation of other impurities). Therefore, some difficulty is expected in overcoming an n-to-
p transition and achieving low resistivity p-type conduction for SnO, because of its asymmetric
doping limitations (self-compensation and deep acceptor level) [ 138, 139]. However, because of
the variable valence bands of Sn, SnO, structural, electronic and optical properties can be more
readily changed with the incorporation of additional defects. The material could also be suitable
for possible acceptor dopants with proper doping concentrations and conditions. Although some
groups have proposed different techniques for a mono-acceptor-doped SnO, to obtain p-type
conductivity, the incorporation of a doping element into the host matrix still shows inferior
properties, due to phase segregation (non-stoichiometry), relaxation and high resistivity [ 140,

141].

Because of the transient conductivity in mono-doped p-type SnO,, one possible method
to improve the electrical properties is the incorporation of a group-V element. Sun et al. [38]
investigated various properties of N-doped SnO, using first-principle calculations. On the basis
of both theoretical analysis and experimental results, they found that a substituent N atom in the
O site (No) has the lowest formation energy in O-rich conditions, which can preferentially
enhance the p-type conductivity of SnO,. In particular, N, is defined as the primary defect that
compensates for the annihilation of oxygen vacancies; thus, N, aso affects the electrical and
optical properties. Recently, Himmerlich et a. [142] examined the effect of nitrogen-plasma

annealing on the properties of indium-tin-oxynitride (ITON). They studied how the optical
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transmittance (T%) and resistivity (p) of films could be increased; due to the unbound nitrogen,
the formation of metal-nitrogen (N-In and N-Sn bonds) and oxynitride bonds compensated for
the oxygen vacancies. These reports are beneficial in terms of understanding the mechanism of
additionally incorporated atoms. These atoms will be alternatively used to modify the intrinsic

properties of host composite materials.

Presumably, simultaneous co-doping using dual acceptors can be expected to enhance the
solubility of the dopant and give rise to shallow acceptor levels in the band gap. This
investigation (based on plasma treatment) mainly improved the surface characteristics of the
film. Selective co-doping elements were considered to introduce defect passivation, resulting in
the increase of both carrier concentration and mobility for p-type conductivity, as compared with
results from other reports [83, 141]. Moreover, none of these studies have been involved in co-
doping methods in which p-type dopants were produced by a thermal diffusion process and
assisted-plasma treatment. The scarcity of research regarding co-doping becomes more apparent
in using different techniques to improve co-doping yield. Because reliable fabrication of a
crystalline p-type-based SnO, film by a convenient and cost-effective route is in high demand,
this study proposes a novel methodology that delivers (N, In)-co-doped SnO, through ultrasonic
spray pyrolysis in combination with post nitrogen-plasma treatment to create an In-doped SnO-
film. It is believed that both In and N are the best candidates for producing p-type SnO; the p-
type conductivity mainly results from the In dopant because of its low ionization energy of
substituent Ins, atoms with modest strain effect [138]. In-doped SnO- is highly reactive to both
reducing and oxidizing gases; therefore, a consequence of chemical surface treatment with
nitrogen gas through the generation of an N, acceptor is that the conductivity of the p-type host

material is significantly enhanced.
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Apart from the typical properties of thin films, a high aspect ratio of 1D nanostructure
could be even more beneficial when chemical surface reactivity, quantum confinement, charge-
carrier collection and transport are considered. Furthermore, 1D nanostructure is strongly
desirable for the formation of p-type (N, In) co-doped SnO; by the surface effects of gaseous
plasma treatment. Therefore, inspired by prototypical architectures, a rational synthetic method
for 1D core-shell nanowires or nanorods is proposed. This investigation confirms that an
ultrafine crystallite thin film (p-type SnO.) with controllable size and texture can be formed on a
rodlike template (n-type ZnO); this thin film behaves the same way as a conventional thin film.
In terms of a p-n heterojunction, the core-shell nanostructure represents another technological
challenge for a variety of applications in nanoscience, such as electronics, sensors, chemical

reactors and drug release.

6.2 Fabrication and physical propertiesof | n-doped SnO, films

The XRD spectra in Figure 6.1 show the structural evolution of 1n:SnO, films as a
function of the films’ composition. After annealing at 600°C (without In doping), peaks are
observed at 20 angles of 26.61, 33.88, 38.05 and 51.78° which correspond to the diffraction of
the (110), (101), (200) and (211) planes of the SnO, crystal, respectively. At 7%, the intensity of
all diffraction peaks tends to decrease and shift toward the lower angles, as compared to samples
with a lower doping concentrations. This decrease in intensity can be attributed to the fact that
the larger In atoms (167 pm) exhibit a distinct preference for incorporation into Sn sites to
substitute for the Sn atoms (140 pm) in SnO,. In incorporation can lead to an increase in the

lattice constant for the 1n:SnO, samples. For an over-doped sample (15% and 30%), the excess
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In ions may cause a highly disordered structure and dissociation of Sn-O bonds, resulting in the
loss of crystallinity in the SnO; film and the formation of In,O3 secondary phases (Figure 6.1). In
this condition, the phase transformation of Sn-doped In,O; may be induced; this structure is
similar to that of ITO with Sn as a dominant donor in the In,Os structure. When In is
incorporated into SnO-, the resulting disordered structure of the crystalline lattice agrees well

with the electrical properties subsequently described by the Hall mobility.

. In203
= 5n0O,

®(440)

Intensity (a.u.)

Figure 6.1 XRD peaks of In-doped ShO, films prepared by ultrasonic spray pyrolysis method with In
concentrations; 0, 3, 7, 15 and 30 at%.

Figure 6.2 shows the optical transmission properties of the films doped with various In
concentrations and annealed at 600°C. Asin a conventional SnO,-based film, the spectrum of the
non-doped film shows high transmission in the visible region because it is a wide band gap
semiconductor (~3.6 eV), whereas the absorption edge lies in the ultraviolet region (< 350 nm).
After doping with In (3% to 30%), the transmission of the In:SnO, films significantly changes.

Doping with In a concentrations ranging from 3% to 7% results in a slight decrease of the
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overall transmittance of the thin films because the decrease was more profound for samples with
impurity-induced light scattering. The introduction of a doping element into the film may create
an impurity energy state, which is located at an energy level close to the top of the valence band,
which is defined as the acceptor level. The electrons can readily be excited out of the valence
band and jump into this level. Next, the holes are generated, thereby contributing to a lower
electron carrier concentration. Consequently, the absorption edge shifts toward longer
wavelengths. This result is in keeping with the electrical characterization described later in
Figure 6.3. However, the doped films at 15% and 30% exhibit higher transmittances at a
wavelength of 550 nm (> 95%) than the films with lower doping concentrations. In accordance
with an increase in free carrier concentration (conduction) due to a large amount of intrinsic
defects of 1,03, the absorption edges of the spectra apparently shift back to shorter wavelengths.
Higher states in the conduction band are occupied; this occupation accounts for the increase in

the optical energy gap (referred to asthe Burstein-Moss effect) [ 143, 144].
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Figure 6.2 UV-vis absorption spectra of the In-doped SO, film deposited on corning glass substrate with

various doping concentrations. The optical transmission demonstrates the spectral continuity in range of
300-700 nm.
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6.3 Effect of partial substitution of nitrogen on In-doped SnO, film

surface

Figure 6.3 illustrates the dark current of both as-deposited and post-annealed In:SnO,
samples with different plasma exposure times (0-40 min) of nitrogen atmosphere (gas) plasma.
Before the annealing process, the SnO; in Figure 3a displayed n-type conductivity with a current
of 0.8-1.7 mA; this n-type conductivity was due to two types of intrinsic defects. oxygen
vacancies (V) and tin interstitials (Sn). For the In doping concentrations of 3% and 7% (Figures
6.3b and 6.3c), these intrinsic defects were corrected by elemental In, and the current was much
reduced, as compared to undoped SnO, films. During the spraying process, both In and Sn
precursors were deposited on the substrate at 400 C. Partial In was doped into SnO, and tended
to substitute for the Sn, as well as generate holes to compensate for Ing,, (depending on the
doping amount). According to defect chemistry, the principle charge to compensate for defectsin
Ing,, is assumed to be holes, if only a small amount of In was doped (< 7%). As more excess In
is doped, more hole carriers will be generated to neutralize the charge, and the principle charge
to compensate for defects in Ing, isVa*. In this case, a p-type material can be formed, but the
hole current will be smaller. With increasing doping concentrations (15% and 30%, Figures 6.3d
and 6.3e), SnO, phase formation will be strongly influenced by the amount of In present during
the spray deposition process, inducing more disorder on the crystallization of SnO,. Even though

Sn is a major component of the sample, 1N,O3 can be formed instead of SnO, because the

formation enthalpy of 1,05 (AH,f

n;03

= —9.47) is less than that of SnO,(AH/,, = —6.01)
[ 145], as evidenced by the XRD of Figure 1. In this condition, In atoms not only occupy Sn sites
to introduce Ing,,, but In,O3 can also be formed in combination with the incorporation of Sn into
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the In,O3 matrix. Although some holes can still be generated, either SnO, or In,O3 intrinsically
shows a dominant phase with n-type conductivity. Therefore, the electron current will be higher
compared to 3% and 7% In-doped SnO, sample. This phenomenon is more apparent for a
precursor solution containing 30% In. Asindicated in the XRD, the In,O3 phase forms to become
a major phase composed of Sn-containing In,Os3 (n-type ITO), enabling the films to present a

higher current than those containing other concentrations.
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Figure 6.3 The In doping concentrations (0, 3, 7, 15 and 30 at%) during the film fabrication are shown
in (@), (b), (c), (d) and (e), respectively, and the annealing temperature is constant at 600°C. Comparing
dark current of as-deposited and annealed SO, films undergoing the post plasma treatment (0-40 min).
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To enhance p-type formation, all as-deposited samples were subjected to thermal
annealing at 600°C for 1 hour, followed by nitrogen-plasma treatment. As shown in Figure 6.3, it
was noted that only the hole currents of the 3% and 7% In samples were much improved after the
annealing process compared to the un-annealed samples. In contrast, the samples with other
doping concentrations show the opposite effect. For an undoped SnO, sample, a deterioration in
conductivity was observed after thermal annealing (Figure 6.3a). This behavior is attributed to
the reduction of intrinsic V,, defects in the annealing atmosphere, which leads to a decrease in the
electrical current. Although the In atoms in the 3% and 7% samples were uniformly dispersed in
the SnO, matrix in either the interstitial or substituent sites during the process of spray deposition,
the substitution of In for Sn could actually be enhanced by thermal annealing. Therefore, the hole

current can be increased, but the change is not obvious.

In a manner similar to that of the undoped SnO, samples, doping at high concentrations
(15% and 30%) initially creates a large number of point defects, such as oxygen vacancies and
unbound In** a interstitial sites of SnO, or In,Os. These point defects cause higher electron
concentration and current compared to the samples with lower doping concentrations (3% and
7%). The subsequent annealing treatment mainly causes an absence of oxygen vacancies,
resulting in the dispersion of unbound In** (undoped In) atoms to accumulate at the grain
boundaries. Hence, much lower electron concentrations will be obtained, due to the possible

trapping of more electrons.

It was noted that the nitrogen plasma effectively improved the current in all cases of
undoped SnO, and In-doped SnO, samples by defect passivation. In this case, defect passivation

works by implanting nitrogen atoms onto the surface defects of the film that were generated
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during spray coating. As a result, the dark current can be increased by extending the typical
plasma trestment duration of 5-40 min. However, the enhanced current will vary with doping
concentration and annealing treatment. For In-doped 0%, 3%, 7%, 15% and 30% annealed
samples, the current can be increased up to 1.39, 410.10, 525.05, 3.25 and 1.75 times,
respectively, for 40-min treatment periods over the samples without nitrogen treatment. For the
3% and 7%-In containing samples, the current may be enhanced by nearly three orders of
magnitude because the atomic N from nitrogen plasma can occupy the O site to form a large
number of No sustituents. This phenomenon will also generate many holes, which will increase

the carrier concentration of a p-type semiconductor.

The Hall measurement characteristics are summarized in Table 6.1 to demonstrate the
effect of elemental In doping in SnO, under co-incorporated nitrogen plasma (40 min).
Evidently, the sheet resistance can be observed here to increase from 708.2 to 3.286x10* and
2.1x10° Q/sq when elemental In was doped into SnO, a concentrations of 3% and 7%,
respectively. The carrier concentration shifts toward positive values at +3.31x10" and
+4.75x10" cm, which are attributed to the replacement of Sn** by adding In®* ions to generate
p-type properties at a low In concentration (< 7%). In this co-doping method, the N-plasma
treatment ensures that (1) the enhancement in conductivity occurs due to defect passivation on
the In:SnO,, film surface compared to the untreated sample, and (2) the atomic N substitution into
the O dte in SnO, can reinforce the mechanism of In-doped SnO, to improve the p-type
properties. Indeed, the 7% In:SnO, sample co-doped with N shows an excellent p-type film with

large values for hole mobility (78.30 cm?/V's) and carrier concentrations (+4.75x10 cm®).
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Table 6.1 The results of Hall effect measurements of the annealed 1n: ShO, samplescorresponding to O-

30% In doping concentration with a selective N-plasma treatment at 40 min.

Doping conc. Sheet resistance Mobility Carrier conc. Coeff Tyvpe
(at%) (Q/sq) (cm?/Vs) (cm3) (m%/C)

0 708.22 10.40 -1.06x101° -0.74 n

3 3.34x10* 17.17 +3.31x10V +23.61 p

7 2.10x10? 78.30 +4.75x1017 +16.48 P

15 467.21 7.64 -3.60x101° -0.22 n

30 95.85 4.25 -1.12x1020 -0.07 n

However, after further increases of the indium concentration to 15% and 30%, the
resistance is dramatically decreased to 467.2 and 95.85 Q/sq, respectively; the carrier
concentration also reverts back to a negative charge, which indicates an electron-dominated
transport effect. Importantly, the incorporation of In®*" in Sn** sites starts to become saturated,
and the additional In ions can be possibly placed on interstitial sites to form a secondary
crystalline phase (n-type In,03) in SnO,. As demonstrated earlier in Figure 6.1, this phenomenon
may generate non-homogeneous distribution throughout the (N, In)-codoped SnO, film. A
decrease in mobility compared to the 3% and 7% samples is caused by the increased disorder of
the crystalline lattice, which corresponds to phonon and ionized impurity scattering [135].
Furthermore, Sn-doped In,O3 (ITO) may be produced at high In doping concentrations; at these
concentrations, it is known as an n-type degenerate semiconductor with Sn atoms incorporated at
In sites. The sample doping at 30% demonstrates a higher electron concentration (-1.123x10%
cm™®) compared to one at 15% (-3.601x10* cm™). One possibility is that the generation of 1n,Os

and Sn-doped In;O3 introduces the existence of a high content of oxygen vacancies, due to its
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intrinsic defects during the deposition process. These intrinsic defects mainly improve the

conductivity of the material.

Figure 6.4a shows XPS spectra of the N 1s with different plasma treatment conditions (0,
10 and 40 min). There was no N signal detected in the as-deposited In:SnO, film, while the N 1s
peak, which was centered at 399.4 eV, was seen for the sample exposed to N plasma at 10 min.
The exposure to N plasma corresponds to the formation of Sn-N-O or Sn-O-N oxynitride
component [ 142, 143]. At longer plasma duration times (40 min), an additional peak appeared at
404.7 eV. This peak may originate from two possibilities: N-O bonds at the surface or unbound
N atoms at interstitial sites[83, 142]. In Figure 6.4b, the depth profiles of the 7% In sample with
40-min plasma treatment were obtained using Auger electron spectroscopy (AES). Because of
chemisorption and diffusion of the atomic N, the appearance of the N peak was observed at the
near-surface region, and it gradually decayed from 67% to the detection limit at a 50-second
etching time (depth in the range of 10-20 nm), whereas the atomic intensity of the Sn signal
inversely increased from 20% to 75%. Importantly, the fluctuation of the O signal exists within
the N-rich region (with an etching time of less than 25 seconds) and is subsequently decreased to
its original atomic concentration as In-Sn-O compounds. For the In elemental composition, a low
concentration profile was clearly detected throughout the depth of the film from 0-100 nm,
which indicates that a small amount of In has been uniformly doped into the entire SnO, film.
The atomic percent was unchanged regardless of the content of the nitrogen. Although In plays a
key role in the p-type doping mechanism on Sn sites, the plots show that there is no close

association between In and the variations of the other elements (Sn, N and O).
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Figure 6.4 (a) XPS spectra of the N 1s peak observed for (N,In) co-doped SO, samples treated in N
plasma for 0, 10 and 40 min. (b) AES depth profiles of the samplein (a) at 40 min, and the etching rate of
Ar* for 1 secisequal to 3 Ain penetration depth.

A large bombardment of atomic N (generated by N,-plasma) strongly impacts the
structure of SnO,, films, due to the change in surface chemistry. N atoms can primarily substitute
in O sites in SnO, at alow N concentration. However, if the incorporated N level istoo high (at
40 min), the substituent sites (No) can be saturated with N atoms. Then, the excess N atoms will
more readily fit in the interstitial sites (N;) of the In:SnO-, lattice, which is defined as unbound N;
atoms surrounded by Sn, In and O atoms [142]. Nevertheless, no peaks were observed at ~396
eV in the XPS spectra of the as-deposited film and N-doped film in Figure 6.4a, confirming that
no bonds have been formed between Sn-N and In-N. Instead, the Sn-O bonds in SnO, can be
disrupted when N is introduced to the surface because the variable valence bands of Sn are

known to be an important factor in conducting surface oxidation or reduction [144]. The
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segregation of Sn and O provides a possible route to the formation of dangling N-O bonds
exposed to the surface because dissociated O atoms tend to form aweak bond with the nearest N;

atom at an oxygen-rich surface.

6.4 N-ZnO/p-SnO, Core-Shell Heterojunction Diodes

Due to the N-diffusion depth limit, this study intended to manipulate the ultrafine
thickness of the p-type In:SnO- shells (~10 nm in thickness) deposited on n-type ZnO nanorods
by optimizing the coating time (~3 min) and deposition temperature (400°C). Figures 6.5a and
6.5b show low-magnification SEM images of the vertically aligned core/shell arrays in top and
side view, respectively. The length of the p-n core/shell was estimated to be about 220 nm. The
high-magnification SEM image depicted in the inset of Figure 6.5a demonstrates a uniformly
rough surface for the coating layers, which is different from the as-synthesized ZnO nanorods.
The high resolution transmission electron microscopy (HR-TEM) image in Figure 6.5¢ clearly
shows the crystalline In:SnO, nanoparticles to be well-distributed as a continuous film on the
nanorod surface, indicating that the interfacial region exhibits an excellent crystallographic
adhesion between the n- and p-layer. In addition, the selected areas for the highly magnified
images and fast Fourier transform (FFT) diffraction pattern referred by JCPDFWIN clearly
reveal the lattice spacing (d) at approximately 0.513, 0.338 and 0.266 nm. These spacings
correspond to the (0001) planes of the wurzite ZnO core and to the (110) and (101) planes of the

tetragonal SnO, shell, respectively.
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Figure 6.5 (a) Top view and (b) cross section SEM images of 1n:ShO,-coated ZnO nanorod arrays. The
inset shows a high magnification of top view image. (c) TEM images illustrate a pn heterojunction core-
shell consisted of p-layer In:ShO, and n-layer ZnO with their lattice images and FFT patterns as
identified by yellow.

To examine the electron-hole injection at the depleting region between the n- and p-layer,
typical 1-V measurements (Figure 6.6a) were conducted to confirm the electrical characteristics
of (N,In)-codoped SnO.. It was noted that the layer portion of the 1n:SnO,-coated ZnO nanorods
were only exposed to N plasma for 40 min, as illustrated in Scheme 6.1. The diffusion depth of
the N atlom can be approximately tuned with the treated In:SnO, layer thickness. The |-V
characteristics of the ZnO/(N,In)-codoped SnO, core/shell demonstrate a symmetric curve with a
rectified diode behavior, which means that the deposited films show a low level of interfacial
surface recombination with very little leakage current in forward or reverse bias. However, both
the individual p-type (N, In)-codoped SnO; film and the n-type ZnO nanorod are linear. Thisisa

remarkable difference from the p-n heterojunction diode obtained by making ohmic contact with
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In and Au/In electrodes. In all cases, the current could increase by prolonging the plasma

duration time (> 40 min).

Nitrogen plasma

I $43 33
n

n-ZnO NRs n-ZnO NRs / p-In:Sn0O,
Au/In

ZnO Buffer layer

Glass

Scheme 6.1 Illustration of the corresponding current-voltage (I-V) measurement set-up. The deposition
and post plasma process applied to fabricate the p-In:ShO./n-ZnO core-shell heterojunction using ZnO

nanorods as a template.

Figure 6.6b shows the energy band diagram of the p-In:SnO,/n-ZnO heterojunction at the
equilibrium state. For the doping mechanism of the p-layer, the Fermi level (EF) tends to shift
toward the valence band (VB), according to the acceptor character or the presence of
uncoordinated surface atoms. The Er in the p-layer will align at the same energy level asinthe n-
layer; hence, band bending can be formed at the interfacial layer (defined as a depletion layer).
Under external forward bias (J), the electrons from the bulk of the n-layer are repelled by the
negative surface charge in order to overcome a built-in potential V(x) a the interface before
reaching the p-layer, and the electrons will behave in the opposite way under reverse bias (Jg).
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Moreover, Drake and Sun et al. [ 38, 132] reported that some instances of a dominating formation
of substituent N, and Ins, acceptors can occur, due to lower formation energy and annealing
effects, respectively, compared to other interstitial atoms. In this case, the coordinate of these
two acceptors introduces the impurity level located at the empty state dightly above the Er,
which can lead to the reduction of the energy gap (AE,, = Eg, — Egz,) by shifting the VB
upward and can significantly promote p-type properties. However, if the doping concentration (N
bombardment) is too high, interstitial N; and Ns, may be developed to compensate for the donor
level close to the conduction band (CB), and N-O bonds and unbound N atoms may be formed

(this possihility is consistent with the XPS result mentioned earlier).
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Figure 6.6 (a) |-V characteristics of the pn heterojunction diode in dark using an applied voltage in
range of +/-1eV . The inset gives the |-V characteristics of individual p-type In:ShO, and n-type ZnO
films. (b) The energy band diagram at equilibrium.
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6.5 Summary

It has been demonstrated that p-type In-doped SnO, films with 3% and 7% In doping
concentrations can be fabricated by using a simple spray pyrolysis method followed by thermal
annealing (600°C) and post-N-plasma treatment. However, excess doping concentrations (15%
and 30%) can lead to the formation of a secondary compound, such as n-type 1n,Os. The
formation of a secondary compound led to an electron-compensated donor, which dramatically
reduced the sheet resistance to 467.2 and 95.85 Q/sq for the 15% and 30% concentrations,
respectively. Both XPS and Auger’ s depth profile analysis interpreted the mechanism of 7% In-
doped SnO; under nitrogen plasma treatment by investigating the change in chemical bonding
components. When the p-type (N,In)-codoped SnO, layer was deposited on the n-type ZnO
nanorod arrays, the |-V measurement demonstrated a symmetrical curve with rectified diode
behavior, which is responsible for high electron-hole injections at depleting regions between the
n- and p-layer. The further optimization of specific conditions and parameters may need to be
considered and will be crucial to design novel 1D hybrid materials suited for the various

applications of TCO-based devices.

94



Chapter 7

Enhanced UV Photor esponsein Nitrogen Plasma ZnO Nanotubes

7.1 Introduction

One-dimensional (1D) zinc oxide (ZnO) is a promising semiconductor material in
nanoscale electronics, optoelectronics and light-emitting device applications [55, 98, 146-158]
because of its wide band gap (Eq = 3.34 eV), high electron—hole binding energy (60 meV) and
the ease of cheap wet-chemical synthesis. The diversity of novel ZnO nanostructures, such as
nanobelts (NBs) [146], nanowires (NWs) [147-150] and nanotubes (NTs) [159-161], has
attracted attention due to the ways that its dimensionality corresponds to physical and chemical
properties.

Up to now, wet-chemical approaches have been widely used to synthesize ZnO
nanostructures. However, several defects may be generated on the surface of ZnO nanorods
grown with an aqueous solution process. Recently, Sun et al. reported that the existence of
hydroxy! groups (OH) and physisorbed water molecules on the surface of ZnO nanorods that can
generate oxygen vacancies and defects, which affect the PL characterization and apparent
photocurrent. Y uan et al. proposed that the gaseous dopant N>O on ZnO NWSs could compensate
the intrinsic donor defects and achieve controlled electron-transport properties. A recent study by
Le et al. demonstrated that nitrogen (N) incorporation into ZnO nanorods (NRs) under plasma
exposure can efficiently induce the relative chemical bonding (increased O—Zn), but that it may

result in the occurrence of lattice disorder.
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Recently, ZnO nanotubes have been fabricated by many methods, such as a hydrothermal
process, a template-assisted method and a thermal oxidation process [159-161]. Based on the
high surface-to-volume ratio of ZnO NTSs, it was believed that ZnO NTs have the possibility of
improving charge collection and charge carrier transportation, thus enhancing performance and
activity. Furthermore, the direct flow of electrons along a large interfacial surface area may
contribute to a higher photocurrent generation.

Therefore, in this investigation, ZnO nanotubes (NTs) were produced by a low-cost
chemical method, followed by the application of a nitrogen plasma. In order to better understand
the photoresponse of NTs, ZnO nanowires (NWs) were also prepared for comparison. This letter
discusses, for the first time, the photoresponse and photoluminescence behavior of nitrogen
plasma-treated, chemically grown ZnO NTs. The nitrogen-treated ZnO NTs show a very good
photoconductivity under long wavelength UV irradiation, as well as durability with extended

exposure time, which can benefit ZnO-based solar cell devices.

7.2 Chemical growth of ZnO nanorods (NRs) and nanowires
(NWs)

Figures 7.1a and 7.1b show scanning electron microscopy (SEM) images of ZnO NWs
and NTs subjected to the nitrogen plasma treatment. Each NW, or NT, is 2-5 um in length and
has a uniform width over its entire length. After thermal annealing at 300 C and longer plasma
treatments, both ZnO nanostructures <ill show a uniform surface morphology. The high-
resolution TEM image of the ZnO NWs in Figure 7.1c shows that the synthesized ZnO

nanowires grow along the preferential [0002] c-axis direction with a diameter of around 25 nm.
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For the ZnO NTs, figure 7.1d displays tubular structures with wall thicknesses of about 5-10 nm
and inner diameters of about 10-15 nm. Furthermore, it was found that the diameters of both the
ZnO NTs and NWs are very close in size, which can be attributed to the disappearance of the c-

axis plane of the ZnO nanowires to form nanotubes [ 55, 151].

Figure 7.1 FESEM images: of (a) ZnO NWs and (b) NTs; HRTEM images (c) NWs and (d) NTs on glass
substrates subjected to post annealing at 300°C and nitrogen plasma treatment.

7.3 Effect of N-plasma treatment on ZnO nanostructures

Figure 7.2 shows the room-temperature photoluminescence (PL) spectra of both ZnO
NWs and NTs treated with different exposure times (0, 60 and 720 s) in a nitrogen plasma. Two
distinct emission bands were observed: UV emission related to free exciton recombination at

around 384 nm, and broadband deep-level emission related to native defects, such as oxygen
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vacancies and zinc interstitials. After nitrogen plasma treatment, no damage was observed for
both the NWs and NTs, and the emission intensity of the deep-level band was reduced, which is
consistent with the report of Le et al., who found that a N, plasma treatment can passivate the
surface defects of ZnO nanorods. However, it was observed that the effect on the ZnO NWs was
not as remarkable as the effect on the ZnO NTSs, indicating the ZnO NTs show a greater relative
reduction in surface defects than the NWs after the N, plasma treatment. Furthermore, it was
noted that along plasma treatment at 720 s caused enhanced UV and decreased deep level bands
in terms of peak intensity, indicating that a surface reaction between the N ion and V; occurs on
the ZnO. It is assumed that with along plasma treatment, the N; ions diffuse further into the core
layer of the NTs and induce more nitrogen interstitials (N;) to fill the V§ defects of the NTs.

Therefore, enhanced UV can be obtained.
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Figure 7.2 Photoluminescence spectra measured at room temperature for a nitrogen plasma treatment of
0, 60 and 720 sfor (a) ZnO NWs and (b) NTs.

Figure 7.3a shows the current as a function of applied voltage with and without N

treatment for 900 s. The dark currents of untreated and N, plasma-treated NWs and NTs show
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linear | -V characteristics, which indicate an ohmic nature in both cases. It was found that
without N, treatment, both ZnO NWs and NTs generate a slight current (1.81x10° and
9.53x10 7 A, respectively). In contrast, arapid rise in the dark current was observed for the ZnO
NTs treated with N, plasma compared to those without treatment and to No-treated ZnO NWs.
The current in the NTs is increased by a factor of 20 over that in the NWs after N, plasma
treatment, which might be correlated with the larger surface area and thinner walls (~10 nm) in
ZnO NTs. Normally, ZnO can be doped to be an n-type material due to the existence of oxygen
defects, which contribute to the apparent photocurrent via filling or removal of the oxygen defect
sites in the ZnO nanowires. Ahn et al. studied the photocurrent of a single ZnO nanowire
synthesized by the sol—gel route and found that, in vacuum, the dark current was larger than in
air; this can be attributed to the release of the available charge carriers by the desorption of
physisorbed water molecules [57]; this might also be applicable to this work. The dark current of
the ZnO NTs can be further enhanced after N, plasma treatment compared to ZnO NWs, because

NTs have a relatively high surface to volume ratio and more electrons captured on the surface

can be released.
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Figure 7.3 (a) Current as a function of applied voltage for both ZnO NWs and NTs, with and without a
900 s nitrogen treatment. (b) Dark current dependence versus N,-exposure time.
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Figure 7.3b illustrates the dark current of both ZnO NWs and NTs with different N
plasma exposure times. It was found that the dark current of the NTs shows a slight change after
implant durations of 30480 s. Beyond that, the enhancement in dark current is more remarkable
for NTs after along duration N, plasma treatment. The current can be increased up to 4.82x10’
A at 900 s, which is much larger than that in ZnO NWs. It is believed that the surface defectsin
the solution-synthesized ZnO nanostructures normally have positively charged sites on their
surfaces; these capture the electrons of ZnO electrogatically, reducing the available carriers in
the air. According to our experiment, the N, plasma treatment can detach the surface defects,
releasing the captured electrons and resulting in an increase of the conductance, especially under
ion bombardment for a longer duration (>600 s) a an ICP power of 100 W, where there is the
possibility of accumulating more energy to release further charge carriers by the detachment of
physisorbed defects, such as water molecules inside the ZnO nanotubes. Therefore, an enhanced

dark current can be obtained for the NTs after along duration N2 plasma treatment.

7.4 Photoresponse characteritics

Figure 7.4a showsthe I-T plots and the photocurrent onsets generated by the excitation of
UV irradiation in air at room temperature with a bias voltage of 1 V. After alonger N, treatment
(900 s) for ZnO NWs and NTs, the ON-OFF cycles were exponential in generating a
photocurrent with a reproducible response. It was noted that the N, plasma treatment for the NTs
not only induced an increase in the dark current, but also enhanced the absolute magnitude of the
photocurrent. The photoresponse enhancement for the NTs shows a remarkable increase by one
order of magnitude over that of the NWs. It was assumed that the generation of an oxygen defect

normally releases two electrons according to 0% — 1/20, + VZ* + 2e~, which contributes to
100



the intrinsic n-type nature of the ZnO nanostructure. This implies that oxygen defect vacancy
(V&) sites in the depletion layer are produced and become so unstable that they tend to be
stabilized by combining with ambient negative charges, such as OH from physisorbed water
molecules in the surrounding atmosphere (air), to form Vi —OH™ bonds, which result in a
decrease in free electrons. Therefore, under UV excitation, V¥ —OH  pairs are broken, and
electrons can be released from the detached hydroxyl OH groups on the surface of the ZnO
nanostructures; this results in an apparent enhancement in photoresponse due to the larger
surface/volume ratio of ZnO nanotubes without position dependent measurements of the UV

illuminated lamp.
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Figure 7.4 (a) Time traces of the current with the chopped light for samples measured after a 900 s N,
plasma exposure under an applied voltage of +1 eV (electron conduction). The inset shows the schematic
diagram of the corresponding measurement method. (b) Energy-band diagram for 300 °C annealed and
N, plasma-treated ZnO under UV illumination.
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On the contrary, the slow decay in the NTs at light off suggests a better stability and a
more gradual electron—hole recombination than that found in NWs, which might be related to the
defect sites, which capture or release the bypassing electrons and slow the reduction of the
mobility of the photoexcited carriersin the ZnO NTs.

Figure 7.4b shows a schematic diagram to illustrate the electronic band behavior for ZnO
NTs. A sufficient photon energy can generate electron-hole pairs, then excited electrons in the
conduction band and unpaired holes neutralize oxygen ions at the surface [ 155, 156, 162, 163].
Due to the higher surface-to-volume ratio of the lower-dimensional NTs, the abundance of
incident photons at the N»-treated surface can readily break down the Vi—OH™ bonds, and the
electrons transferred can subsequently overcome the large band gap. Evidently, the conductivity
is governed by the carrier concentration, which is associated with the surface morphology of the
ZnO NTs. The large direct band gap of the NTs (3.208 eV) demonstrates the enhanced carrier
concentration, which leads to a decrease in the band gap and the Schottky barrier (¢g) at the

grain boundaries.

7.5 Summary

In summary, a chemically based approach was used to develop ZnO nanotube (NT) and
nanowire (NW) structures. The PL results show that a longer nitrogen plasma exposure can
significantly improve the UV emission of ZnO nanotubes. Furthermore, the current—voltage
characteristics show that the photocurrent (4.82x10 ° A) of NTs can be remarkably enhanced
compared to that (0.571x10 ° A) of ZnO NWs after exposure to N, plasma for 900 s. This
treatment also enhances the photoresponse behavior of the plasma-treated NTs (by a factor of 20

over that of NWs). Such a promising NT structure using a nitrogen plasma treatment may offer a
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method of producing high optical quality ZnO nanostructures and could potentially be useful in

the designs of 1D ZnO-based solar cells and optoelectronic devices.

103



Chapter 8

Selective Oxygen-Plasma-Etching Techniquefor the Formation of
ZnO-FTO Heterostructure Nanotubes and Their Rectified

Photocatalytic Properties

8.1 Introduction

Low-dimensional, nanostructured materials have attracted much attention for advanced
electronic, optoelectronic, and photocatalytic applications because of their high sensitivity level
and surface-volume characteristics. Of particular interest are coaxial nanotubes, in which core-
shell hybrids are composed of oxide semiconductors, for use as three-dimensional (3D)
transparent conductive (TCO) electrodes in photoeectrochemical cells.

In dye-sensitized solar cells (DSSCs), typically a TCO electrode has been used as the
back contact for the nanostructured TiO, film. In particular, heterostructured, onedimensional
(1D) electrodes have received great attention because of their chemically oxidative and hybrid
properties, which were proposed to improve the conversion efficiency as an alternative approach
to DSSCs [99, 164-166]. Recently, Wang et a. demonstrated that the photoelectric conversion
efficiency of the DSSCs made from an indium-tin oxide (ITO) nanowire array embedded with
the TiO, photoelectrode was higher than that of a pristine TiO; film or arrays of ITO/TiO, core-
shell nanowires [99]. Liao and co-workers reported hybrid CdS/P3HT photovoltaic devices
using FTO-coated ZnO nanorod (NR) arrays as 3D electrodes. The FTO-coated ZnO NR length

and thickness of the FTO layer were interpreted to enhance the photovoltaic performance [ 164].
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Generally, the unique properties of ZnO are utilized not only in various aligned
nanostructures for charge-carrier transportation and light emission but also as a free-standing
NR, which is suited for uniformly nanosized templates and can be functionalized via interfacial
solid-state diffusion with a surrounding shell layer. As a shell layer, the transparent conducting
FTOis thought to be an ideal candidate electrode for solar cells. In addition, it was well-known
that a high aspect ratio of 1D FTO nanostructures can provide far greater surface area than thin
films, offering the additional challenge of obtaining effective charge-carrier collection and
transport. Therefore, if the ZnO-embedded FTO could put forward the idea of extension into
nanotubes with a completely hollow core, the large interfacial area between FTO and ZnO will
play a critical role in improving the conduction path through nanoscale effects [61]. However,
there have not been any reports involving the fabrication of a ZnO/FTO hollow nanotube and
related optoelectronic properties. Therefore, when ZnO as the active light-absorbing component
is combined with oriented FTO nanotube arrays, this composite nanostructure possesses
excellent charge-transport characteristics, which will be a benefit for photovoltaic devices.

To the present, there have been a number of reports on template-assisted oxide nanotube
formation by various synthesis methods. Selective etching is one important technique to produce
controllable structures, including wet-chemical etching [62, 92, 167-169] and hydrothermal
treatment [91, 170-173]. Zeng et a. developed wet-etched Zn-ZnO core-shell nanoparticles
(NPs), where H" ions incorporated from a weak acid solution diffused along lattice defects and
grain boundaries in the ZnO shell layer to eliminate Zn core materials via a redox-precipitation
process a the interface [92]. Fan et a. developed ZnAl,O, nanotube structures using
hydrothermal calcination. The formation mechanism includes the occurrence of defects and
voids along the core-shell interface, and the Kirkendall effect with surface diffusion produces
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hollow interiors[91]. Yao et a. proposed a two-step etching process on ZnO NRs, which entails
both chemical and plasma etching at low temperature [173]. A wet acid solution provides a
rough isotropic etch of hexagonal edges, and then argon plasma is employed to fabricate
controllable nanotips for enhanced field-emission devices. However, the wet-etching process
leads to a morphology with a high degree of disorder, causing a lower photocatalytic efficiency
due to photocorrosion. Therefore, it is very important to develop a dry-etching synthesis process
for the metal oxide semiconductor in solar cell applications. To date, there has been little
research on dry-etching mechanisms, in which a controllable etching rate could improve the
optical properties of the materials. The use of oxygen plasmato eliminate the inner core of metal
oxide compounds has only been studied in a few cases, but this novel method could introduce the
benefits of hollow nanoscale materials.

In this paper, we propose a fabrication method to synthesize ZnO-FTO composite
nanotubes using water-based spray pyrolysis for depositing FTO NPs on arrayed ZnO NRs and
oxygen plasma for the etching process. During the process, various ions and radicals generated
by the oxygen plasma, including O, O, and O*, can readily diffuse into oxygen vacancies
[174-176] to create negative charges on the ZnO NR surface. This results in an accelerated
etching rate, producing a large number of voids in ZnO and forming a hollow ZnO-FTO
heterostructure. The mechanism of etching evolution of the ZnO-FTO nanotubes via oxygen
plasma was also investigated in this study. In addition, the corresponding enhanced

photoresponse of the heterostructures will also be discussed.
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8.2 Microstructureof FTO-coated ZnO nanorod arrays

Figure 8.1a is a high-magnification scanning electron microscopy (SEM) image showing
the ZnO NR array structures, with NR lengths ranging from a few tens to hundreds of
micrometers and diameters between 50 and 100 nm. After FTO coating, the ZnO NRs become
larger in diameter because of the additional rough FTO layer covering the entire ZnO NR, as

shown in Figure 8.1b.

Figure 8.1 Field-emission SEM images of (a) as-deposited ZnO NRs grown on a Corning glass substrate
using a hydrothermal method and (b) FTO coating on ZnO NRs obtained by spray pyrolysis deposition.
The FTO deposition time was 2 min at 380°C.

8.3 Oxygen-plasma-etching mechanism on ZnO nanorod templates

Figure 8.2 shows high-resolution transmission electronmicroscopy (HRTEM) images of a
core-shell ZnO-FTO heterogtructure (a) before and (b) after exposure to oxygen plasma for 20
min at room temperature. The low-magnification image in the inset of Figure 8.2a illustrates that
the FTO monolayer has uniformly covered the ZnO NRs to form a ZnO-FTO core-shell

structure. The HRTEM images magnified from the red rectangle in the inset of Figure 8.2a
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further demonstrate that the FTO layer on the ZnO NRs is composed of FTO NPs, with a wall
thickness of about 15 nm. On the other hand, for ZnO-FTO composites treated with dry oxygen
plasma, the ZnO NR core was removed to form a 1D tubelike FTO nanostructure, as shown in
the inset of Figure 8.2b. This occurs because the wurtzite ZnO NR template can be more rapidly
etched along the [0001] direction compared with the tetragonal rutile FTO. The HRTEM image
in Figure 2b reveals that the ZnO-FTO composite nanotube contains ZnO-{0001} and FTO-
{100} planes, with the lattice spacing of certain atomic planes at about 0.475 and 0.295 nm,
respectively. Consequently, it can be assumed that some residual ultrafine ZnO nanocrystals
have been embedded into the surface of the FTO shell layer after the etching process through an

interfacial solid-state reaction between ZnO and FTO [62, 91, 172].

Figure 8.2 HRTEM images of core-shell ZnO-FTO heterostructures (a) before and (b) after exposure to
oxygen plasma for 20 min at room temperature. The insets of parts a and b show the magnified interface,
indicated by the red rectangle.
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The cross-sectional images, analyzed by transmission electron microscopy (TEM)-
energy-dispersive spectrometry (EDS) line scans across the tube diameter (side view, Figure
8.3a,b; top view, Figure 8.3c,d), show hollowlike regions, which clearly indicate a ZnO-FTO
heterogeneous nanotube. The EDS elemental line scans on the ZnO-FTO samples indicate that,
after dry etching, the heterogeneous structure is mostly composed of Sn, with residual ZnO
isotropically distributed either alongside or in the interior of the FTO tube wall. In particular, the
relative composition ratios of the elements Sn, Zn, and O were estimated as about 4.5:1:3.5 (side
view) and 7:1:6 (top view), respectively. As aresult, the relative ratio of Snto Zn in Figure 8.3d
is apparently larger than that in Figure 8.3b, further confirming that the ZnO region in the core

has been etched successfully.
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Figure 8.3 Cross-sectional HRTEM and EDS line scans of an ZnO-FTO nanotube fabricated by dry
oxygen-plasma etching at 20 min: (a and b) side view; (c and d) top view.
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The relative removal of the inner core using the oxygen plasma treatment under RF
power (350 W, at room temperature) with etching time was also observed. The TEM images in
Figure 8.4a-c show the structural evolution of the inner ZnO core corresponding to different
treatment durations (0, 2, and 20 min, respectively). The TEM image in Figure 8.4a shows an
interfacial gap after spray coating of the FTO onto the ZnO NRs between the FTO layer and
ZnO, caused by the lattice mismatch between the two. Oxygen plasma etching for 2 min can lead
to apolycrystalline ZnO sheath with formation and enlargement of the voids along the ZnO-FTO
interface, as indicated in Figure 8.4b, suggesting that the voids were possibly initiated from the
mismatch sites between the FTO layer and ZnO. With increased reaction time (20 min), it can be

seen in Figure 8.4c that the inner ZnO core was almost consumed and the hollow formation took

place along the [0001] plane to form a nanotubelike structure.

Figure 8.4 Formation of voids in the FTO-coated ZnO obtained before and after etching of ZnO NRsas a
function of time: (a) Omin; (b) 2min; (c) 20min. Theinset of part b is a high-resolution image of the void.

The XRD pattern in Figure 8.5 shows the characteristic peaks of a ZnO-FTO core-shell
structure as a function of the etching time. As-grown ZnO NRs mainly display oriented peaksin
the descending order of (100), (002), (101), and (110), and as-deposited ZnO-FTO shows the
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additional FTO peaks to the ZnO peaks. After treatment with the oxygen plasma for 2 min, the
relative peak intensity of ZnO was reduced, although the (100) peak can still be observed. A long
oxygen-plasma treatment time of 20 min resulted in a further reduction in the ZnO peak intensity
so that it became negligible. Thus, the XRD peaks of the ZnO-FTO tubelike heterostructures
display differences from the as-deposited ZnO-FTO. This indicates that the ions and radicals
from the oxygen plasma indeed impart an impact energy to the ZnO NRs to induce different
degrees of etching, which cause a morphological transformation. The impact energy from the
oxygen plasma is high enough to induce transformation and dissociation of ZnO, suggesting that
more excess vacancies could be generated and accumulated at the interfaces. This suggestion is

confirmed by PL, which will be discussed later.
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Figure 8.5 XRD patterns of as-grown ZnO and ZnO-FTO heterostructures on glass treated for the times

noted under oxygen plasma. The patterns are vertically offset for clarity.
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Figure 8.6 shows room-temperature PL spectra using 365-nm UV excitation for ZnO and
ZnO-FTO treated with oxygen plasma for 0O, 2, 10, and 20 min. Two main bands were obtained:
the strong peak in the UV emission spectrum at 380 nm corresponds to the near band edge (Ingg)
generated by the recombination of free electrons and a broad-band visible deep-level emission
(IpLg) centered at ~600 nm induced by impurities and defects such as oxygen vacancies (V) and
zinc interstitials (Zn;) [148, 177, 178]. It was found that with, a plasma treatment duration of 2
min, well-aligned ZnO NRs with well-defined hexagonal planes remained unchanged. However,
under a longer plasma duration, such as 10 min, the pristine ZnO NR displayed a relatively
enhanced defect density, which caused a decreased Inge and an increased Ip g, as expected
(Figure 8.6a). These results are probably related to deterioration of the ZnO NRs, as seen in the

inset of Figure 8.6a.
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Figure 8.6 PL of (a) as-grown ZnO and (b) FTO-coated ZnO samples showing variation of the spectrum
intensity corresponding with the plasma exposure time. The insets of parts a and b demonstrate the

mor phology of the ZnO NRs after 20 min of etching and the relative intensity (R) of part b, respectively.

On the other hand, after FTO coating, it was observed that Inge from ZnO was enhanced

compared to the pristine ZnO because of defect passivation. However, with a plasma etching
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time of 2 min, Figure 8.6b shows a significant reduction in Ixge but only a slight reduction in
IoLe. After plasma treatment (>2 min), it was found that both peaks were reduced to a negligible
height, indicating that ZnO could be etched after FTO coating using a longer oxygen-plasma
treatment. This reveals that the FTO shell can not only passivate the surface defects on the ZnO
NRs to enhance Inge but also trigger the ZnO etching of the ZnO-FTO nanocomposite to produce
the ZnO-FTO nanotube heterostructure. All of the evidence confirms that the FTO layer plays a
key role as a gas nanocatalytic absorber [10, 179-181] to enhance the etching activity on the
ZnO template. It was assumed that the phase transformation of ZnO solid to Zn vapor was
initiated by the sprayed FTO NPs and the oxygen-plasma treatment at the ZnO-FTO interface.
Later, it was found that, with a prolonged oxygen-plasma treatment (>2 min), ZnO in the interior
was continuously etched, along with void formation and phase transformation of ZnO solid into
Zn vapor, which induced the defect diffusion outward from the core layer and promoted the
formation of atubelike structure.

To further understand the possible oxygen-plasma-etching mechanism, XPS was
performed on the samples. Parts a and b of Figure 8.7 show the XPS spectra of the Ols peak in
the as-synthesized FTO-coated ZnO samples without and with a preheat treatment, respectively.
It shows a correspondence to the binding energy of the occurrence of two deconvoluted
components. formation of the hydroxyl (OH) functional group at 532.89 €V may be generated
during hydrothermal growth or wet-solution-based synthesis and the O® ions bonded in the
lattice (Zn-O and Sn-O) as identified at 531.32 eV. However, the hydroxyl peak is negligible

compared to the O* peak.
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Figure 8.7 XPS spectra of the O 1s peak in FTO-coating ZnO samples: (a and b) before and (c and d)
after plasma etching (350-W RF power for 20 min), preparing the samples with and without preheat
annealing at 500°C, asindicated in each figure.

After exposure of the samples to a 350-W oxygen plasma for 20 min (Figure 8.7¢), it is
apparent that the plasma treatment caused a decrease in the number of the O*/OH" concentration
ratio, as compared to samples that did not undergo the plasma process (Figure 8.7a). More
specifically, it is implied that the OH™ ion, produced by the oxygen plasma, is initially
physisorbed onto the FTO surface. The hydroxylated FTO substrate is then constructed in the
form of Sn-OH at the outermost surface via oxidation and nucleophilic attack of H,O molecules
in the atmosphere. For the reaction under ambient conditions, the active species in the oxygen
plasma (OH") also induces the accumulation of hydroxyl radicals (*OH) at the FTO surface
because of a primary photocatalytic effect, for which the radicals in the gas phase could be

generated and diffused toward FTO, interfacial ZnO-FTO, and the ZnO layer, respectively. Thus,
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the dissociation of Zn-O bonds can be caused by the impact of *OH radicals from the physical
bombardment of oxygen molecules and the shift of the cationic zinc species away from the core
center. Meanwhile, oxygen plasma could also introduce defects (oxygen vacancies) into the FTO
surface. If FTO has defects, the oxygen-plasma incorporation might result in a reduction of the
O? concentration from Sn**-O (FTO). Thus, the existence of Sn®*-O bonds (tin monoxide, SnO)
could be observed [182, 183] and confirmed as the contribution of O-Sn-OH, meaning that the
native oxide layer was eliminated from the depletion region at the surface, as demonstrated in
Scheme 8.1. Furthermore, the binding energy of 534.55 eV was assigned to the generation of
molecular oxide and tin bonding (057), which is known to be the most stable plasma species
generated by the excited molecular oxygen in the plasma. Nagasawa et al. [183] reported that an
increased density of this absorbed oxygen species on the surface is correlated to the existence of
0%~ ions at Sn** sites, which is responsible for a reduction of O (or the generation of Sn?*-0),
as mentioned above.

In addition, the sample with a preheat treatment at 500°C before the plasma process was
also tested in the same way as nonpreheated samples for comparison. As a result, there is no big
difference between parts a and b of Figure 8.7, confirming that 500°C is not hot enough for
sufficient thermal agitation to deteriorate the ZnO bond strength and to produce the hollow
interiors. On the other hand, the reduction of the O% intensity (Zn-O bonds) in Figure 8.7d as
compared to Figure 8.7b is again dominated by plasma treatment, showing behavior similar to
that of nonpreheated samples. Moreover, the relative intensity ratios of O*/OH™ (2.63) and
037/OH" (1.28) in Figure 8.7d are slightly lower than those in Figure 8.7¢ (3.16 and 1.62,

respectively) because of an increase of the OH™ density. This suggeststhat, although preheating
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can induce the activation energy of the oxygen-plasma effect to accelerate the surface diffusion
of oxygen vacancies and cause somewhat of a change to the relative intensity, as compared to
plasma treatment, it represents a minor effect on the etching mechanism.

Considering that the radical species can be produced via the reaction O, + e~

ionization radical formation

——> 03 +2e” ——— 20 + e~ during the plasma process, high energy or heat can
be generated at the surface because of ion collisions. Thus, the influx of *O% or *OH radicals can
disintegrate the ZnO core to form Zn-rich regions, and the chemical reaction could even be
enhanced with the released oxygen ions (O and O%) from the FTO layer when the oxygen
molecules are absorbed on its surface, as illustrated in Scheme 8.1. As a result, a nonequilibrium
pressure-induced stress (o) across the interface is caused by Zn generation. Furthermore, because
the melting point of Zn metal is low (about 420°C), a higher Zn concentration can form and
gasify inside the core, in which the stress was developed during the continuous reaction. The
subsequent relaxation of the stress, accompanied by a decrease of energy in the core, could
occur, so that the surface diffusion of metal cations (Zn) flowed outward to reach an equilibrium
state and, therefore, excessive voids (hollow area) were left inside the core, whereas unconsumed

ZnO NPs may be embedded near the FTO shell [91, 184].
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Scheme 8.1 Top-View Cross-Sectional Schematic Diagram of an FTO-Coated ZnO Core-Shell
Nanostructure, Illustrating the Oxygen-Plasma Enhanced Etching Evolution of the ZnO-FTO Nanotube a

(a The direction of outward diffusion is indicated by the arrow in stage 3).

8.4 Photoresponse of ZnO-FT O composite nanotubes

To further illustrate the correlation between the optical and electrical properties and the
etching mechanism, the sequential reduction of Inge corresponding to the PL spectra in Figure
8.6b was again examined in terms of photoresponse as a function of time (Figure 8.8). It is
known that the spectra response in ZnO NRs indeed has a cutoff wavelength of ~375 nm,
whereas FTO cannot be induced to fluoresce by the long-wavelength UV light source, as was
expected from its wide band gap (Egq= 3.6 eV). Thus, under UV illumination (A=365 nm) in
ambient air, the ZnO-FTO samples that were plasma-etched for 20 min exhibited nonunity
photoresponse exponentials. This confirms that the discontinuous surface of the etched ZnO core

may influence the photon-trapping electron-transfer effects.
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Figure 8.8 Under UV illumination (A=365nm), with an applied voltage of +5 eV (electron conduction),
1q1 and tg are shown indicating the response times of time-dependent photocurrent with (20 min) and

without oxygen-plasma treatment, respectively.

Despite the above discussion, the present results demonstrate that the ZnO-FTO etched
for 20 min displayed an enhancement in sensitivity of about 3 times of magnitude (tg2>1q1) and a
remarkably increased dark current, from 4.539x10° to 1.234x107? A, compared to the unetched
sample. On the basis of this result, it was concluded that (1) the accumulation of ZnO NPs
embedded in the FTO layer till allows for excellent photon-absorbing properties and serves as a
rectifying interfacial ZnO-FTO heterojunction, which can improve the separation of the electron-
hole pairs and photosensitivity through discharge of the absorbed oxygen ions [h* + 05 (ad) —
0,(g)], (2) the oxygen plasma can introduce a high OH" concentration, resulting in not only an
increased carrier concentration but also the negative charge of two extra electrons released from
the dangling Sn**-O bonds, which can act as a donor in the Sn*" matrix, creating surface charges
in the host lattice of ZnO and FTO [185], and (3) eventually the elimination of the resistive ZnO

core after etching may regulate charge transport in the FTO conductive layer. Therefore, we
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believe that this novel structural characteristic, with an enlarged interfacial area, will offer the
major advantage of using 3D ZnO-FTO tubelike electrodes for nanoarchitectural optoelectronic

devices.

8.5 Summary

In summary, we fabricated ZnO-FTO heterostructure nanotube arrays using
presynthesized ZnO NR arrays as templates and deposited FTO NPs. After undergoing a dry-
oxygen plasma treatment, the formation of voids in the ZnO core was initially observed
alongside the ZnO-FTO interface at 2 min, and an increased etching time created a hollow along
the [0001] plane in the ZnO inner core. The XPS study indicates that degradation of the O peak
intensity (531.32 eV) can be induced by the reactive *O% and *OH radicals and O-ion
bombardment, which corresponds to dissociation of the Zn-O bonds and the outward diffusion of
Zn cations, resulting in the occurrence of the hollow interior. In addition, the time dependence of
the photocurrent (I-T) under UV illumination (A=365 nm) shows a rectified photoresponse
characteristic for the 20-min etched sample, and the dark current of this sample increases from
4.539x10° to 1.234x10% A (~3 orders of magnitude) compared to that of the unetched sample.
This study demonstrates that a new architectural design with a large surface area can be further
developed into a highly conductive 3D electrode with rectified photocatalytic activity for

photovoltaic solar cells.
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Chapter 9

Conclusion

9.1 Investigation of TCO thin film electrode for photovoltaic devices

In this thesis, firstly, FTO film electrodes were fabricated by ultrasonic spray pyrolysis
deposition on glass substrate at 400°C, using O./N> deposition concentrations at 0, 20, 50, 80 and
100%. The structural, electrical and optical properties of the FTO texture films were studied as
an effect of surface morphology (grain growth); a significant reduction in grain size was found to
depend strongly on the increased oxygen concentration resulting in higher resistivity (p) and
transmittance (T%). For the photovoltaic performance, the FTO film-based DSSCs with 0% O,
showed higher conversion efficiency (4.22%) compared with 100% O (3.12%). In contrast, the
polymer solar cells, based on PEDOT:PSS layer spin-casted on the FTO electrode, improved the
interfacial contacts between grain boundaries. The results showed the opposite trend that the
efficiency of 100% O, sample was much more enhanced (3.13%) than that of 0% O, (1.85%).

Furthermore, as the components of hydrogenated amorphous silicon (a-Si:H) solar cells,
two types of films (single FTO film and double AZO/FTO film) were investigated for use as a
new TCO electrode layer. As expected, the surface of bare FTO films can be deteriorated due to
a reduction of SnO, to metallic Sn and sub-oxide of SnO by H-incorporated ions and radicals
under an exposure of the H-plasma treatment. On the other hand, the AZO overlayer was found
to conserve the structural, electrical, and optical properties of the FTO beneath film. In

particular, the TEM images reveals that H ions and radicals from the plasma, a a long treatment
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of 30 min, could not significantly change lattice structure at the interface, indicating an effective
AZO protecting layer. Finally, the post-heat treatment (400°C) would make recovery of the

degraded FTO films.

9.2 Plasmatreated metal oxide thin films and nanostructures

In this part, we demonstrate that “nitrogen plasma-assisted co-doped p-type (In, N):SnO,”
can be fabricated by using a simple spray pyrolysis method with 3% and 7% In doping
concentrations, followed by thermal annealing (600°C) and post-N-plasma treatment. On the
other hand, excess doping concentrations (15% and 30%) can lead to the formation of a
secondary compound, such as n-type 1n,Os, resulting in a dramatic reduction of the sheet
resistance compared to as-deposited SnO; film. In addition, when the p-type (N,In)-codoped
SnO; layer was deposited on the n-type ZnO nanorod arrays, the 1-V measurement demonstrated
a symmetrical curve with rectified diode behavior a depleting regions between the n- and p-

layer.

Secondly, a chemically based approach combining plasma treatment was used to develop
ZnO nanotube (NT) and nanowire (NW) structures. The PL results show that a longer nitrogen
plasma exposure can significantly improve the UV emission of ZnO nanotubes. The current—
voltage characteristics (1-V) show that the photocurrent (4.82x10 * A) of NTs can be remarkably
enhanced compared to that (0.571x10 * A) of ZnO NWs after exposure to N plasma for 900 s.
This treatment also enhances the photoresponse behavior of the plasma-treated NTs (by a factor

of 20 over that of NWs).
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Finally, such ZnO nanostructures are expected to deteriorate after undergoing a dry-
oxygen plasma treatment with some certain parameters and conditions. Herein, we fabricated
ZnO-FTO heterogtructure nanotube arrays using presynthesized ZnO NR arrays as templates and
deposited FTO outer layer. Increasing plasma treatment time (up to 20 min) can enhance the
etching mechanism, so that the formation of hollow structure was observed along the [0001]
plane in the ZnO inner core. The XPS analysis reveals that the reactive *O% and *OH radicals
and O-ion bombardment strongly induce a dissociation of the Zn-O bonds and the outward
diffusion of Zn cations. Finally, the time dependence of the photocurrent (I-T) under UV
illumination (A=365 nm) shows a rectified photoresponse characteristic for the 20-min etched
sample, and the dark current of this sample increases ~3 orders of magnitude compared to that of
the unetched sample.

Overall, these investigations can demonstrate that nano-architectural structures with a
large surface area of metal oxide-based materials can be further developed into a highly

conductive 3D electrode for photovoltaic solar cells by using simple fabrication methods.
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