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Chapter

Methodologies for Achieving 1D

ZnO Nanostructures Potential for
Solar Cells

Yeeli Kelvii Kwok

Abstract

One-dimensional (1D) nanostructures are generally used to describe large
aspect ratio rods, wires, belts, and tubes. The 1D ZnO nanostructures have become
the focus of research owing to its unique physical and technological significance
in fabricating nanoscale devices. When the radial dimension of the 1D ZnO nano-
structures decreases to some lengths (e.g., the light wavelength, the mean of the
free path of the phonon, Bohr radius, etc.), the effect of the quantum mechanics
is definitely crucial. With the large surface-to-volume ratio and the confinement
of two dimensions, 1D ZnO nanostructures possess the captivating electronic,
magnetic, and optical properties. Furthermore, 1D ZnO nanostructure’s large
aspect ratio, an ideal candidate for the energy transport material, can conduct the
quantum particles (photons, phonons, electrons) to improve the relevant technique
applications. To date, many methods have been developed to synthesize 1D ZnO
nanostructures. Therefore, methodologies for achieving 1D ZnO nanostructures are
expressed, and the relevant potential application for solar cells are also present to
highlight the attractive property of 1D ZnO nanostructures.

Keywords: ZnO, one dimensional, nanostructures, chemical vapor transport
and condensation (CVTC), chemical vapor deposition (CVD), metal-organic
chemical vapor deposition (MOCVD), vapor-liquid-solid (VLS), hydrothermal,
electrochemical, solar cell

1. Introduction

To date, nanotechnology is the operation of matter on an atomic and molecular
scale. Generally speaking, the size scale in nanotechnology including materials,
devices, and other structures is at least from 1 to 100 nanometers in one dimension.
The revolution of the nanotechnology is taking a crucial effect on the different
fields, such as commercial sectors, engineering, science, drug delivery, sensors, and
the construction industry. Nanostructures in such size have made steadily increas-
ing attraction because of their attractive and captivating properties, same as their
fascinating applications complementary to the materials in bulk. The interesting
properties of materials in nanoscale (both physical and chemical) can make the
efficacy enhanced distinctively in mechanical strength, (photo)catalysis, optical
sensitivity, and (thermal and electrical) conductivity which enable applications
such as improved materials with higher properties, storage devices of the electronic
and energy, sensors, and catalysts [1-8].
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According to the dimensions in nanometer scale size, nanostructures can be
classified into the following three groups:

a. Zero-dimensional (0D) nanostructures (quantumdots, nanoparticles, ornanoclusters)

b. One-dimensional (1D) nanostructures (nanowires, nanorods, nanotubes, nanor-
ibbons, nanobelts, or nanocables)

c. Two-dimensional (2D) nanostructures (super-thin films, multiple-layer films,
or superlattices)

In comparison with OD nanostructures, it is easier to investigate the relationship
between the mechanical properties, optical and electronic transport, and the con-
finement of the size and dimensionality for 1D nanostructures. Moreover, 1D semi-
conductor nanomaterials have an extremely crucial effect of the active components
and interconnect in the nanoscale electronic and photonic devices fabrications.

Up to now, 1D nanostructure is generally used to describe large aspect ratio rods,
wires, tubes, and belt and tubes and has been the key point of investigation due to its
attractive physical and technological significance in fabricating nanoscale devices.
When the radial diameter of the 1D nanostructure is lower than some lengths (the
path of the phonon mean free, the light of wavelength, Bohr radius, etc.), the effect
of the quantum mechanics will be crucial. Owing to the large surface-to-volume ratio
and the confinement of two dimensions, nanowires possess the definitely attractive
electronic, magnetic, and optical properties. In addition, because nanowires’ aspect
ratio is extremely large, the quantum particles (photons, phonons, electrons, etc.)
can be conducted directly easily to make the nanowires as the ideal candidate for the
energy transport materials to enhance the relevant technique applications [9-17].

Today, numerous approaches have been researched to synthesize 1D nanostruc-
tures. Two fundamental steps are essentially involved in the evolution: nucleation
and growth. A lot of solid materials with 1D nanostructures in nature are con-
trolled by the bonding in the structure of crystallography in the highly anisotropic.
The materials need common growth conditions including chemical vapor deposi-
tion (CVD), wet-chemical routs, and template-assistant methods. In classification,
all the contemporary approaches are divided into bottom-up and top-down meth-
ods. The most important issue for developing a new synthetic method is to control
the dimensions, morphology, and uniformity of nanostructures. When making a
method to synthesize the nanostructures by the synthetic effects, it is definitely
important to control the related morphology (or shape), dimensions, and uni-
formity simultaneously. To obtain 1D growth nanostructures, several chemical
methods were generated. The current common six different strategies are (1) the
reduction of a 1D microstructure in size, (2) 0D nanostructure self-assembly, (3)
by a capping reagent kinetic control, (4) a template usage for direction, (5) a liquid
droplet confinement as in the vapor-liquid-solid process, and (6) the control of a
solid with the anisotropic crystallographic structure.

Generally, there are four popular mechanisms for understanding the synthesis of
1D nanostructure materials. They are the mechanism of vapor-liquid-solid (VLS),
the mechanism of oxide-assisted growth (OAG), the mechanism of vapor-solid
(VS), and the mechanism of solution-liquid-solid (SLS).

1.1 Vapor-liquid-solid (VLS)

In the VLS mechanism, a liquid metal cluster or catalyst, such as Au, Fe, Ni, or
Co, is taken as the energetically favorable point of the gas-phase reactant absorption.
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The reactant supersaturates and segregates from the cluster and then grows into a 1D
structure of the material, the diameter of which is limited by the size of the liquid
metal catalyst that can be achieved under equilibrium conditions [18-21].

1.2 Oxide-assisted growth (OAG)

This kind of the synthesized technique, in which oxides replaced by metals have
a crucial effect on the nucleation induction and the nanowire growth, can produce
the high-purity 1D nanomaterials in the large quantities, and the metal catalysts
do not need any more. The 1D nanomaterial synthesis with the mechanism of the
oxide-assisted growth is the extension of the traditional vapor-liquid-solid method
with the metal catalyst. Moreover, it can be taken to make the nanowires by other
materials than silicon [22-26].

1.3 Vapor-solid (VS)

For the mechanism of the vapor-solid (VS), the size of the nucleation site is
critical for defining the rod diameter when the vapor supersaturation is appropri-
ately controlled. Metal catalysts are not necessary. Three stages can be summarized
as the illustration: (i) The source forms vapor phase, (ii) the vapor is transported by
the carrier gas and deposits on the substrate to form crystalline nuclei, and (iii) the
defects of the nuclei become the growth points, and the reactive vapor molecules
further grow into nanostructures [27, 28].

1.4 Solution-liquid-solid (SLS)

Solution-liquid-solid (SLS) phases are involved in the nanowire growth that is
in fact an analogy to the conventional whisker growth via vapor-liquid-solid (VLS)
mechanism. The difference is that the vapor phase involved in the VLS growth is
now substituted by a solution phase in the SLS mechanism. In turns out, however,
the nanowires prepared by the SLS mechanism have a varying diameter ranging
from 10 to 150 nm, which is not uniform [29, 30].

2. Property of one-dimensional (1D) nanomaterials

Up to now, it is still a challenge to accurately characterize the property of 1D
nanostructures due to the constrains of the current measuring techniques, such as
(1) the size of 1D nanostructures is too small to adopt the well-established testing
techniques and (2) 1D nanostructures different from bulk materials are hard to pin-
point at the desired location. Therefore, the relevant techniques should be explored
to detect the property of 1D nanostructures accurately.

2.1 Mechanical property

1D nanomaterials behave qualitatively different from the conventional bulk
materials when the size reduces to nanoscale. It is well known that the increments
of yield stress and the hardness of a polycrystalline material are consistent with the
decrement of the grain size to the micrometer scale, and this significant phenom-
enon is defined as the Hall-Petch effect. For the single-crystalline 1D nanostruc-
tures, their property is extremely higher than that of the counterparts in the larger
dimensions.
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2.2 Thermal property

For 1D nanostructures, the great reduction of the melting point of a solid
material is very obvious. Because of the special characteristics of nanocrystal
materials, the high specific boundary area means large stored interface energy.
Consequently, 1D nanostructures can be tailored precisely on the basis of their
thermal property, such as synthesizing and annealing temperatures [31-33].

2.3 Electronic property

For 1D nanostructures, the grain size and boundaries are the dominated factors
effected on the electron mean free path and resistance. There is a trend that many
physical properties of 1D nanostructures like optical, magnetic, and electrical
properties will be enhanced distinctively when the size or dimension of the material
reduces to nanosize (~10~° m) scale. Moreover, such 1D nanostructures (such as
nanowires, nanorods, etc.) are generally prone to be enriched with many surface
defects and oxygen and cation vacancies due to their low formation energy within
nanoscale materials [34, 35].

2.4 Magnetic property

Magnetic properties of materials are fundamentally determined by the magnetic
couplings at the atomic level. Unlike bulk ferromagnetic materials, which usually
form multiple magnetic domains, 1D nanomaterials consist of the simple magnetic
domain resulted in obvious difference in several important aspects from the prop-
erty of their bulk counterparts [36-40].

2.5 Optical property

The confinement of the size has a significant effect on the energy levels of the
nanowire determination when its diameter decreases to some critical length (Bohr
radius). Results indicate that the nanowire absorption edge of silicon is obviously
blue-shifted because the bulk silicon indirect bandgap is only 1.1 eV. The charac-
teristics of the absorption spectra are sharp and discrete along with the photolu-
minescence (PL) in the relatively strong “band-edge.” At the same time, along the
longitudinal axes of the nanowires, the emitted light is highly polarized [41-44].

3. Zinc oxide

Zinc oxide (ZnO) has been investigated for a long time as it is an amazing mate-
rial with multiple functions. ZnO is a direct wide bandgap semiconductor material
with piezoelectric and photoelectric properties. ZnO has a wide direct bandgap of
3.37 eV which is similar to GaN and a high exciton binding energy of 60 meV at
room temperature. The wide bandgap gives good optical transparency to visible
light which makes ZnO a suitable candidate for short wavelength photonic applica-
tions (UV and blue spectral range). ZnO has a non-central symmetric wurtzite
structure, and the relevant hexagonal unit cell (a = 3.25 A,c=5204) packed
0>~ closely and stacked Zn** layers alternately along the c-axis direction. Due to the
unique fascinating property in electronics, optics, photonics, and magnetics, ZnO
provides an impact on applications in various areas, such as solar cells, supercapaci-
tors, sensors, catalysis, light-emitting, actuators, and biomedical devices. ZnO has
equal importance in relation to silicon-based 1D nanostructures in the field of 1D
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nanostructures, and it has an increasing influence in developing nanotechnology. To
date, various quasi-one-dimensional nanostructures of ZnO have been synthesized,
i.e., nanowires, nanobelts, and nanotubes [45-47]. Figure 1(a—c) expresses the
images of ZnO rods taken by SEM synthesized at pH 8. It indicates that the length

{ = o4y - AP & 2 X .A( Y o L =
2pm EHT = 6.00 kV SignalA=InLens ESBGrd= 0V Date :1 Oct2016 [N
— WD = 34 mm Mag= 1000KX ESBGrdis= OV  Time 14:57:22

(2)

100 nm EHT = 5.00kV

Signal A=InLens ESBGrid= 0V Date :1 Oct 2016
WD = 34 mm Mag= 100.00KX ESBGridis= 0V Time :14:56:14

100 nm EHT = 500KV Signal A=InLens ESBGrid= 0V Date :1 Oct 2016
WD = 34 mm Mag= 30000KX ESBGridis= 0V  Time :14:55:26
()

Figure 1.
(a—c) ZnO nanorod images taken by SEM synthesized at pH 8 (a) 10 kx, (b) 100 kx, and (c) 300 kx.
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of synthesized ZnO nanorods is about 4 pm with the diameter of around 700 nm
and ZnO nanorods with the flat top surface, and they stack one by one through
polar surfaces. From the crystal structure of the ZnO, the ions of Zn and O are
arranged alternatively through ¢ axis where the bottom surface is O*~ terminated
(000-1) and the top surface is Zn?* terminated (0001). The surfaces of the flat top
explored in the nanorods of ZnO are contributed to the polar surface disappear-
ance. In the basis solution with the weak volume, the precipitate of Zn(OH), solid
exists in the reactant solution. Owing to the dipole interaction, Zn(OH); solid is
taken as the polar surface that could easily make the positive and negative surfaces
of ZnO crystal incorporate efficiently. Therefore, the surface energy of the polar
surfaces is relatively high than that of the nonpolar surfaces, disappears at the first
when the nonpolar surfaces start to slowly grow, and appears in the last stage of
ZnO nanostructure crystal growth [48].

4. Methodologies for achieving 1D ZnO nanostructures

ZnO nanostructures have already been synthesized by various methods. There
are mainly two methods to prepare 1D ZnO according to the state-of-growth
medium: vapor phase process and liquid phase process. The vapor phase method
includes chemical vapor deposition (CVD), metal-organic chemical vapor deposi-
tion (MOCVD), molecular beam epitaxy (MBE), pulsed laser deposition (PLD),
etc. The liquid phase method includes hydrothermal method, electrochemical
method, sol-gel method, and so on. The growth mechanism can be classified
into mainly three categories: vapor-solid (VS) growth, vapor-liquid-solid (VLS)
growth, and solution-liquid-solid (SLS) growth.

4.1 Chemical vapor transport and condensation (CVTC)

The chemical vapor transport and condensation (CVTC) method is processed
in a tube furnace. The substrates coat with a layer of Au thin film with thermal
evaporation methods to control the thickness of the film in the CVTC system. ZnO
powder and graphite powder in the same amounts are mixed together and milled
effectively; then put them into a boat made by alumina. Then, the alumina boat and
the substrate with Au film are placed into a small quartz tube. Usually, the sub-
strates are kept 5-10 cm away from the alumina boat center. At the furnace center,
the boat of the alumina sits, and at the downstream of the argon flow, the substrates
are positioned. The system is raised to 800-900°C and maintained for 5-30 min.
Light or dark gray materials are attained on the surface of the substrate.

The transmission electron microscope (TEM) image of an alloy tip on a thin
nanowire is shown in Figure 2. According to the features of the alloy tip, it indicates
a clear growth procedure by vapor-liquid-solid (VLS) growth mechanism. The
synthesized tips of nanowires shown in Figure 2a are grown by both the hydrogen
and graphite reduction approaches. The relevant high-resolution transmission elec-
tron microscope (HRTEM) image of a single-crystalline ZnO nanowire is shown in
Figure 2b. It expresses that the space of the adjacent lattice planes of 2.56 + 0.05 A is
consistent to the distance of two crystal planes in (002). Consequently, it indicates
that the growth direction for the ZnO nanowires is <001>. Meanwhile, it is also
observed in the high diffraction intensity of (001) peaks of XRD results to confirm
that the preferential growth direction is <001> [49, 50].

Figure 3 expresses a representative image of a patterned ZnO nanowire syn-
thesized on silicon (Si) substrate with the patterned Au islands taken by scanning
electron microscopy (SEM). The diameters of the nanowires are from 20 to 120 nm,
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Figure 2.
(a) A thin ZnO nanowire image taken by TEM with a Zn/Au alloy tip. (b) the lattice fringes of high-
resolution TEM image of a single-crystalline ZnO nanowire.

and the length is 5-20 pm. The directions of the grown nanowires on (100) Si
substrate are random.

SEM results show that the flexible, long, fine ZnO nanowires grow extensively
from the hexagons’ edges. The growth of nanowires is consistent with the copper
grid in the hexagonal pattern abundantly. Interestingly, a complicated intricate net-
work is formed due to lots of the nanowires connecting with the neighboring metal
hexagons. SEM images for the higher magnification of the same sample illustrate
more detailed particulars as shown in Figure 3b.

ZnO NWs grown under the vapor-liquid-solid process begin together with the
reductive Zn gaseous reactants dissolution into the Au catalyst liquid droplets in nano-
size, and then the alloy metal is formed followed by the supersaturation of Zn along
with the single-crystalline wire growth. The schematic growth mechanism is expressed
in Figure 4. In this method, the diameter, density, and location of ZnO NWs can be con-
trolled according to the desired characteristics. As a result, ZnO NWs with the required
properties can be attained and tailed successfully. However, the metal catalyst affects
the purity of the product which can lower the performance of the nanowires [51-56].

Figure 3.
(a) From the patterned Au islands images of ZnO nanowire networks synthesized taken by SEM. (b) Higher
magnification SEM image for the same sample.
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Figure 4.
Schematic mechanism of ZnO NW growth.

4.2 Chemical vapor deposition (CVD)

The aligned 1D ZnO NWs fabricated by patterning metal catalytic particles
through VLS growth involve tedious lift-off processes for patterning metal catalysts
and may lead to serious contamination in complementary metal oxide semiconduc-
tor processing. To avoid the effects of the catalyst, CVD without the catalyst has been
developed. The zinc oxide NW growth is proceeded and developed earlier when the
flow-type reactor is at a reduced pressure of the elemental vapor phase synthesis.
Highly purified metallic granulated Zn (99.99%) is placed in the boat made by the
alumina. After that, it is inserted at a quartz ampoule end which is sealed at one end.
Meantime, a wide slit in the ampoule is at the open end. The substrates are mounted
with their front sides up and below the ampoule. Then, a horizontal two-zone flow-
type quartz reactor is used for putting the ampoule inside in order to make sure that
the source of zinc is situated in one of the zones (evaporation zone), the substrates,
and in the other (growth zone). The arrays of ZnO growth are very allergic to the
processing parameters, especially for the well-aligned nanorods. Wang ZL and his
co-workers firstly fabricated a ZnO nanobelt in 2001 using catalyst-free CVD meth-
ods and applied it to the devices [57]. Furthermore, Wang’s group also achieved the
formation process of a rectangular cross section by simply evaporating ZnO powder
at elevated temperatures. The structures of as-synthesized nanobelts are uniform.
Most of the nanobelts are single crystals and free from defects and dislocations. To
obtain the ZnO nanowire arrays (NWAs) via catalyst-free CVD methods, many
groups have adopted different methods to reach the objective [58-62]. One method is
to adopt a ZnO film layer to induce the growth of ZnO NWs. The nucleation stage of
ZnO nanocrystals plays an important role. Firstly, the zinc metal droplet condenses
on the surface of the substrate due to the different heating temperatures in the
evaporation and growth zones. The diameter of catalyst droplets can be controlled
by zinc and oxygen partial pressure which is different from the Au catalyst growth
mechanism. In addition, Menzel A et al. deeply investigated the method for tuning
the growth mechanism of ZnO nanowires under the various conditions and put out
the related parameters for a controlled NW growth by CVD method to change the
nanowire shapes. The results are shown in Figure 5 [63].

4.3 Metal-Organic chemical vapor deposition (MOCVD)

The MOCVD method, apart from its increasing advantages because of its
unique characters of the industry, has been illustrated to be effectively taken to
ZnO NW synthesis with good controllable shape, high quality, and reproducibility.
The growth of ZnO NWs with high quality by catalyst-free MOCVD was explored
firstly by Park et al. [64]. After that, the huge effort has been put into the field of

8



Methodologies for Achieving 1D ZnO Nanostructures Potential for Solar Cells
DOI: http://dx.doi.org/10.5772/intechopen.83618

Key parameters controlling
the growth of Nanostructures

Transport and
reaction gas

\ /Source evaporatiQ z

“form of a plumb”

Substrate

Leakage control Catalyst pattern

Powder temperature
Tube geometry Evaporation rate
2 Diffusion and
A transport
Heating and P Additional
cooling period ‘ e Source

VLS or VS?

Figure 5.
Schematic diagram of the key parameters controlling the NW growth.

the synthesis of the ZnO nanostructures, and great progress has subsequently been
obtained [65-69]. Up to now, the contributions relevant to MOCVD growth of
ZnO nanostructures, diethylzinc (DEZn), dimethylzinc (DMZn) as zinc precursor,
nitrogen or argon as carrier gas, and low reactor-pressures have been mostly used.
Park’s group reported the growth of ZnO NWs, which requires no metal catalysts.
The nanorod growth temperature was as low as 400°C. However, the preparation
machine and source materials are more expensive than other methods which have
hindered its practical applications.

4.4 Chemical solution method

Chemical solution deposition is one of the commonly employed synthesis
methods for ZnO nanostructures, particularly in large-scale fabrication for device
purposes [70-75]. Chemical reactions between different precursors play a key role
in the synthesis. The advantages of the solution method include the economical
synthesis, the large scale, and the low temperature. For ZnO nanomaterials growing
on a substrate, the approaches of solution mostly adopt the hydrothermal procedure
by a kind of solution in an aqueous which includes an organic amine and zinc salt.
In addition, in order to enhance the ZnO NR alignment on the substrate, a textured
ZnO nanocrystal or a ZnO thin film is taken as a seed layer.

In a typical chemical solution synthesis, a layer of ZnO seed layer is spread over
a Si substrate by dipping or sputtering. This kind of seeding method is simply suit-
able for different substrates. The ZnO seed layer thickness is usually 10-200 nm. A
calculated amount of zinc nitrate hexahydrate is dissolved in 80 mL deionized water
to obtain 1-40 mM solutions for growth solution preparation. Then, the pH of the
solution for ZnO growth is adjusted by ammonia water addition. The amount of
the ammonia water addition related to the target pH and the zinc salt concentration
is usually about 0.1-5 mL. The growth of the hydrothermal ZnO NRs is explored
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with Zn/Si substrate suspended upside down in a kind of Teflon-capped glass bottle
which is full of the growth solution. The temperature of ZnO growth ranges from
60 to 90°C and the reacting time is 6 h. When the synthesis is finished, the substrate
is taken from the reactant solution. At the same time, the substrate is rinsed by the
DI water and dried successively. Therefore, the morphology (length, diameter) of
the synthesized nanorods relied on the relevant parameters, for instance, zinc seed
layer morphology, pH, growing temperature, and zinc salt concentration.

Figure 6a shows ZnO nanorods viewed normal to the surface grown by the
two-step chemical bath deposition process, in which the facets are exactly crystal-
line hexagonal and its average ratio of the aspect is about 3 + 1 [76]. Figure 6c
illustrates the sulfidation of ZnO nanorods with definitely well particle decoration
of the entire surface of ZnO nanorods, and the end and side of facets are not in the
well-defined morphology. With the reaction increasing, a more uniform film coated

Figure 6.

ZnO nanorod (a) initial morphology (sample A) before sulfidation, (c) sulfidation for 9o min at 75°C in

160 mmol Na,S 4y (sample B), and (e) treatment further for 9o min at 75°C in 160 mmol Zn(NO;),-6H,0 )
(sample C). EDS image (b) vesults of a, (d) vesults of c, and (f) results of e.
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on ZnO nanorods can be easily observed as shown in Figure 6e. Moreover, the side
and end facets of the synthesized ZnO nanorods as shown in Figure 6e become
more smooth (cf. Figure 6a, Figure 6c, and Figure 6e). Meanwhile, EDX results
agree well with the relevant SEM results.

The related TEM results are shown in Figure 7. It expresses that ZnO nanorod is
coated with an uneven film. The selected area diffraction (SAD) result as shown in

Figure7.

Sample B images of HRTEM. (a) Sulfidation nanovod (bright field), (b) region in blue ellipse (Figure 7a)
(selected area diffraction (SAD) pattern), (c and e) interface of ZnO-ZnS (high-vesolution images), (d) region
in red (Figure 7c) live Fourier transformation, and (f) region in ved (Figure 7e) live Fourier transformation.

11
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Figure 7b assures the crystalline structure in which the bright spots are the crystal-
line ZnO and the rings are the polycrystalline ZnS. The interplanar distances related
to ZnO (01-12) and (10-10) and ZnS (111), together with the relationship of the
partial epitaxial between ZnS shell and ZnO core where (10-10) ZnO//(111) ZnS,
are confirmed. Furthermore, the calculated parameters of the lattice of ZnO core
are 5.35 + 0.01 A at the c-axis and 3.29 + 0.01 A at the a-axis.

5. Solar cells
5.1 Advantages of ZnO NWs/NR arrays

ZnO has a large bandgap (3.37 eV) n-type semiconductor which can be easily syn-
thesized into large-scale arrayed 1D ZnO structures and the patterning of them. The
facile synthesized property and its natural characteristics make ZnO NRs a widely
used template material in the field of sensitized solar cells and preparing nanotubes.

The attractive characteristic of ZnO is the superior electron mobility, which
is more than one magnitude order larger than that of the anatase titanium oxide,
in all of the semiconductors with the wide bandgap which are taken as replace-
ments of titanium oxide for the electron conductor. ZnO NR-based solar cells
are promising devices for solar energy conversion. Because NRs have strong light
absorption and rapid carrier collection, in addition they are inexpensive due to
the cheap element and small amount of material needed. Compared to planar
solar cells, NR photovoltaic devices have enhanced optical absorption due to three
effects. ZnO NRs can reduce reflectivity, and the incoming light is captured and
confined into guided modes which lead to concentration of the electromagnetic
field inside the absorbing material. Moreover, the nanowire arrays support the
light along a diffusive path leading to multiple scattering between the wires.

5.2 Excitonic solar cells

Conventional solar cells are the silicon p-z junction type invented in the 1950s.
Nevertheless, the cost of solar power is too high to be extended industrially. To
reduce the cost, a great deal of research has been devoted to less expensive types of
solar cell. One of the great promises is the emergence of excitonic solar cells. The
difference between conventional and excitonic solar cells is that light absorption
results in the formation of excitons in semiconductor materials rather than free
electron-hole pairs. Excitonic solar cells consist of molecular semiconductor solar
cells, conducting polymer solar cells, dye-sensitized solar cells (DSSCs) [77, 78],
and quantum dot solar cells (QDSSCs) [79-82].

Among the different types of excitonic solar cells, the ZnO NR array is popular in
the fields of DSSCs and QDSSCs. The dye-sensitized solar cell concept is on the basis of
the dye optical excitation, and the conduction band with the metal oxide in the nano-
structure wide bandgap is injected into an electron. At the beginning, a kind of the dye-
sensitized cell made of a dense array of oriented, crystalline ZnO NWs was researched
and attained with a full sun efficiency of 1.5%. To increase the efficiency of such cells,
researchers have adopted different methods such as using alternative sensitizers and
redox electrolytes to fabricate solid-state or nonvolatile-liquid DSSCs. The new record
power conversion efficiency (PCE) in DSCs is 7%, adopted with the synthesized
multilayer assemblies of high-surface-area ZnO NWs to fabricate DSSCs [83, 84].

However, despite the successes of DSSCs, novel hybrids of the architectures of
device and materials are still hunting to further enhance solar cell performance and
cost. Quantum dots (QDs) are one possibility to substitute photosensitive dyes.

12
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Compared to dye, the particle size of QDs can be tuned for adjusting their absorption
spectrum to match the solar spectrum better. Also, the efficiency of the photovoltaic
(PV) device can be improved effectively by QDs which can make multiple electron-
hole pairs per photon. The maximum thermodynamic conversion efficiency of
QDSSCs can theoretically reach 44% which is much higher than for DSSCs. In 2007,
Aydil ES’s group demonstrated ZnO NWs with CdSe QDs photosensitization and
provided proof of QDs photogenerating electron transfer to the nanowires for the
first time. They proved the possibility of QDs that demonstrated ZnO NWs providing
a promising solar cell architecture [85]. Most reported values of ZnO NWs’ QDSSCs
(typically below 3%) are well below DSSCs (7%). With the time flying, more research
on ZnO NWs’ QDSSCs keeps forward with the higher efficiency. The performances
of QDSSCs are typically limited by problems of aggregation, low QD loading density,
and high expense of synthesis to hinder its large-scale applications [86-88].

6. Conclusion

ZnO being one-dimensional (1D) nanostructures is playing an increasingly
crucial role in the developing nanoscience and nanotechnology. Due to its unique
physical and chemical properties, 1D ZnO nanostructures can definitely enhance
remarkably the efficacy in optical sensitivity, (photo)catalysis, mechanical strength,
and (thermal and electrical) conductivity, which is beneficial to electronic and
energy storage devices, sensors, advanced mechanical materials, and catalysts.
Nowadays, the state-of-art resources of the renewable alternative energy with
the cutting-edge techniques are urgent to be explored to make them to play the
crucial role in the energy consumptions for the future along with the eco-friendly
to benefits of the environment and technics, especially considering on the basis of
taking an ideal candidate for the traditional energy resources. Solar energy is the
radiant energy that is produced by the sun. In many parts of the world, the direct
solar radiation is considered to be one of the best prospective sources of energy
with the highlighted environmentally friendly benefits. Therefore, the deep insight
into the properties of 1D ZnO nanostructures shall be explored more and coupled
with the relevant techniques of solar cells. Meanwhile, the methodologies for achiev-
ing 1D ZnO nanostructures eco-friendly or green to the environments shall be also
researched further along with the relevant detailed mechanism revelation.
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