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Abstract

ZnO nanostructures have been investigated for quite a long
time. However, only recently they triggered much interest due to
advances in materials synthesis and characterization, as well as
emerging demand for new nanostructured materials in novel device

implementations.

A large part of the work was devoted to exploring new
methodology for patterning growth sites and controlling nanowires
morphology using the deposition methods that are compatible with
integrated circuits (IC) processing. Microcontact printing was used to
pattern the seeding layer, and, subsequently, ZnO nanowires through

a resistless soft lithography process.

When considering hydrothermal growth of ZnO nanowires in the
framework of IC compatible techniques, it is favorable to keep the
chemistry of the process constant, while tailoring morphological
properties of ZnO nanowires through other means. Therefore, control
over morphology of ZnO nanowires was realized by setting the

physical properties of seeding layers. Atomic Layer Deposition (ALD)



was used to deposit seeding layer required for hydrothermal growth
and the effect of the physical properties of ALD thin films on resultant

ZnO nanowires was studied.

Opto-electrochemical properties of ZnO nanowires were studied
in various electrolytes and performance of ZnO nanowires as an
electrode material for multifunctional applications was investigated.
Also, bulk nucleation and growth of novel aster-like nanostructures
was investigated. These nanostructures may prove useful for creation

of mechanically reinforced biocompatible polymers.

Another key objective of the present work was to create
strategies for controlled growth of ZnO nanowires on substrates
previously unavailable for conventional hydrothermal growth of ZnO
nanowires. The newly developed approach greatly facilitates growth of
ZnO nanowires in confined microstructures, which greatly enhances
the possibilities for the usage of ZnO nanowires in applications where
they act as a porous electrode. These novel techniques open wide
possibilities for improving performance of devices such as dye

sensitized solar cells or supercapacitors.



Chapter 1: Properties, Synthesis and Application of ZnO

Nanostructures

Zinc oxide (ZnO) is a rather remarkable semiconductor material,
which belongs to a II-VI semiconductor group and usually exhibits a
strong n-type conductivity. ZnO has three possible crystal structures:
wurtzite, zinc blende and rocksalt. Under normal conditions only the
wurtzite structure is a stable one. ZnO with stable zinc blende crystal
structure can be grown on cubic substrates while rocksalt structure

can be grown at high pressures.

Wurtzite crystal structure is common for binary compounds and
has a hexagonal unit cell, belonging to P6smc space group. It consists
of two interpenetrating hexagonal closed-packed sublattices, each
sublattice comprised of one type of atom. This structure lacks
inversion symmetry, which is the reason that binary compounds with
this crystal structure often exhibit piezoelectric and pyroelectric
properties. Wurtzite structures of ZnO is presented in Figure 1(a),
while three kinds of crystal facets for ZnO nanostructures are shown in

Figure 1(b)



(a) (b)

(0001) ==

Figure 1. (a) Wurtzite crystal structure of ZnO, (b) Crystal facets of ZnO
nanostructures. Reprinted from Materials Science and Engineering: R: Reports,
Volume 64, Zhong Lin Wang, ZnO nanowire and nanobelt platform for
nanotechnology, 33-71., Copyright (2009), with permission from Elsevier

ZnO exhibiting wurtzite structure has a wide direct band gap of
3.37 eV at 300 K and a large exciton binding energy (60 meV) which
makes excitonic emission® efficient at room temperature. ZnO
nanostructures currently are being studied extensively as a promising
functional material. They possess interesting optical’ and electronic®

properties and therefore are used in a wide variety of devices such as

5 6 8

mechanical transducers,?* chemical and gas sensors,”
electrochromic field emission devices,® !° dye sensitized solar cells,'!:
12,13, 14,15, 16, 17, 18 |ight emitting diodes!® and UV lasers.?® 2! The

summary of applications and properties of ZnO is given in Figure 2.2



Optics & optoelectronics: Biomedical: Spintronics:
- V\./i§1e bgndgap (¥3.37eV), UVlasing || _ Biocompatible || - Mn doped ZnO: p-
- Visible light transparent type
- Room temperature and high - Biodegradable ferromagnetic
tgmperature luminiscent (e-h - Non-toxic semiconductor
binding energy ~60 meV) - Charge ejector
Sensors and actuators: Processibility:
- Piezoelectricity (especially for high - Structural and property controllability
frequency) - Easy to synthesize (chemical approach
- Pyroelectricity ~70°C; VLS or VS at ~500 °C)
- Easyto integrate with Si based
Energy: microelectronics
- Photocatalysis for producing H, from | | - Cleanroom compatible
H,0
- Conversion of mechanical energy

Figure 2. Some of the applications with relevant properties of ZnO. Reprinted from
Materials Science and Engineering: R: Reports, Volume 64, Zhong Lin Wang, ZnO
nanowire and nanobelt platform for nanotechnology, 33-71, Copyright (2009), with
permission from Elsevier.

Meanwhile, ZnO nanostructures have been used as a promising

23, 2% and recently

biocompatible material for biological applications
were studied as an electrode material for electro- and

optoelectrochemical applications.??

There is a wide variety of form factors of ZnO nanostructures,
such as nanowires, nanorods, nanoparticles, nanobelts, nanoribbons,
nanosheets etc. Some of the structures are shown in Figure 3. This
wide variety of forms of nanostructures is defined by three families of
fast growing planes: <2110>, <0110> and <0001>. Typical

morphologies of ZnO nanocrystals are shown in Figure 4.



Figure 3. A variety of ZnO nanostructures. Reprinted from Materials Today, Volume
7, Zhong Lin Wang, Nanostructures of zinc oxide, 26-33, Copyright (2004), with
permission from Elsevier.

(a) Nanowire/nanorod

(0001)

(b} Nanobelt type 1

(¢) Nanobelt type 11
(0110)

(1000)

(0110)or (2110)

(d) Polar-nanobelt

(2110) or (0110)

Figure 4. Morphologies of typical ZnO nanocrystals.Reprinted from Materials Science

and Engineering: R: Reports, Volume 64, Zhong Lin Wang, ZnO nanowire and

nanobelt platform for nanotechnology, 33-71., Copyright (2009), with permission

from Elsevier




Synthesis of ZnO Nanowires

Gas Phase Synthesis

This family of methods is based on production of vapor of zinc
and oxygen and their transport with the flow of carrier gas onto the
substrate, where they react to form Zn0O.”' 2% 27: 28 The combination of
vapors of Zn and O can be produced by either melting and evaporation
of Zn metal under oxygen flow or thermal decomposition of ZnO
powder. The latter is most commonly done in presence of graphite
powder which significantly lowers the temperature required for

decomposition of ZnO powder.

The growth is usually carried out in a three-zone tube furnace
under base pressure of the order of mTorrs and under flow of Argon as
carrier gas only or Argon as carrier gas and Oxygen as source of O
vapor. The substrate is located down the flow away from the boat with
source of Zn vapor. The quality and the type of ZnO nanostructures
are determined by pressure, pressure ratio between Ar and O, and

temperature on the substrate.

There are several growth modes.?”® Some of them require
catalyst for nucleation or growth, the others are catalyst free. Figure 5
presents three general growth modes of ZnO nanowires. Vapor-Liquid-
Solid (VLS) process mode (Figure 5(a) - top) requires a catalyst such

as Au, Fe or Sn for nucleation and growth. At high temperature thin
5



film of such a metal forms liquid droplets. Zn vapor forms a liquid alloy
with the catalyst material, and when the liquid alloy becomes
supersaturated in presence of oxygen, ZnO crystallizes at the interface
between the substrate and catalyst droplet. This way, the catalyst
droplet remains at the tip of the nanowire and is usually observable on

SEM or TEM images of the resultant nanowires.

The vapor-solid (VS) mode growth may have catalyst assisted
(Figure 5(a) - middle) or catalyst free (Figure 5(a) - bottom)
nucleation, but the growth is catalyst free. Figure 5(b-d) illustrates the

resultant ZnO nanowires for aforementioned modes.

For the catalyst assisted growth, the size of nanowires can be
controlled by the size of catalyst droplets, which, in turn, can be
controlled by the thickness of the catalyst film, deposited prior to ZnO

nanowires growth.



a
Catalyst assisted nucleation

— N

Catalyst assisted growth

Catalyst assisted nucleation | ¢

—

Catalyst free
nucleation(VS)

Catalyst free
nucleation(VS)

NN\

Catalyst free growth (VS)

%
I

Figure 5. Three growth modes for gas phase deposition of ZnO nanowires.Reprinted
with permission from I. Amarilio-Burshtein, S. Tamir, and Y. Lifshitz, Appl. Phys.
Lett. 96, 103104 (2010). Copyright 2010, American Institute of Physics.

Another mode is a vapor-solid-solid mode (VSS)(as shown in
Figure 6), where the nanowires undergo comparable nucleation and
growth with the only difference that catalyst droplet is in solid phase.
In this case Zn, O and ZnO species (for which the catalyst surface is
the preferential site for adsorption) diffuse over the semispherical

surface of the droplet to the nanowire underneath.



ZnO NW

Zn ZnO 0> Au growth
O OO0

)

3%000 o  ZnO Nucleus

— > () >

Figure 6. Schematics of Vapor-Solid-Solid growth mode.Reprinted with permission
from I. Amarilio-Burshtein, S. Tamir, and Y. Lifshitz, Appl. Phys. Lett. 96, 103104
(2010). Copyright 2010, American Institute of Physics.

Other gas-phase deposition methods for growth of ZnO
nanowires include metal-organic chemical vapor deposition
(MOCVD),?% 31 32 metal-organic vapor-phase epitaxy (MOVPE),?
molecular beam epitaxy (MBE),>® pulsed laser deposition (PLD),2% 3% 3>
and sputtering.®® Among these, the MOVPE growth is of greater
interest as it is similar to atomic layer deposition (ALD) technique,
used in current work for deposition of highly conformal thin film of ZnO
over high aspect ratio structures. Similar to ALD, diethylzinc and
oxygen (water vapor) are usually used as reactants in MOVPE growth.
Resultant nanowires, unlike those obtained with, for instance, VLS
growth mode, do not have catalyst droplets at the end of nanowires.

Instead, flat steps or terraces are observed at the end of nanowires, as

aresult of alternating deposition by diethylzinc and oxidizer.



Wet Chemistry Synthesis

Gas phase methods mentioned above may provide (along with
many other types of nanostructures) high quality monocrystalline ZnO
nanowires that have very high aspect ratio and high degree of vertical
alignment. With careful control of the growth parameters such as
pressure, Ar/O, pressure ratio and temperature of the substrate, as
well as the crystal properties of substrate and catalyst film thickness,
this wide variety of nanostructures with well tailored properties can be
reproduced repeatedly. However, the drawbacks of these methods
include the need for complex and expensive equipment, strict
requirements for crystal properties of the substrate (substrates such
as GaN or sapphire are required for close crystal lattice match with
ZnO for growth of perfectly aligned ZnO nanowires), relatively high
growth temperatures, challenging scalability, incompatibility with IC

processes.

An alternative way of synthesizing ZnO nanostructures is
through aqueous route.?”" 3% 39 These solution based methods include
electrodeposition, sol-gel and hydrothermal method, the latter one

being the main synthesizing method for current work.

The hydrothermal process is one of the most simple and cost-
effective techniques.3”” 3% 39 The simplicity, scalability of this growth

method as well as great compatibility with IC processing make it
9



highly suitable for commercial applications. This solution phase
approach has attracted a great deal of attention due to its ability to
facilitate large-scale, low-cost, and controllable growth of one-
dimensional ZnO nanocrystals.?” 3% 4% Due to the unique features the
hydrothermal approach has been applied as the main ZnO nanowires
synthesis method in this work. The background and the details of the

process is explained in more depth further.

Hydrothermal Growth of ZnO Nanowires

The hydrothermal growth requires low temperatures and is
easily scalable and compatible with IC processing. However it is quite
challenging to control the morphology of the synthesized ZnO
nanowires. These challenges are partially addressed by this
dissertation work. Also, the patterning techniques are not as well
established for hydrothermal growth as compared for to the gas phase
growth. An attempt was made in the current work to exploit the
necessary groundwork for patterning technique that is repeatable and
controllable, yet easy, cost-effective and readily available without

special equipment.

The hydrothermal growth of ZnO Nanowires was first
demonstrated by Vayssieres et al.*! The authors have proposed a
method of precipitation of divalent Zn®* ions in an aqueous solution

resulting in vertically aligned, hexagonally shaped nanorods of ZnO.
10



The main driving reaction of the synthesis was decomposition of Zn?*
amino complex. Chemicals used were zinc nitrate and methenamine
with equimolar concentration of 0.1 M. Since then, a wide variety of
chemicals, conditions and treatment approaches were explored and
used to form ZnO nanowires and other nanostructures on virtually any
substrate. The main topics in hydrothermal growth of ZnO nanowires
are discussed further, followed by justification for the growth

conditions applied in this research.

The process parameters and chemicals involved in the growth
can vary greatly, resulting in a broad variety of ZnO nanostructures.*?
43,44, 45 A large number of different growth modifiers have been used in

hydrothermal growth!> 46 47, 48 49

including: surfactants (such as
citrates), polyethylenimine (PEI),'® polyethylene glycol (PEG),”% *!

ammonium hydroxide or even other metal ions.>?

Although a hydrothermal method generally requires a seeding
layer, some work was done on seedless approach to hydrothermal
method. A group from Georgia Institue of Technology °3 has developed
a method that does not require a seeding layer of ZnO, instead, a
layer of Au was deposited to facilitate the growth of ZnO nanowires. In
this case the density of nanowires was primarily controlled by the
precursor concentration. The density of resulting ZnO nanowires is

extremely low, with wide separation between the nanowires. Also, the
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effects of temperature and growth time on the properties of nanowires
were investigated. Although the authors are unclear of the role of
hexamine in the reaction, they suggest that it acts as a slowly

decomposing weak base, providing OH" ions for the growth process.

A lot of work was done on studying the effect of seeding layer on
the growth of ZnO nanowires. The conventional method for deposition
of ZnO seeding layer is a thermal decomposition of zinc acetate,
solution of which in different solvents can be deposited by drop casting
or spin on process. Teng Ma et al.”* among many other groups have
studied the effect of seeding layer and the parameters of its
preparation, including the concentration of Zn in the colloid being
spun, annealing temperature and spin coating. Lori Greene et al.*®
have also studied effect of the seeding layer prepared by thermal
decomposition of zinc acetate or dispersion of ZnO quantum dots.
Ethanol was used as solvent for zinc acetate, while the size of
dispersed ZnO quantum dots was 3-4 nm. Hydrothermal growth along
with gas phase growth was used in the study. They have performed
scanning tunnel microscopy (STM) for characterizing the ZnO platelets
formed after thermal decomposition of zinc acetate and established
that the platelets are primarily have flat top surface with c-axis
perpendicular to the substrate. They explain this c-axis alignment by
intrinsic thermodynamic feature rather than interaction between ZnO
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and substrate. They have also performed hydrothermal growth on
seedless, Au-coated substrate. Among these three approaches
(thermal decomposition of zinc acetate, dispersion of ZnO quantum
dots and seedless approach) the highest degree of vertical alignment

is associated with the first one for both types of growth.

There are many other parameters influencing the growth of ZnO
nanowires in hydrothermal process. For instance, Sweden
researchers® have reported on influence of substrate pre-treatment,
the angle at which the substrate placed in the chemical bath, pH of the

growth solution and growth time.

Although the role of hexamine in hydrothermal growth of ZnO
nanowires is not fully understood, attempts have been made to explain
how it affects the growth of nanowires. Sugunan et al.>® studied effect
of hexamine, where the concentrations of the precursors were not
always equimolar and the growth solution was preheated for a long
time prior to immersion of the substrate. The hypothesis®® that one of
the important factors in the growth of highly anisotropic ZnO
nanowires was slow decomposition of hexamine due to the elevated
temperature and therefor slow rise in pH, is not confirmed by the
authors. They did not see a significant deviation of morphology of ZnO
nanowires in the growth with different preheating times. Instead, they

suggest that non-ionic hexamine molecule attaches to non-polar sides
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of the growing ZnO nanowire, effectively inhibiting growth on the side

of the nanowires.

Willander et al.’’ from the same group in Sweden observed
difference in density and shape of the tip of the nanowires due to
different pH of the growth solution. Authors also gave extensive
explanation of chemical reactions during the growth when pH is being

adjusted by addition of agueous ammonia.

Xu et al.>® have performed a hydrothermal growth of high aspect
ratio ZnO nanowires for application in dye-sensitized solar cells. They
have studied effect of the concentration of growth precursors as well
as such growth modifiers as polyethyleneimine (PEI) and ammonium

hydroxide.

Hydrothermal growth with other growth modifiers was also
studied. For instance, Liu et al.®® from Institute of Metal Research in
China carried out hydrothermal growth of ZnO nanorods in bulk
solution with addition of polyethylene glycol and studied effect of its

concentration on resulting ZnO nanorods.

Greene et al.’” demonstrated a wafer-scale (4 inch wafer was
used) growth of ZnO nanowires, proving it to be extremely easy

compared to gas-phase synthesis of ZnO nanowires.
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It is essential to develop methods of growing p-type ZnO
nanowires for application in optoelectronic device. There are still
certain obstacles in reproducible p-type doping of ZnO nanowires. A
research group from Hong Kong®® have demonstrated production of
stable undoped p-type ZnO nanorods through adjusting of the
parameters of the seeding layer. Lu et al.* have demonstrated growth
of phosphorus-doped ZnO nanorods and their application in a

prototype energy harvesting device.

One of the critical parameters for performance of such devices
as supercapacitor or dye-sensitized solar cell is the specific surface
area of the electrode. When ZnO nanowires used in such device, it is
beneficial to create nanowires with high porosity. It can be achieved by
growing high aspect ratio nanowires, as mentioned before. Other way
to dramatically increase the specific surface area and therefore the
porosity of the forest of ZnO nanowires is to create hierarchical
nanowires. There has been extensive amount of work done in this
direction. Generally, hierarchical ZnO nanostructures are formed
following numerous chemical deposition baths with steps between then

that ensure the growth of hierarchical structures.

For instance, Ko et. al'® have prepared tree-like branched ZnO
nanowires through multi-step growth method. Authors used the grown

forest of branched ZnO nanowires as a photo-anode in a DSSC and
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observed efficiency increase of up to 5 times compared to the anode
comprised of ZnO nanowires with the same length as the backbone of
the branched structures. Researchers from North Carolina State
University>® have used ALD technique to deposit ZnO on top of already
grown ZnO nanowires to change the surface polarity of the nanowires,

thus promoting the hierarchical growth.

Patterning of ZnO Nanowires

There are quite few ways to pattern ZnO nanowires. The pre-
growth alignment methods may vary greatly and include many
different techniques and combinations of them. Generally, it includes
either patterning the seeding layer by any possible technique, or
printing the seeding layer. There are few works, where the direct
microcontact printing of the solution of zinc acetate on the substrate

was implemented. Kang et al.®°

used PDMS stamp to print the seeding
layer on Au covered substrate to pattern ZnO nanowires. The same
approach was used for patterning the growth of other nanostructures.
For instance, Kind et al.°* have used the microcontact printing for
patterning growth of carbon nanotubes. Other way to pattern is to
create a self-assembling monolayer through microcontact printing that
inhibits the growth of ZnO nanowires (“negative” printing). Hsu et al.®?

have used a self-assembled monolayer of COOH terminated

HSC1oH20COOH molecules, which acted as an inhibitor for growth of
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ZnO nanowires on Ag thin film. The authors have also used sodium
citrate as a surfactant agent, and they observed the dependence of
morphology of ZnO nanowires on concentration of sodium citrate.
However, they have not compared the morphology of the nanowires in
the forest grown on uniformly seeded substrate with that of nanowires
grown on patterned seeding layer with the same growth conditions.
This observation has led us to understanding the effect of local
environment in the growth of ZnO nanowires, which is discussed later

in this work.

Summary of Prior Art

The summary of discussed literature above is given in Table 1
presenting the main growth process parameters necessary for

successful reproduction of the growth.

Table 1. Summary of the growth conditions and applications for the discussed
published research.

Authors Growth conditions

Xu et al.>? Substrate and seeding layer: Au thin film on Si, polymer substrate
Growth Solution: Zinc nitrate and Hexamine, 0.1-100 mM
Temperature: 60-95°C

Time: 30 min to 48 hours

Growth Modifiers: None

Application: None

Ma et al.>*

Substrate and seeding layer: ITO, Zinc acetate colloid 0.1 mM- 1 M,
spin-coated, annealed at 300 - 700 °C for 5-60 min.

Growth Solution: Zinc Nitrate, Methenamine, 0.1 M

Temperature: 95 °C

Time: 4 hours

Growth Modifiers: None

Application: None
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Table 1 (continued).

Authors

Growth conditions

Greene et al.*®

Substrate and seeding layer: ITO, Zinc Acetate, zinc
acetylacetonate or zinc nitrate hexahydrate, 5mM annealed at 200-
350°C

Growth Solution: Zinc Nitrate, Methenamine or Diethylenetriamine,
25 mM

Temperature: 90°C

Time: 0.5 to 6 hours

Growth Modifiers: None

Application: None

Yang et al.”®

Substrate and seeding layer: Si, spin coated Zinc Acetate 5 mM,
annealed at 250 °C for 30 min

Growth Solution: Zinc Nitrate and Methenamine 0.1 M
Temperature: 93 °C

Time: 2 hours or 5 hours

Growth Modifiers: Ammonia water 2-4 mL to adjust pH

Application: None

Additional: Angle to horizontal was changed at which substrate was
held

Sugunan et
al 56

Substrate and seeding layer: Glass, Si, Zinc Acetate, 80ml of 1 mM
diluted to 920 ml and 80 ml of 20 mM Sodium Hydroxide at 50 °C
for 2 hours, spin coated

Growth Solution: 1 and 0.5 mM Zinc Nitrate and Hexamine
Temperature:60- 95 °C

Time: 24, 7 hours

Growth Modifiers: None

Application: None

Willander et
al.>’

Substrate and seeding layer: Si and other, Zinc Acetate 5mM, spin
coated, annealed at 250 °C for 30 min

Growth Solution: Zinc Nitrate and Methenamine 0.1 M
Temperature: 93 °C

Time: 2 or 5 hours

Growth Modifiers: 2-4 ml of Ammonia

Application: glucose ZnO nanowire extended gate field effect
transistors, selective calcium ion sensor, LED

Xu et al.>®

Substrate and seeding layer: ITO, Zinc Acetate 5 mM annealed at
300 °C for 20 min

Growth Solution: Zinc Nitrate 25-50 mM, Hexamine 12.5-25 mM,
PEI 5 mM, Ammonium Hydroxide 0.35-0.45 M

Temperature: 87-88 °C

Time: 2-7 hours

Growth Modifiers: PEI, Ammonia

Application: DSSC

Liu et al.”?

Substrate and seeding layer: None, NaOH 0.03 M in Methanol and
Zinc Acetate 0.01 M in Ethanol stirred at 60 °C for 2 hours

Growth Solution: 0.5 M hexamethylene tetramine, PEG Zinc Nitrate
0.25 M

Temperature: 90 °C

Time: 2 hours

Growth Modifiers: PEG

Application: None
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Table 1 (continued).

Authors

Growth conditions

Greene et al.?’

Substrate and seeding layer: Si, NaOH 0.03 M in Methanol and Zinc
Acetate 0.01 M in Ethanol stirred at 60 °C for 2 hours

Growth Solution: Zinc Nitrate and Hexamine 25 mM

Temperature: 90°C

Time: 0.5 - 6 hours

Growth Modifiers: None

Application: None

Hsu et al. *° Substrate and seeding layer: Si, ITO, Zinc Acetate annealed at 200
°C or 300 °C
Growth Solution: Zinc Nitrate and Hexamine 25 mM
Temperature: 90 °C
Time: 2.5 hours
Growth Modifiers: PEI
Application: p-type conductivity, LED

Ko et. al'® Substrate and seeding layer: FTO, ZnO quantum dots
Growth Solution: Zinc Nitrate, Hexamine 25 mM
Temperature: 65-95 °C
Time: 3-7 hours
Growth Modifiers: PEI 5-7 mM
Application: DSSC
Additional: Annealing ZnO nanowires at 350 °C for 10 min,
depositing seeding quantum dots and repeating hydrothermal
growth resulted in hierarchical structures

Na et al.*® Substrate and seeding layer: Si, ZnO deposited by ALD

Growth Solution: Zinc Nitrate and Hexamine, 20 mM
Temperature: 80 °C

Time: 6 hours

Growth Modifiers: None

Application: None

Additional: ALD on grown ZnO nanowires and repeated
hydrothermal growth resulted in hierarchical ZnO structures

Kang et al.%°

Substrate and seeding layer: Si with metal bottom contact, glass,
Polyethylene terephthalate (PET) and polyimide (PI), NaOH 30 mM
and zinc acetate 10 mM in ethanol at 60 °C for 2 h

Growth Solution: Zinc Nitrate and Hexamine, 25 mM
Temperature: 95 °C

Time: 1 hour

Growth Modifiers: PEI 5-7 mM

Application: High Performance Field Emission Device

Additional: PDMS microcontact printing

Hsu et al.®?

Substrate and seeding layer: Ag thin film on Si

Growth Solution: Zinc nitrate and Hexamine 20 mM
Temperature: 50-60 °C

Time: 2-6 hours

Growth Modifiers: None

Application: None

Additional: Microcontact printing of 11-mercaptoundecanoic acid
inhibits nucleation of ZnO in printed regions
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Table 1 (continued).

Authors Growth conditions

This work Substrate and seeding layer: Si, Zinc Acetate 0.1, 0.5, 2, 10 mM
annealed at 350 °C for 30-35 min, ALD deposited thin film of ZnO
Growth Solution: Zinc Nitrate and Hexamine 25 mM
Temperature: 82-90 °C

Time: 10 min to 8 hours, 2 hours mostly

Growth Modifiers: PEG, PEI, Ammonia

Application: ZnO nanowires in deep trenches as an electrode
material

Additional: PDMS microcontact printing, Growth inside deep
trenches

With large number of processing parameters and growth and
patterning recipes, hydrothermal growth proves to be quite well
studied method of production ZnO nanowires. However, in spite of the
numerous successful applications of ZnO nanowires in previous works,
there is wide possibility for improving control over such cheap and
reliable patterning method as microcontact printing along with
exploring new methods of creating seeding layer such as ALD. This can
open a new chapter in production of ZnO nanowires in applications not

yet explored.

The main contribution of this work is in the field of controllable
patterning of ZnO nanowires through microcontact printing along with
exploring ZnO nanowires as an electrode material for future
application, including novel techniques of production of ZnO nanowires

in a way and manner away from conventionally studied approach.

20




Chapter 2: Methods, Scope and Goals of Dissertation

Zn0O nanowires proved to be a very promising novel material for
various applications, and last decade there has been a large volume of
published research. Large part of it was devoted to synthesis of the
nanowires itself: new methods, new chemicals were explored, new
growth parameters and techniques applied. The outcome of this
research was creating quite significant knowledge base of synthesis of
ZnO nanowires with more or less predefined properties. At the same
time, ZnO nanowires have been successfully applied in production of
various devices, and recently a rare publication does not have some
kind of application demonstrated along with the synthesis of ZnO
nanowires. However, there is quite a large niche that takes its place in
between understanding the nucleation and growth of ZnO nanowires
on the level of chemistry and physics of the processes involved and
creating the working devices that utilize ZnO nanowires. This niche is
taking the stable and optimal growth techniques of lower level and
preparing the material (ZnO nanowires or other nanostructures) to be
the building block in implementation on the higher device level. This
includes such questions as patterning ZnO nanowires, making the
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growth compatible with other processes, such as IC fabrication.
Another topic is exploring the difference in fabrication of ZnO
nanowires merely for studying their properties and fabrication the
nanowires as the functional material for the specific application. For
instance, in the current work microcontact printing was explored, and
it was shown, that when producing spatially distributed patterns of
ZnO nanowires, growth modifiers may introduce quite different effect
compared to growth of uniform forest of ZnO nanowires. This lead to
understanding of the effect of local environment in the hydrothermal
growth of ZnO nanowires, that, to the best of our knowledge, has
never been pointed out before. This effect introduced quite a
difference into the growth of ZnO nanowires using the well-established
method for such application as ultra-high porosity electrode for
supercapacitor. The latter is another example of the contribution of
this work that has been done in this area. Both, hydrothermal growth
of ZnO nanowires and means and ways of production of
supercapacitors are well documented and well studied, not so much
research was done on what would be the best way to utilize such
promising material as ZnO nanowires in an applications such as
supercapacitor. This work made an attempt to step further from a

mere growth or even patterning a forest of ZnO nanowires to creating
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a building block for a whole class of applications that require ZnO

nanowires to be ultra-high porosity electrode.

It can be seen that areas of application are very diverse, which
requires controlled production of ZnO nanowires with very different
and well tailored physical properties. It may include morphological
properties such as size, density, length as well as electronic and
crystallographic properties such as doping, impurities, crystal
orientation of ZnO nanowires and so on. In the particular applications
targeted by this research, strategic control over their size, shape,

length and surface density is of utmost importance.

Techniques employed to synthesize ZnO nanowires are well
developed and have demonstrated the efficiency and accurate control
over the resultant morphology of ZnO nanostructures. Moreover, they
are generally inexpensive. However, for practical reasons, fabrication
of devices based on ZnO nanowires should be relatively simple,

straightforward, and cost effective.

The main goal of this research is to gain control over
morphological properties of hydrothermally grown ZnO nanowires. It is
necessary to grow large scale and uniform forests of vertically aligned
ZnO nanowires with predetermined density, length and degree of

vertical alignment in a repeatable fashion. Additionally, it is highly
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desirable that ZnO nanowires remain nearly perfect crystals as the
crystalline quality dramatically affects electron mobility and, therefore,

overall efficiency of a device utilizing such nanowires.

Unlike CVD growth which is done primarily on a matching
substrate such as sapphire or GaN, hydrothermal growth can be
performed on virtually any surface. However, it generally leads to
highly disoriented forest of ZnO nanowires. Hence, it is crucial to find a
means for increasing the degree of vertical alignment of ZnO

nanowires during hydrothermal growth.

Control over size and density also affects the performance
characteristics of devices based on ZnO nanowires. While size
influences mechanical and optical properties, density defines the
specific surface density and, therefore, the reaction rate of any process

on the surface of ZnO nanowires.

The general aim of the current work is to explore controlled
growth and characterization of ZnO nanowires for purposes of tailoring
their physical properties, while better understanding the fundamental
mechanisms for nucleation and growth of ZnO nanowires.
Furthermore, the obtained knowledge on controlled growth of ZnO

nanowires with improved and tailored properties is going to be applied

24



towards applications such as electrode material for supercapacitor, dye

sensitized solar cells.

Structure of the Dissertation

This dissertation is organized as a collection of articles based on
each of the projects described further in the chapter. In Chapter 1
review of properties, synthesis and application of ZnO nanowires is
given. This chapter gives an overview of the whole dissertation. A
published article, or manuscript intended for publication does not
generally have elaborated description of techniques or methods used
in the work. Therefore, this chapter also has the subsection that gives
enough details of the experimental techniques and necessary
background. Detailed motivation and goals are given subsequently for
each of the included articles. This concludes the current chapter.
Chapters 3 to 7 are published articles or manuscripts intended for the
publication. Chapter 8 is devoted to conclusion to the whole

dissertation and suggestions for the future work.

Experimental Setup and Methods

Generally, hydrothermal growth is carried out in a solution of an
alkaline reagent and Zn?* salt. Hexamethylenetetramine and Zn(NO3)
are often used to form a growth solution. At elevated temperature
around 85-90 °C the following chemical reactions are responsible for

growth of ZnO nanowires: %>
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Decomposition reaction:
(CH2)6N4 + 6H,0 — 6HCHO + 4NHs3
Hydroxyl supply reaction:

NHs; + H,0 < NH4™ + OH"
Supersaturation reaction:
20H + Zn*? — Zn(OH),

Zn0O nanowires growth reaction:

Zn(OH); — ZnO + H,0

In wurtzite structure, <002> plane is a polar plane. It has been

suggested®, that in hydrothermal growth, hexamine preferentially

(0001) Polar

Hexamine

Figure 7. a) Schematics, showing hydrothermal growth of ZnO nanowires, where
growth along c-axis occurs at higher rate than along other directions and b) SEM
image of an actual ZnO nanowire, exhibiting hexagonal shape.
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attaches to non-polar side planes of the growing crystal, leaving
<002> plane, terminated with positively charged Zn* ions, available
for crystal growth. Therefore, the growth rate along the c-axis is much
higher. The schematics of growing ZnO nanocrystals is shown on
Figure 7(a). An example of a typical ZnO crystal exhibiting hexagonal

shape is shown on Figure 7(b).

The purpose of current work lies away from tuning the chemistry
of the hydrothermal process or studying effect of various parameters
of the growth on resultant ZnO nanowires. Rather than that, as part of
the work, the controlled growth of ZnO nanowires was explored in
terms of both morphology and growth site localization by means of
controlling the seeding layer. For this reason a stable, repeatable
recipe for growth of ZnO nanowires was created and followed without

much of change throughout the whole work.

In this work we have used concentration of 0.25 mM of both zinc
nitrate and hexamine, which was chosen as the most widely used and
the most efficient in terms of growth rate and morphology of ZnO
nanowires. The growth temperature chosen was 82 °C rather than

conventional 95 °C due to the limitations of the experimental setup.
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The growth was performed in a jacketed beaker that was held at
temperature of 82+0.2 °C. The total volume of the growth solution

was 250mL. For the purpose of controlling the starting point of the

Figure 8. Illustration showing one of the Teflon substrate holders utilized in
hydrothermal growth.

28



reaction, higher concentration of pre-diluted chemicals was placed in
the preheated DI water. Amount of chemicals, necessary for 250 mL of
0.25 mM equimolar solution of zinc nitrate and hexamine were diluted
in 40 mL of DI water. 180 mL of DI water were pre-heated to 82 °C in
the jacketed beaker. After that, the concentrated growth solution was
poured into the heated DI water. Since the dissolution of chemicals
was not complete in such a small amount of water, beaker with
concentrated solution was washed with additional 10 mL of DI water
which were added to the heated growth solution. The final 20 mL were
used to introduce growth modifiers, such as PEI, PEG or ammonium
hydroxide, or just added to the growth solution as DI water if no
modifiers were used. The temperature restores back to 82 °C in a
matter of minutes after addition of all the chemicals. Generally, a
substrate has to be inside the growth solution being held at any
orientation or angle. However, the most often used orientation is face
down, as it helps to avoid deposition of large number of bulk grown
ZnO nano- and microcrystals. The substrate can float on the solution
with face down, can be leaned against the side wall of the beaker, or
hold by any other way. In current work, the substrate was placed in
the growth solution being held by a Teflon substrate holder at constant
distance from the bottom of the beaker. The schematics of the

substrate holder is presented on Figure 8. A stirring magnet was used
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to mechanically agitate the growth liquid to ensure better refreshment
rate of growth chemicals, as it was observed that this dramatically
increases overall quality of ZnO nanowires. The beaker then was
tightly covered with aluminum foil to minimize water evaporation.
Following this recipe, one can achieve repeatable synthesis in terms of
dynamics of chemicals dissolution and solution temperature. The
growth was usually performed for two hours for the sake of the
consistency of such properties of nanowires as their length and

thickness.

The method of patterning ZnO nanowires discussed in the next
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Figure 9. Schematics showing the setup used for the microcontact printing.
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chapter is the microcontact printing. It has been used previously, as
was discussed before, for patterning ZnO nanowires. However, in this
work among other stamps the stamp with low fill factor was used. This
allowed to obtain the same patterned features both in presence and
absence of surrounding forest of ZnO nanowires, thus giving the
opportunity to study the effect of local environment in the growth of
ZnO nanowires. More details on the PDMS stamps are given in
subsequent chapters. However, the technique used in the stamping
needs some clarification. In microcontact printing, especially with the
stamps with low fill factor, it is extremely important to perform the
contact of the stamp to the surface of the substrate simultaneously for
different parts of the stamp, otherwise the collapsing of the roof will
occur. For this reason the setup pictured in Figure 9 was used: The
PDMS stamp, that was wetted with ink (zinc acetate solution in
ethanol) and slightly dried with nitrogen, is hold by vacuum under the
horizontal arm. The substrate is brought within less than 1 mm from
the stamp by lifting it on the jack. After thorough mutual alignment
the vacuum is shut off from the holding arm and the PDMS stamp
drops on the substrate from an extremely low height. After it stabilizes
on the surface, certain weight that depends on the area of the stamp
is placed on the top of the stamp and some time is given for ink to be

printed on the surface. After that the stamp is carefully removed from
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the surface by lifting it strictly upward. In some experiments an
intentionally collapsed roof was needed. For this after placing the
weight on the stamp, an additional pressure was applied on the side of
the stamp until roof collapses there, then propagating throughout the

whole or the part of the stamp.

The rest of this chapter is devoted to an overview of the
published or ready to submit works presented in the subsequent

chapters.

Patterning of ZnO Nanowires Through Microcontact Printing

Chapter 3 is entirely based upon a published article®® presented
in Appendix A: A Resistless Process for the Production of Patterned,
Vertically Aligned ZnO Nanowires, which deals with the microcontact
patterning. This is one of the alternative methods to define the areas

with ZnO nanowires growth.

In this work, hydrothermal growth of patterned ZnO nanowires
has been studied extensively.®* ® Patterning of seeding layer is a
simple way to produce spatially distributed nanowires for device
fabrication. Although the use of microcontact printing®® has become a
widely used technique for the modification of surfaces with monolayer
domains, its apllication as a method for patterning the seeding layer

for nanowire growth has not been well explored.
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This work was devoted to production of vertically aligned and
patterned ZnO nanowires on silicon substrates by methods of
microcontact printing of the seeding solution. Microcontact printing
defines regions where a seeding layer is deposited on a surface which
in turn controls the regions where the nucleation of ZnO takes place

and the region at which nanowires are grown from the surface.

This project also demonstrated effects of spatial distribution of
ZnO nanowires on the size and morphology of ZnO nanowires, which
strongly suggests that local concentration of Zn®* ions determined by

local geometry affects the morphology of ZnO nanowires.

One of the most important findings was that the growth of ZnO
nanowires is dependent not only on conventionally recognized
parameters such as temperature, concentration, pH, etc., but also on
the local environment in the vicinity of the growth, i.e. at the distances
of the order of hundreds of nanometers from the surface of the
growing nanowire. Sodium citrate was used as a growth modifier, and
it was shown that its effect is more pronounced on the patterned
features of small size, such as a line of thickness comparable to the
size of nanowires. ZnO nanowires grown on the printed seed layer of

large area were subject to much less effect of sodium citrate.
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Novel Aster-Like Nanostructures

Chapter 4 is entirely based on a published article®® which is
presented in Appendix B: Novel Aster-like ZnO Nanowire Clusters for
Nanocomposites and which deals with bulk growth of aster-like ZnO
nanostructures. This work is devoted to the hydrothermal growth of
ZnO nanostructures in bulk solution, rather than on a substrate.
Morphology that is different from ZnO nanowires grown on substrate is
observed. Dependence of the shape and size of nanostructures on

growth modifiers is studied.

The nanostructures were grown in bulk with addition of ZnO
nanoparticles of various size as a seed for the hydrothermal growth.
The bulk-grown nanostructures may be both desired (i.e. for
reinforcing polymeric composites etc.) and detrimental (i.e. clogging
factor in the growth of ZnO nanowires in deep trenches).
Consequently, the formation and growth of the nanostructures in bulk

are of certain interest.

Opto-Electrochemical Properties of ZnO Nanowires

Chapter 5 is based upon a published article?®> which is presented
in Appendix C: Structure and Opto-electrochemical Properties of ZnO
Nanowires Grown on n-Si Substrate and which investigates ZnO
nanowires as an electrode material for electrochemical reactions. It

has been previously established that crystal quality of ZnO nanowires,
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their size and morphology play an important role in the

electrochemical performance of ZnO nanowires as an anode material.

Previously, it has been proven that controlling the morphologies
of transition metal oxides could improve their electrochemical
performance including cycling characteristics and rate capability.
Therefore detailed studies of the structural, electrochemical and opto-
electrochemical properties of ZnO nanowires will improve greatly their
applicability in photovoltaic devices. In this work, a conventional
hydrothermal method was utilized to synthesize ZnO nanowires on a
conducting n-type Si surface. Then. the electrochemicals studies were
carried out in various electrolytes, showing cycling characteristics and
the rate capability. Photoelectrochemical current was observed in
electrochemical cell under the UV illumination. Stable, repeatable and
optimized electrochemical characteristics may be essential for
successful application of ZnO nanowires in photovoltaic devices such

as dye sensitized solar cells.

The Effect of Seeding Layer Grown by ALD on the Properties of
Hydrothermally Grown ZnO Nanowires

Chapter 6 studies the effects of the seeding layer of ZnO on
hydrothermal growth of ZnO nanowires. The dependence of the

morphological properties of ZnO nanowires on the seeding layer
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deposited by ALD was studied. Optimal conditions aimed at high

density, small diameter nanowires was found.

ZnO nanowires are used in a broad variety of applications.
Success in these applications will require tight control over their
physical properties. Typically, the choice of growth mechanisms and its
associated parameters are leveraged to attain such control. In this
project, the growth conditions were kept constant deliberately,
allowing to specifically address the effects of the seeding layer. The
justification for this project is the production of ZnO nanowires as an
electrode material for use in applications such as batteries and
supercapacitors. In this particular case, the electrode material should
provide high specific surface area, which indicates that ZnO nanowires
of small size and high density are desired. The project aimed to study
how the seeding layer affects the growth of ZnO nanowires. Atomic
layer deposition (ALD) was chosen as the growth mechanism for
production of the seeding layer, thereby providing: I) production of
high quality, stable ZnO thin films; II) a high degree of control over
the thickness with ultimate precision; III) compatibility with integrated
circuit (IC) processes, IV) high degree of conformity, which allows
production of hierarchical structures with ZnO nanowires. With an
electrode material for supercapacitor applications in mind, the
compatibility with IC processes and conformity of the grown film would
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be very favorable for the production of hierarchical three dimensional
structures with a high specific surface area of ZnO nanowires. The
whole project can be divided into two parts - growth and
characterization of ZnO ALD thin films and growth and characterization

of ZnO nanowires on top of these films.

Careful characterization of ALD thin films with process
temperatures of 150 °C, 200 °C and 250 °C was decided to be
necessary as it appears that most often ALD growth of ZnO is
performed at lower temperatures of 150-170 °C. Moreover, it was
proven that the post-process treatments such as annealing under
different atmospheres would affect the ALD thin films and/or the ZnO
nanowires grown on them. To this end, oxygen and argon gases were
chosen as the obvious first choices for annealing atmospheres at
temperatures of 600 °C and 800 °C as it is known from a previous
study that annealing within this temperature range gave the best

results.

The presented work will be useful for those seeking control over
the growth of oxide nanowires using hydrothermal methods in
particular and other methods in general. This group includes those
working towards implementation of supercapacitors, photovoltaic
devices, sensors etc., where large surface areas covered with ZnO

nanowires are preferred. In these areas of research, control over the
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properties of ZnO nanowires through careful choice of growth
parameters of the seeding layer rather than the growth conditions of
the nanowires is beneficial because they may have an effect on the

production of a particular device.

Microfluidic Hydrothermal Growth of ZnO Nanowires Over High
Aspect Ratio Microstructures

Chapter 7 presents a logical extension of the previous research.
The main goal of this particular work is to develop an array of aligned
and densely packed ZnO nanowires on top of a substrate with complex
three dimensional surface. Specifically, this work aims at high specific

surface area of an electrode composed of ZnO nanowires.

It was shown that ZnO nanowires are good candidates for
electrochemical and photoelectrochemical cells. One of the possible
ways to improve performance of such a device would be to increase
specific surface area of ZnO nanowires. This can be done by increasing
aspect ratio of ZnO nanowires®” or creating ZnO hierarchical

15, 68 and the work done in this field shows that the

structures,
efficiency of device that utilizes such an electrode can increase

significantly.

Yet another way is to increase effective surface where ZnO can
grow per unit area of the substrate, and to the best of our knowledge

this approach has not been explored so far. The increase in surface
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available for hydrothermal growth of ZnO nanowires with the same die
size can be done by forming complex three-dimensional microstructure
on the substrate and growing ZnO nanowires over the non-flat surface.
The most simple and readily available microstructure would be an
array of deep trenches. The effective surface area depends on the
aspect ratio, size and spacing of the individual trenches. Provided that
ZnO nanowires can be grown on the sidewalls of these trenches, the

specific surface area of ZnO nanowires would increase significantly.

It was observed, that the growth of ZnO nanowires is governed
not only by previously described parameters such as temperature or
concentration of chemicals in bulk, but also by the local environment,
specifically, concentration of chemicals in the vicinity of the growth
site. This in turn is determined by a combination of depletion of
chemicals due to the growth itself and supply of the fresh chemicals
through diffusion or mechanical flow (i.e. stirring). Therefore, when
the latter is limited, hydrothermal growth slows down or stops. For
instance, the growth will be influenced, if there are neighboring
nanowires or walls that can affect the diffusion of chemicals toward the
growth site. This often happens when the growth site is located in a
confined space (e.g., a deep trench or buried channel, etc). In this
case, depletion of the chemicals occurs at a faster rate than the fresh
chemicals are replenished to the growth site.
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Therefore, one obstacle that might prevent an effective growth
of ZnO nanowires in deep trenches with width on the order of microns
is the effect described in the previously in this work. The ions
necessary for hydrothermal growth of ZnO nanowires will not diffuse
into such a deep trench fast enough to overcome the consumption rate

of these ions in hydrothermal growth.

The main challenge in this work is to find a methodology that
would allow ZnO nanowires to effectively grow in a confined space of
deep trenches, where refreshing rate of chemicals due to diffusion
and\or mechanical stirring of growth solution is less than consumption
rate of Zn?* ions during hydrothermal growth of ZnO nanowires.
Therefore it is necessary to find a way to forcefully replenish growth
chemicals in a confined space. Additional attempts are made to
optimize facilitated delivery of fresh chemicals into deep trenches by

forced circulation of growth solution.

The approach pursued by this work consists of the hydrothermal
growth of ZnO nanowires that is realized through forced circulation of
hot growth solution through microfluidic channels in a Si or other
substrate fully or partially formed by the microstructures, such as deep
trenches and buried channels, on which the hydrothermal growth of
nanostructures is highly desired. Obviously, the conventional

hydrothermal process is ill-suited for solution-based growth in confined
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spaces due to the limitation by the diffusion and depletion of the
growth species. This new method results in a hydrothermal growth in
confined space by enforced refreshment of chemicals by pumping the
growth solution through the microfluidic channels partially formed by

etched silicon trenches.

Also required for the hydrothermal growth of ZnO nanowires is a
seeding layer, which is a uniform and conformal thin film of
polycrystalline ZnO. This seeding layer is needed over the high aspect
ratio surfaces where the growth of ZnO nanostructures is desired. The
seeding layer can be formed by a conformal deposition method (i.e.
ALD). The substrate may be heated to a) provide additional heat to the
heated growth solution (as it might have some heat dissipation while
being transported to the growth site); b) provide the only heat source

to the hydrothermal reaction.

It is worthwhile mentioning that the demonstrated methodology
for wet chemistry processes in confined spaces is not limited to growth
of ZnO nanowires (used here as a demonstration), but also can be
employed for hydrothermal growth of nanostructures comprised of
other materials. In other words, this technique is not a standard
operating procedure for growth of ZnO nanowires, but rather a generic
methodology for synthesis of nanostructured materials in confined,

non-flat, high aspect ratio surfaces or buried/sealed channels, where
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the traditional bulk reaction growth process could not be used.
Instead, any complex texture, buried channels, or high-aspect ratio
structures in virtually any substrate can be turned into microfluidic
channels with the help of sealant layers such as PDMS, or just used as
a microfluidic channels to turn the traditional bulk reaction method

into in-situ micro-reactors, where the growth is desired.

Zn0O nanowires are successfully used as an electrode material in
a number of devices. Apart from their optical, electrical and crystalline
properties, the advantage of ZnO nanowires can be attributed to their
high specific surface area. It would be of great advantage to grow ZnO
nanowires in confined spaces such as buried channels, deep trenches
or wells (structures with high aspect ratio). This would greatly increase
the specific surface area of ZnO nanowires (area of surface of

nanowires per area of the substrate).

Usually, ZnO nanowires are grown on flat or somewhat
bent\distorted surface of substrate. Growth of ZnO nanowires in
confined spaces (such as inside of deep trenches with width of tens of
micrometers and aspect ratio of greater than 5:1) is limited by
combination of diffusion of chemicals necessary for growth into the
confined space and by high depletion rate (usage of chemicals) inside
such space. Means of refreshing growth chemicals in such spaces

would mitigate these problems. To the best of our knowledge this
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problem was never addressed and ZnO nanowires were never
successfully grown inside a deep trench or buried channel or any other

confined structure.

In this work, the deep trenches with sizes of 5 ym, 10 pm, 15
MM and 20 um and comparable depth (depth greater than the width)
are a part of the microfluidic setup. This setup was etched using deep
reactive ion etching (DRIE) on the silicon wafer to form trenches along
with two inlet/outlet ports. The ZnO thin films were deposited using
ALD inside these structures to serve as a seeding layer for ZnO
hydrothermal growth. After that the microstructure was covered with a
thick PDMS spacer, thus sealing the microfluidic structure. Two
inlet/outlet ports were connected to the microfluidic pump. Both the
growth solution and the substrate were heated to 80-82°C. Special
consideration should be taken about the growth solution, as the
conventional hydrothermal recipes result in active nucleation in the
solution during the reaction. As a result, the pumping of growth
solution through the microfluidic structures may clog them. Addition of
ammonium hydroxide along with low concentration of low molecular
weight PEI to control the pH and nucleation processes may resolve this

issue.®?
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Figure 10. Schematics of proposed experimental set up for microfluidics-assisted
hydrothermal growth of ZnO NW. The beaker with heated solution serves as a bulk
source for the growth liquid (left). Peristaltic pump (top right) pumps the growth
solution through the sample with PDMS cover (bottom right) which is located on the
hotplate and then back to the beaker.

A growth solution in air-tight vial is heated up in an oil tank.
Temperature of the oil is fed back to the hot plate. The vessel with the
oil is placed on a thick polished aluminum plate that serves as a heat
buffer and ensures good contact of the substrate with the heater. The
reason why the heat buffer is required is that the PID control of the
hot plate may cause short time changes in temperature on the surface
of the hot plate, which in turn my affect the temperature of growth
solution inside trenches on silicon substrate due to small size of the
sample. The growth solution was circulated using the peristaltic pump.
As the pumping speed is expected to be slow, growth solution may
cool down during that time. The aluminum plate serving as heat buffer
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is also polished to ensure good thermal contact with silicon substrate.
It is expected that the growth solution will be reheated in the trenches.
Therefore, the trenches along with the PDMS top cover will effectively
form microreactor chambers where the hydrothermal growth of ZnO
nanowires occurs. Due to the sustained flow of the growth solution the

growth chemicals are replenished and growth does not stop.
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Chapter 3: A Resistless Process for the Production of Patterned,

Vertically Aligned ZnO Nanowires?

Abstract

ZnO nanostructures have attracted a great deal of interest
because of their biocompatibility and outstanding optical and
piezoelectric properties. Their uses are widely varying, including as the
active element in sensors, solar cells, and nanogenerators. One of the
major complications in device development is how to grow ZnO
nanowires in well aligned and patterned films with predefined
geometrical shape and aspect ratio. Controlled growth is required to
achieve the optimal density of nanowires and to produce a defined
geometric structure for incorporation in the device. In this work, we
have presented a method by which vertically aligned ZnO nanowires
could be grown in defined patterns on surfaces without the use of
resists. We used a hydrothermal method to grow ZnO nanowires on a
substrate through growth modifiers that was pre-patterned with a

seeding solution by means of microcontact printing. This method

!Mikhail Ladanov, Kranthi Kumar Elineni, Manoj Ram, Nathan D. Gallant,
Ashok Kumar, Garrett Matthews, A Resistless Process for the Production of
Patterned, Vertically Aligned ZnO Nanowires, Mater. Res. Soc. Symp. Proc. Vol.
1302, 2011, reproduced with permission.
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produced vertically aligned ZnO nanowires of predefined size and
shape with pattern resolution high enough for the production of rows
of single nanowires. The nanowires were characterized by using
scanning electron microscopy (SEM) and X-ray diffraction spectroscopy

(XRD) techniques.

Introduction

Recently, ZnO nanostructures have attracted great attention.
ZnO is a II-VI semiconductor with a wide direct band gap of 3.37 eV
and large exciton binding energy of 60 meV making it suitable for
application in UV lasers,?” light emitting diodes,'® sensors,’

nanogenerators® > © and solar cells.®

Many methods have been used to prepare ZnO nanowires,

26

including using chemical vapor deposition,”” 2° metal-organic chemical

26, 32

deposition, pulsed laser deposition,”® physical vapor deposition,3*

71 27

vapor-liquid-solid methods® as well as the hydrothermal

method>”" 3% 3 used in this work. The latter is one of the most simple
and cost effective methods, making it straightforward to scale up

production,3”: 38 40

Patterned growth of ZnO nanowires using hydrothermal methods

64, 65

have been studied extensively as it is a simple way to produce

spatially distributed nanowires for device fabrication. The use of
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microcontact printing (uCP)®? has become common for the modification
of surfaces with monolayer domains, though its use as a method for

patterning nanowire growth has not been well explored.

In this paper we have demonstrated vertically aligned and
patterned ZnO nanowires on silicon substrates. These structures were
produced using UCP to control the regions where a seeding layer is
deposited on a surface. In turn, the patterned seeding layer controls
the regions where the nanowires are grown from the surface using a
hydrothermal growth technique. Additionally, the effects of spatial
distribution on the size and morphology of ZnO nanowires are

discussed in this paper.

Experimental

Microcontact Printing

For pupCP, two types of stamps were made from
polydimethylsiloxane (PDMS). Type I was made by molding PDMS on a
silicon calibration grating, producing stamps with parallel features of
1500 nm wide platforms having a height of 500 nm. The spacing
between the platforms was maintained to be 1500 nm. This stamp
would be expected to transfer material onto the surface in a pattern of
1.5 um wide parallel lines with 1.5 um wide separation. Type II was
made by molding PDMS on wafer template consisting of recessed 10

um circles or annular rings with a lateral thickness of 1um obtained by
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photolithography using using Shipley 1813 as photoresist. The height
of the stamp features was 2 um and the spacing between features was

75 um.

The stamping inks were solutions of zinc acetate in ethanol.
These solutions were prepared at four different concentrations: 0.1,
0.2, 2, 10 mM/L. For transferring the zinc acetate onto the silicon
substrate, the selected stamp was soaked in the zinc acetate solution
for 30 to 60 seconds. The ‘inked’ stamps were then blown dry with a
stream of nitrogen, brought in contact with the silicon substrates for
10 seconds, and then quickly separated. Consistent force was applied
from sample to sample by ensuring conformal contact due to work of
adhesion. After this printing procedure, the samples were baked on a
hotplate for 30 min at 350°C. This heat causes the zinc acetate to
decompose, reacting with atmospheric oxygen and forming ZnO
nanocrystals. These nanocrystals, now patterned on the on Si
substrate, acted as a nucleation layer for the growth of nanowires

growth.

Hydrothermal Growth

ZnO nanowires were grown using the conventional hydrothermal
method. 25 mM L of both zinc nitrate and hexamine solutions were
prepared in deionized water (DIW) and heated to 80°C. This solution

was used as the growth solution. 10 pL of a 10mM L stock solution of
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sodium citrate were added per 250 mL of growth solution. The Si
substrate was placed face down in the growth solution, and held for 2
hours while the solution was stirred vigorously. Afterward, the silicon
was removed from the growth solution, and rinsed with DI water and,
optionally, sonicated in DIW for 3-5 seconds to remove ZnO debris -
ZnO nanowires grown not on the substrate, but rather in the solution
and deposited on the substrate afterwards. This debris has been
observed in some of the scanning electron microscopy (SEM) images.
It typically appears much brighter than nanowires grown on the
substrate as they have an open contact with the substrate, therefore
experiencing a stronger charging effect. Finally, samples were dried

using dry Na.

Results and Discussion

Figure 11(a) shows an SEM image of ZnO nanowires grown with

W LA A O
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Figure 11. a) SEM image of ZnO nanowires patterned using microcontact printing
with type I stamp, b) Zoomed in and tilted 60° SEM image of the same nanowires,
revealing their shape and length.
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the hydrothermal method on patterned substrates. Patterning was
done with the use of microcontact printing with a parallel grating (type
I) stamp. The width and spacing of printed lines is approximately 1.5

pum.

As seen in Figure 11(b), the nanowires have a conical shape with
a base diameter of approximately 500 nm and an apical diameter of
approximately 200-400 nm. These sizes are considerably larger than
the sizes observed for nanowires grown under the same conditions on
uniformly seeded, rather than patterned, substrates. The reasons for
the different sizes observed are unclear. However, a potential
explanation may lie in a difference in seeding between the two
techniques - even though the same seeding solution was used both for
patterned and uniformly seeded samples, the different seeding
techniques may introduce a variation in the density of zinc acetate
molecules on surface. After baking, different sizes of ZnO nanocrystals
would result. Since these nanocrystals serve as growth sites for
nanowires, the nanowires produced would have different dimensions.
Another potential explanation would be a difference in the growth
environment - the patterned nanowires are confined to regions
defined by the patterned seeding solution. The patterned surface
produces fewer growth sites per area, providing more free space
around the wires during the growing stage. This reduced crowding may
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lead to more free and rapid access to the zinc ions during the growth.
Although a more likely explanation is a combination of these two

effects.

Comparable results were observed in work presented below and
support the explanations given above. Samples were produced which
had relatively large areas patterned with the seeding solution
separated by large bare surface. These samples exhibited variations in
the size of the nanorods grown within a single sample. Moving from
the bare region further into the area of uniform seeding, the nanowires
have been found to decrease in size. This decrease is quite dramatic,
on the order of a ten-fold change. Also varying is the lateral spacing of
the nanowires, with the densest coverage being at the center of the

uniformly coated region.

The image in Figure 12 is representative of the ZnO nanowires

: o 3 ©
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Figure 12. SEM images of ZnO nanowires patterned as annular rings with 10 um
outer diameter and lateral thickness of 1 um before (a) and after (b) sonication.
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as patterned by contact printing the seeding solution with an annular
type II stamp. Again, the mean diameter of the resulting nanowires is
greater than the mean diameter of the nanowires grown under the
same conditions but on surfaces continuously covered by the seeding
solution. The nanowires lying around the annular ring are most likely
nanowires grown simultaneously in the solution without seeding
crystals and deposited on the surface after growth. Alternatively, they
may have been grown on the substrate, but they detached and were
redeposited. They have a weaker contact with the substrate than the
nanowires grown from the seeded ring; therefore, they often have
more charging by the SEM and appear much brighter on the SEM

images (lower part of the image).

Figure 12(b) is an SEM image of the same patterned ZnO
nanowire sample at a different location after light (~3 sec) sonication
in DI water. As can be seen, most of the debris is gone. The patterned
nanowires predominantly are still attached to the surface, as are some
fraction of the nanowires that were grown in the non-seeded areas.
The observed in Figure 12(a) and Figure 12(b) difference in the
density and size of the nanowires across patterned regions on the

same sample may be due to the nature of conformal contact in pCP.
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Figure 13(a) is representative of the SEM images of ZnO
nanowires patterned with another Type II stamp that had 10 um solid
circles, rather than rings. Interesting to note is that the nanowires on
the outside of the circle are of larger diameter than those inside the
circle, and the growth is mostly horizontal. Results of this type support
the assertion that the larger diameter nanowires has resulted from
greater diffusion of the ionic zinc to the growing wires at the edge of

the pattern.

Figure 13(b) shows an SEM image of ZnO nanowires grown on
the same patterned surface that produced the image shown in Figure
13(a), but in a region where the roof of the stamp was intentionally
collapsed. The collapsed part of the stamp printed the seeding solution
everywhere except for the region immediately around the feature

(residual moat of unsealed area)’?. Here the restoring forces within the

30kv  X5,000 S5um 10 30 SEI

Figure 13. SEM image of ZnO nanowires patterned as circles in areas where
microcontact printing was performed (a) normally, (b) with intentionally collapsed
roof.
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stamp balanced the forces of adhesion between the stamp and the
substrate, preventing collapse close to the feature. The variation in
nanowire sizes has not occurred in this case. Two reasons likely
explain this behavior - 1. the modified distribution of forces in this
geometry has changed the deposition density of the seeding solution,
resulting in a more uniform distribution of the zinc acetate, and/or 2.
the growth of the nanowires around the feature prevented effective
refreshing of the chemicals so that the nanowires could not grow at
the same conditions as shown in the previous figure. The latter
explanation can also be confirmed by the fact that samples with lines
printed with stamps of Type I have nanowires of larger sizes as
compared with the samples with uniform seeding grown under the

same conditions.

Figure 14 shows the typical X-ray diffraction (XRD) patterns of
the ZnO nanowire coated substrate. Two peaks are pronounced for the
ZnO diffraction pattern: (002) and (101) which appear at 26=34.4°,
36.3°, respectively. The ZnO nanowires in the samples under
investigation have shown a dominate diffraction peak for (002), which
indicates a high degree of orientation with the c-axis vertical to the
substrate surface. The XRD results suggest that our sample is highly

crystallized wurtzite type.
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Figure 14. Typical XRD of samples grown with technique described. Pronounced
(002) peaks is an indication of predominantly vertically aligned nanowires.

Conclusion

A simple and cost effective technique for the hydrothermal
growth of patterned ZnO nanowires is shown in this paper. The
microcontact printing technique is employed for growing spatially
distributed ZnO nanowires for device applications. Our study has also
shown that both the seeding and the local growth environment are

critical for the sizes and shapes of the produced nanowires.
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Chapter 4: Novel Aster-like ZnO Nanowire Clusters for

Nanocomposites?

Abstract

ZnO nanostructures have attracted a great deal of interest
because of their biocompatibility and outstanding optical and
piezoelectric properties. Their uses are widely varying, including
incorporation in sensors, solar cells, and nanogenerators. Biological
systems are yet another area of application of ZnO nanowires. Apart
from their electrical and optical properties, ZnO nanostructures can be
used for the mechanical reinforcement of existing biomimetic scaffolds
such as collagen and/or other biodegradable polymers (poly(lactic
acid), polyglycolide, poly(alkyene succinate)s or
polyhydroxylalkanoates). In this work, we have demonstrated a cheap
and comparatively facile hydrothermal growth method for the bulk
production of ZnO nanostructures exhibiting an aster-like geometry.
The novel nanostructures of ZnO can be used as reinforced material to

biopolymers. The aster shape has presented an increased surface

2 Mikhail Ladanov, Manoj Ram, Ashok Kumar, Garrett Matthews, Novel Aster-
like ZnO Nanowire Clusters for Nanocomposites, Mater. Res. Soc. Symp. Proc. Vol.
1312, 2011, reproduced with permission.
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area, providing a means for enhancing the stabilization of the gels
and\or polymers. With controllable growth of ZnO nanostructures this
method allows the geometry which could be tuned for maximal
coupling between the two phases of composite and increased

mechanical strength.

Introduction

ZnO is a biocompatible piezoelectric II-VI semiconductor with a
wide direct band gap of 3.37 eV and large exiton binding energy of 60
meV. Recently, ZnO nanostructures have attracted great attention as a

promising functional material due to its suitability for application in UV

7,8,73

lasers,?! 37 light emitting diodes,'° sensors, nanogenerators® > ©

and solar cells. Due to biocompatibility,’* 7> ZnO can be used as a
functional material in implantable devices or even as a reinforcing
material for different biopolymers. In this case bulk growth of
structures with large surface area to volume ratios while keeping the
effective volume large enough for successful incorporation into

biopolymers is desired.

Many methods have been used to prepare ZnO nanowires,

26

including using chemical vapor deposition,”” 2° metal-organic chemical

31, 32

deposition, pulsed laser deposition,’® physical vapor deposition,3"

"1 vapor-liquid-solid methods® 2’ and hydrothermal methods.3”: 38 3°
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The hydrothermal method is one of the most simple and cost effective

methods, making the scaling up of production straightforward.

Growth of ZnO nanostructures using the hydrothermal method
has been studied extensively as it is a simple way to produce various
shapes and geometries of nanostructures. The use of modifying
agents, various substrates, wide spectra of seeding techniques and
electric field assistance has become common for the modification of
resultant properties, such as shape, size and morphology of ZnO
nanostructures. However, mostly these techniques are suitable for the

growth of ZnO nanostructures on various substrates.

In this paper, we demonstrate the growth of ZnO nanostructures
in a bulk solution, where different sizes of ZnO nanoparticles were
used as nucleation sites for the hydrothermal growth. During
conventional hydrothermal growth ZnO nanowires grow not only on
the surface of the substrate, but in the solution as well. This method
often leaves debris on the resultant samples, but has the advantage
that adding ZnO nanoparticles as growth sites changes the bulk-grown
nanostructures greatly. We demonstrate these nanostructures, and
discuss possibilities for large scale repeatable growth of such

structures.
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Experimental

Chemicals and Reagents

The zinc nitrate hexahydrate (Zn(NO3)2:6H50) and
hexamethylenetetramine (HMTA), trisodium citrate (CgHsNasz0O7), were
all ACS grade and purchased from Sigma-Aldrich (USA). Zinc Oxide
Nanoparticles with a nominal size of 10-30 nm were purchased from
SkySpring Nanomaterials, Inc. and Zinc Oxide Nanopowder of nominal
sizes <50 nm and <100 nm were purchased from Sigma Aldrich. All
solvents and materials were employed as purchased without any

further purification unless specified.

TEM of the nanoparticles was performed. The method followed
was: a small amount of nanoparticles as purchased were mixed with
ethanol and actively sonicated to separate bundled particles. A TEM
copper mesh was dipped in the solution and dried. TEM was performed

on this grid.

ZnO Nanostructures Growth

ZnO nanostructures were grown using the conventional
hydrothermal method. 25 mM L' of zinc nitrate and hexamine
solutions in deionized water (DIW) at 80°C were used as the growth
solution. Different amounts of sodium citrate solution in DIW were

added into selected samples, as specified.
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ZnO nanoparticles in amount of 20-30 mg were vigorously
sonicated in 1 mL of DIW to effectively separate and unclog them and
were added to the growth solution. They acted as nucleation sites for

nanostructure growth.

The solution was kept at 80°C with vigorous stirring for 4 hours
and then washed with DIW and ethanol and finally filtered. Samples

obtained were studied using SEM technique.

Results and Discussion

Figure 15(a) shows a TEM image of as purchased ZnO
nanoparticles with nominal size <30 nm. The TEM picture reveals less
distribution in size than other samples with nanoparticles size of nearly
200 nm in comparison with the nominal 10-30. Figure 15(b) shows a
TEM image of as purchased ZnO nanoparticles with nominal size <50

nm. ZnO nanoparticles have a large distribution in size and generally

10-30 nm, b) <50 nm, c) <100 nm. Scale bar on the images is 200 nm. Insets: high
resolution TEM of atomic planes of the nanoparticles. Scale bar is 2 nm.
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Figure 16. a) SEM image of as grown ZnO aster-like nanostructures with ZnO
nanparticles of the nominal size of 10-30 nm acting as nucleation sites, b) Zoomed
out SEM image of as grown ZnO aster-like nanostructures with ZnO nanparticles of
the nominal size of 10-30 nm acting as nucleation sites. The aster-like structures are
the preferable resultant structure with these growth conditions.

are of size much less than 50 nm. Figure 15(c) shows a TEM image of
as purchased ZnO nanoparticles with nominal size <100 nm. ZnO
nanoparticles have a large distribution in size and generally are of size
~100 nm. Insets in Figure 15 show atomic planes of the corresponding

particles; the scale bar is 2 nm.

Figure 16(a) shows a TEM image of ZnO nanostructures grown in
bulk solution as described before with addition of 2uL of 0.1 mM/L of
sodium citrate. Approximately 24 mg of ZnO nanoparticles with
nominal size 10-30 nm were added as nucleation seeds. Aster-like
shape of resultant ZnO nanostructure has been observed in the image,

showing ZnO nanowires growing out of common nucleation site.

A lower magnification image of the same sample is presented in

Figure 16(b) and shows the abundance of aster-like structures in the
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samples. This indicates that this growth mode is preferable under the

present growth conditions.

An SEM image of ZnO aster-like structures grown with ZnO
nanoparticles of nominal size of <50 nm are shown in Figure 17(a).
The nanostructures growth was performed following the general recipe
with no sodium citrate added. 25 mg of ZnO nanoparticles of nominal
size <50 nm were used as nucleation sites. Aster-like nanostructures
are not as pronounced as structures with 30 nm ZnO nanoparticles

nucleation, but are in abundance as shown in Figure 17(a).

Figure 17(b) shows ZnO nanostructures grown with the same
general recipe, with no sodium citrate added. 27 mg ZnO nanoparticles
of <100 nm nominal size were added as nucleation sites in this

growth. Although aster-like nanostructures have been observed, the
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Figure 17. a) SEM image of ZnO aster-like structures grown with ZnO nanoparticles
of nominal size of <50 nm, b) SEM image of ZnO aster-like structures grown with
ZnO nanoparticles of nominal size of <100 nm.
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Figure 18. SEM image of ZnO nanostructures grown following general recipe with
addition of a) 20 uL of 10 mM/L of sodium citrate per 250 mL of growth solution and
b) 2 mL of 10 mM/L of sodium citrate per 250 mL of growth solution.

resultant nanostructures are in mass plain ZnO nanowires.

Also performed was a series of experiments in which higher
concentrations of sodium citrate, which acts as surfactant agent, were
used. Here aster-like structures were not observed in any sample, as
can be seen in Figure 18. Instead, rod-like nanowires of increased size
(with addition of 20 yL of 10 mM/L sodium citrate) were obtained. The
use of even larger concentrations of the surfactant (addition of 2 mL of
10 mM/L of sodium citrate) somewhat cubic-like structures resulted

(Figure 18(b)).

X-ray diffraction (XRD) and Energy-dispersive X-ray
spectroscopy (EDS) measurements were also performed to
characterize obtained ZnO nanostructures. Figure 19(a) and (b) show
typical XRD and EDS spectra, respectively. In XRD measurements

obtained peaks at 31.77°, 34.43°, 36.26°, 47.55°, 56.61° and 62.87°
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correspond to hexagonal ZnO structure with crystallographic (100),
(002), (101), (102), (110) and (103) directions, respectively. EDS
measurements reveal that sample generally contains the atomic ratio
35.7% and 53.76% of zinc and oxygen, respectively. Higher atomic
percent of oxygen is not uncommon for metal oxides. Meanwhile, EDS
measurements support the proper identification of peaks in XRD

spectra of ZnO nanostructures.

Conclusion

Conventional hydrothermal growth with addition of 2ZnO
nanoparticles as nucleation sites could be used for growth of aster-like
nanostructures. Care should be taken regarding the size and quality of

nanoparticles. Uniformly sized seeding particles with lateral dimensions
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Figure 19. Typical a) XRD spectra and b) EDS spectra of ZnO nanostructures grown
following general recipe. Nanostructures were diluted in ethanol, dropcasted on Si
substrate and dried for XRD and EDS measurements.

65



of ~200 nm should be used as nucleation sites. In this study the best
results were obtained using nanoparticles with nominal size of 10-30

nm.
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Chapter 5: Structure and Opto-Electrochemical Properties of

ZnO Nanowires Grown on n-Si Substrate®

Abstract

Zinc oxide (ZnO) nanostructures have attracted great attention
as a promising functional material with unique properties suitable for
applications in UV lasers, light emitting diodes, field emission devices,
sensors, field effect transistors, and solar cells. In the present work,
ZnO nanowires have been synthesized on an n-type Si substrate using
a hydrothermal method where surfactant acted as a modifying and
protecting agent. The surface morphology, electrochemical properties,
and opto-electrochemical properties of ZnO nanowires are investigated
by using scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS), cyclic voltammetry, and impedance spectroscopy
techniques. The cycling characteristics and rate capability of the ZnO
nanowires are explored through electrochemical studies performed
under varying electrolytes. The photo response is observed using UV

radiation. It is demonstrated that crystallinity, particle size, and

3 Reprinted (adapted) with permission from M. Ladanov, M. K. Ram, G.
Matthews, and A. Kumar, Langmuir, 27, 9012 (2011). Copyright (2011) American
Chemical Society.
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morphology all play significant roles in the electrochemical

performance of the ZnO electrodes.

Introduction

Zinc oxide (ZnO) is an II-VI semiconductor with a wide direct
band gap of 3.37 eV at 300 K and large exciton binding energy (60
meV). Its nanostructures have attracted great attention as a promising
functional material. The unique properties of nanostructured ZnO

make it suitable for applications in UV lasers,?’ 37 light emitting

9 7, 8, 73

diodes,!® electrochromic and field emission devices,® sensors,

7,73, 76

field effect transistors, nanogenerators actuated by atomic force

6

microscopy (AFM) tips* © or driven by ultrasonic waves,”> and solar

cells.®

Among the various ZnO nanostructures, well-aligned nanowire
arrays are one of the most promising, and consequently they have
been extensively studied.!® 32 Many methods have been used to
prepare ZnO nanowire arrays, including using chemical vapor

deposition (CVD),”" 2® metal-organic chemical deposition (MOCVD),3"

32 71

pulsed laser deposition (PLD),”® physical vapor deposition,3

627 and the hydrothermal method.”

vapor-liquid-solid (VLS) methods
38,39 These techniques are well developed and show the efficiency and
accurate control of the processes as well as the resulting morphology

of ZnO nanostructures. Moreover, they are generally inexpensive.
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However, for practical reasons, fabrication of devices based on ZnO
should be relatively simple, straightforward, as well as cost-effective.
Therefore, a solution phase approach recently has attracted a great
attention due to its simplicity compared to other methods, and due to
its ability to produce large-scale, low-cost, and controllable growth of

one-dimensional ZnO nanocrystals.3’- 38 40

It is known that crystallinity, particle size, and morphology play
significant roles in the electrochemical performance of ZnO anode
materials. Also, previously it has been proven that controlling the
morphologies of transition metal oxides could improve their
electrochemical performance, such as cycling characteristics and rate
capability. However, detailed studies of the structure, the
electrochemical and opto-electrochemical properties of ZnO nanowires
will improve greatly their applicability in photocell devices. From this
point of view, we utilized a conventional hydrothermal method to
synthesize ZnO nanowires directly on a conducting Si surface. We used
a surfactant as the modifying and protecting agent in this process. As
the seeding of ZnO nanocrystals plays an important role in the

9 special attention was

resulting morphology of ZnO nanostructures,®
paid to developing a repeatable and tunable seeding recipe combined
with utilization of surfactant agents. This approach leads to broad

control over the morphology of the ZnO nanostructures produced. The
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synthesis process did not require high temperature or preformed
templates. Thus the advantages of this method for the preparation of
ZnO nanowires include its simplicity and mild reaction conditions, as
well as its suitability for large-scale preparation of samples with

controlled morphologies.

Experimental

Reagents and Materials

The nitrate hexahydrate (Zn(NOs3)2-6H20),
hexamethylenetetramine (HMTA), and diethylenetriamine sodium
citrate were all ACS grade and purchased from Sigma-Aldrich (U.S.A.).
All solvents and materials were employed as purchased without further

purification unless specified.

ZnO Nanowire Growth and Characterization

ZnO nanowires were grown using the conventional hydrothermal
method. Twenty-five millimolar zinc nitrate and hexamine solutions in
deionized water (DIW) at 80 °C were used as the growth solution. Ten
microliters of a 10 mM solution of sodium citrate per 250 mL of growth

solution were added.

ZnO nanocrystals on Si substrate acted as a nucleation layer for
nanowire growth and were created by the following recipe: 2 mL of 0.5

mM of zinc acetate in ethanol were spun on 2 in. Si substrate at 1000-
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1200 rpm for 40-50 s. Immediately after ethanol visibly evaporated
from the substrate, the substrate was dried by a flow of dry N, while
spinning to ensure removal of water remnants and achieve uniform
seeding. After that, the Si wafer was baked at 350 °C on a hot plate

for 30 min.

Zn0O nanowires were grown by submerging the seeded n-type Si
substrates inverted in the growth solution at 80 °C for 2 h.
Temperature was controlled by a water circulation system, and the

growth solution was constantly stirred.

The average turnover time to refresh the chemical solution in the
reactor was 3 to 5 h in order to enhance the growth rate and aspect
ratio of the nanowires for a specific growth time. Finally, substrates
were removed from the growth solution, rinsed with DIW, and dried

under nitrogen flow.

The basic reaction responsible for the growth of nanowires from

solution is described as follows.

Decomposition reaction:
(CH»)eN4 + 6H.0 — 6HCHO + 4NHs
Hydroxyl supply reaction:

NHs + H,0 < NHs" + OH’
Supersaturation reaction:
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20H + Zn*? — Zn(OH)>
ZnO nanowires growth reaction:

Zn(OH)> — ZnO + H,0

Surface/Structure Characterization

The surface morphology of ZnO nanowires was investigated by
scanning electron microscopy (SEM) to determine their size, shape,
and density. X-ray diffraction (XRD) of the samples was used to
demonstrate the crystallinity of the nanowires and preferred crystal
orientation. Energy dispersive X-ray spectroscopy (EDS) was used to

determine the chemical composition of the obtained structures.

Electrochemical Measurements/Photo-electrochemical Response Setup

The electrochemical and photochemical measurements were
carried out using a Potentiostat/Galvanostat (Voltalab). A standard
three electrode configuration was employed, where the n-Si/ ZnO
nanowires acted as the working electrode, a platinum wire acted as
the counter electrode, and Ag/AgCl acted as the reference electrode.
The electrochemical studies were performed in 0.05 mM HCI, 0.01 M
NaOH in DIW and 0.1 M LiClIO4 in acetonitrile electrolytes. UV light
with maximum intensity at 366 nm was used to illuminate the sample
from 2 to 3 cm away from the working electrode. The power supplied

to the UV light were controlled manually.
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Results and Discussion

Structural Studies

The SEM studies indicated that the morphology of the ZnO
nanowires produced by this method was not homogeneous across the
surface of the silicon substrate. One can clearly distinguish areas with
the same seeding as the developed recipe as well as areas with no

seeding at all (no ZnO NW observed). Figure 20a shows a top-down

30kvV  X30,000 0.5pm 10 30 SEI

Figure 20. a) SEM image of the as grown nanowires. Inset: cross section of the
sample with nanowires. b) SEM image of nanowires on the same sample in the
transition area between seeded and non-seeded regions. With the same growth
conditions density of ZnO nanocrystals combined with surfactant agent plays
significant role in formation of nanowires.
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image of the ZnO nanowires grown in a densely seeded region. The
diameter of the nanowires in this region was ~50-100 nm, with clear
hexagonal structure. Also shown in Figure 20(a) is an SEM image of
the cross-section (see inset), revealing that the orientation of the
nanowires was predominately vertical. The length of these nanowires
was approximately 1 um for a 2 h growth period, as described in the
Experimental Section. In the region transitioning from dense seeding
to minimal seeding, the morphology of the nanowires changes. Figure
1b shows an SEM image taken from the same sample, but near the
edge of the seeded area. The ZnO nanowires grown in this region had
several times larger diameters and again showed clear hexagonal
structure. Moreover, the density of the nanowires was much lower.
Apparently, the density of ZnO microcrystals that served as the
seeding layer was diminished. This change in density resulted in ZnO
nanowires being grown under different conditions from those shown in
Figure 20(a), even though the growth solution, temperature, and time
were identical. It has been shown previously that, even with the same
growth conditions, the morphology of nanowires is dependent upon
the seeding method.?® Thus, we have shown that ZnO growth primarily
was controlled by the density and the quality (i.e., grain size,
thickness of film and\or crystallographic orientation) of seeded ZnO

nanocrystals.
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Figure 21. EDS data of as-grown sample with ZnO nanowires. Zn, O, Si and C peaks
are present.

EDS of ZnO nanowires grown on n-Si was performed, and the
resulting spectrographic data is shown in Figure 21. EDS determines
the composition of the synthesized ZnO nanostructures, and the
results reveal that the nanostructure was composed of Zn, O, C, and
Si. Quantitative EDS analysis showed that the element weight ratio of
Zn to O was about 1:1. The presence of C can be understood as the
residue left from the organic solvent used in preparation of the ZnO
nanowires. The presence of the Si peak in the EDS pattern can be

assigned to the Si substrate.
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Figure 22 shows the XRD patterns of the substrate coated with
ZnO nanowires. Four peaks were pronounced for the ZnO diffraction
pattern: (100), (002), (001) and (102) appear at 26 = 31.7°, 34.4°,
36.3° and 47.5°, respectively. As expected, the ZnO nanowires in the
sample showed a dominate diffraction peak for (002), indicating a high
degree of orientation with the c-axis vertical to the substrate surface.
The XRD results suggest that our sample was highly crystallized

wurtzite type.

Electrochemical Study
In order to explore their possible application, the electrocatalytic

performance of the as-prepared ZnO nanowires on doped silicon
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Figure 22. XRD data of the as-grown sample, revealing crystalline structure of ZnO
nanowires. Pronounced (002) peak suggests dominating vertical alignment of
nanowires.
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substrate was characterized. An n-Si substrate covered with ZnO
nanowires was used as a working electrode, platinum was used as a
counter electrode, and Ag/AgCl was used as a reference electrode in

the presence of different electrolytic solutions.

Figure 23(a) shows cyclic voltammograms (CVs) of the ZnO
array electrode in 0.1 M LiCIO4 solution as a function of the scan rate.
The CV showed a pair of well-defined redox peaks for ZnO nanowires.
The oxidation of the ZnO nanowires was around 0.2 V, whereas the
reduction peak was observed at around -0.4 V vs Ag/AgCl. These
results imply that the ZnO arrays demonstrate electrocatalytic activity
to oxidation in the presence of the LiClO4 electrolyte. The cathodic
reduction peak at -0.4 V can be assigned to the reduction of ZnO into
Zn. ZnO showed the classical reduction-oxidation behavior of metallic
Zinc in ZnO nanorods. There is an increase in the current density due
to reduction of Zn?* to Zn, which was accomplished with a hysteresis
effect, followed by an anodic peak close to 0.2 V during the reverse

scCan.
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Figure 23. CVs at different scanning speeds for a) LiClO4, b) NaOH and c) HCI
electrolytes.

Figure 23(b) shows the CVs of the ZnO array electrode in 0.01 M
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NaOH solution as a function of the scan rate. The CVs of ZnO in 0.01 M
NaOH generally were used to understand the charge capacity of ZnO.
The results revealed interesting CV properties in the oxidation
potential at around -0.33 V, and the peak decreased as the scan rate
decreased. The reduction potential was not as sharp as was observed
for the oxidation potential. Figure 23c shows CVs of the ZnO array
electrode in 0.5 mM HCI solution as a function of the scan rate. This
figure shows the oxidation peak at around -200mV at 100 mV/s.
Interestingly, the oxidation peak was found to shift toward more
negative potential as a function of scan rate. The observed shift in
redox potential was negative due to the slow kinetics of ZnO reduction.
The kinetics of ZnO decreased as a function of scan rate. In the
reduction of ZnO electrode, the diffusion coefficient also changed in
different solutions. The CVs of ZnO nanowires in different electrolytes
show the hysteretic characteristics of electron accumulation and
discharge in ZnO nanowires superimposed upon the Faradic current
due to the electrolytes. The voltammogram is also completely
dependent upon the scan rate. A similar effect was observed for the
reduction peak shifting toward more negative potential as a function of
scan rate. The reverse scan gives the corresponding cathodic peak,
and the anodic peak was well-defined for the repeated scans. The CV

measurements shown in Figure 23(a,b,c) are indicative of an
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electrochemical diffusion controlled system. Thus, the observed

oxidation was totally reversible.

Figure 24 represents chronoamperometric studies, where the
potential was varied from -0.2 to 0.5 V vs Ag/AgCl in three different
electrolytic systems. The current transient was recorded for the
oxidation and reduction potentials. The chronoamperometry study
serves as an alternative probe of electron occupancy in ZnO NWs film.
The oxidation shows higher current and faster response than the
reduction system. A similar effect was observed in Figure 23 for the CV
studies. The reduction and oxidation showed a sharp transition as
shown in Figure 24. The transient current exhibited a “fast” phase in

ZnO NWs, which was complete within 1 s at the applied negative
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Figure 24. Chronoamperometry for LiCIO4, NaOH and HCI electrolytes.

80



potential.

Electrochemical impedance spectroscopy (EIS), which provides
information regarding the resistance and capacitance of the electrode
materials, is an effective approach for investigating electron transfer
across the electrolyte and the surface of the electrode. Figure 25(a)
shows the typical impedance spectra of the ZnO nanowire electrode in
0.1 M LiClO4 solution at an AC frequency varying from 100 kHz to 0.1
Hz. The ZnO electrode displayed semicircles at the high-frequency
region and a straight line at the low-frequency region, indicating that
the electrochemical reaction at the ZnO electrode was controlled by a
mixed process of charge transfer and diffusion limitation. A similar
effect was demonstrated in Figure 25(b,c) in 0.01 M NaOH and 0.5 mM

HCI electrolytes, respectively.

Photoelectrochemical Current

Figure 26 shows the response of photopotential of the ZnO
nanowire electrode under UV irradiation. When the UV-light was
switched on, an electron-hole pair was generated showing the
photocurrent. The initial charge separation competes with
recombination, so both processes have to take place on the same time

scale.
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Figure 25. Nyquist plot of samples with ZnO nanowires in a) LiClO4, b) NaOH and c)
HCI electrolytes.
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The net transport through the electrode was divided into two
subsequent processes: one process was charge transport through the
nonilluminated part of the ZnO, and the other process was transport
through the n-Si substrate to the back contact. The UV irradiation
changed the current abruptly with little variation, and returns to the
initial value after the light is switched off. In addition, it also was
noticed that the photopotential sharply reverted when the light was
switched off. Although recombination of photogenerated carriers
occurred in the ZnO under dark conditions, it was restrained effectively
by the internal electrostatic field in the junction region. The separated
electrons migrated easily to the external circuit. However, it is well
established that liquid electrolytes create Schottky junctions when

brought into contact with ZnO. We have tried to understand the
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Figure 26. Photocurrent response to UV light at different DC biases.
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junction between the liquid electrolyte and ZnO rather than n-silicon

and n-type ZnO.

The electron transfer process in the ZnO electrochemical set up
is similar to that in a semiconductor-metal composite. The electrons in
the valence band of ZnO were excited to its conduction band, giving
rise to the formation of an electron-hole pair, as shown in the
schematic in Figure 27. The UV irradiation caused a rise in the

transient photocurrent followed by an exponential decay after the UV

light was switched off.
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Figure 27. Schematics of electrochemical processes on the surface of the sample.
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Conclusion

The growth of ZnO was primarily controlled by the density of
seeded ZnO nanocrystals. The electrochemical studies at various
electrolytes showed the cycling characteristics and the rate capability
of ZnO nanowires. It was established that crystallinity, particle size,
and morphology play significant roles in the electrochemical
performance of the ZnO nanowire electrode. The electrochemical study
also indicated that ZnO nanowires were able to be doped with ions,
and the process was reversible. The photoelectrochemical current was
observed by illumination with UV-light in an electrochemical cell where
ZnO acted as the working electrode in electrolytic media. The detailed
structure, electrochemical, and opto-electrochemical studies on ZnO
nanowires could provide for their application in photocells and

photosensors.
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Chapter 6: Effects of the Physical Properties of Atomic Layer
Deposition Grown Seeding Layers on the Preparation of ZnO

Nanowires

Abstract

Zinc Oxide (ZnO) nanowires are growing in interest as the
number of devices for which they are well suited increases. Success in
these applications requires defined and controlled geometric
incorporation of the wires into the various platforms. Therefore,
establishing the ability to tailor the growth ZnO nanowires to produce
specified sizes, surface densities, and orientation will be important. In
the reported work, the effects of the seeding layer on these factors
were accessed. Atomic later deposition (ALD) was used to produce
thin films of ZnO under varying growth and post-processing
conditions. These films were fully characterized, including their
thickness, surface roughness, and crystalline orientation. Using these
well-defined films as the seeding layer, ZnO nanowires were grown
and subsequently characterized in terms of morphology and crystalline
properties. It was shown that the resulting nanowire properties are

dependent upon the nature of the seeding layer, and careful
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production of the seeding layer allows for some control over these

properties.

Introduction

Zinc oxide (Zn0O) nanostructures currently are being studied
extensively because of their promising optical and electronic properties
and their resulting potential applications in a wide variety of devices.
These devices can be divided into several categories, including

16, 19 chemical and

mechanical transducers,* > © photovoltaic devices,
gas sensors,” 8 field emission devices,’ and lasers.?® ZnO
nanostructures also have been used as a promising biocompatible

23, 24

material for biological applications and recently were studied as an

electrode material for electro- and optoelectrochemical applications.?®

This wide diversity of applications requires controlled production
of ZnO nanowires with very different and tailored physical properties.
In the particular application of using these nanowires as an electrode
material, strategic control over their size, shape and surface density is

of high importance.

Many different growth techniques are currently available for
production of ZnO nanowires on various substrates,?® 27 31:32:70. 71 Ope
of the most simple and cost-effective techniques is the hydrothermal

process.3” 3% 39 The simplicity and scalability of this growth method
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make it highly suitable for commercial applications. This advantage is
especially crucial for usage of ZnO nanowires in high-volume
production of electrodes for batteries, as well as for supercapacitor

applications.”’

In the hydrothermal process, growth of ZnO nanowires is
facilitated by a suitable substrate with proper surface treatment or
coating. For general, non-ideal, substrates, the process requires a
seeding layer. The most often used seeding layer is a ZnO thin film.
Properties of this thin film such as polycrystallinity, preferred crystal
orientation, grain size and roughness all directly influence the
morphological properties of the ZnO nanowires grown on its surface.®?
The thin film serving as a seeding layer can be grown by several
different techniques. The most frequently used growth processes
include thermal decomposition of zinc acetate®® and sputtering of
Zn0.’® Nevertheless, any other growth technique that results in a

polycrystalline ZnO thin film can be used.

In many applications, vertical alignment of the nanowires is
desired. It can be seen from previous work?®® that although, densely-
packed and vertically-alighed ZnO nanowires are the preferred growth
pattern, the resultant orientation of as-grown ZnO nanowires on this

type of seeding layer is far from ideal.
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A previous study®® of ZnO seeding layer deposited through
thermal decomposition of zinc acetate revealed that the preferred
orientation of the seeds in such a thin film is with the c-axis
perpendicular to the surface. Still, great control over the uniformity of
the ZnO thin films deposited by thermal decomposition of zinc acetate
is required.®® Basically, the non-uniformity in the ZnO seed layer
produces a large size differential in the resulting ZnO nanowires. It
was also reported that the growth morphology depends strongly on
the grain size of the seeding layer.>® Therefore, in order to realize both
a favorable vertical orientation and small diameter nanowires, an
ultra-thin film, with c-axis aligned perpendicular to the substrate and

with small grain size, is greatly preferred as a seeding layer.

One of the best coating methods for production of such a seed
layer is atomic layer deposition (ALD),”® which simultaneously offers a
high degree of conformity, compatibility with integrated circuit (IC)
processing, and precise digital control over the thickness of the

deposited layer down to the angstrom range.

Studies on the growth of ZnO nanowires on a seeding layer
grown by ALD have been reported recently. In work by J.-S. Na et al.>®
ZnO NW were hydrothermally grown on a seeding layer deposited by

ALD at low temperature of 125 °C and no study was done on how the
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properties of ALD seeding layer affect the subsequent hydrothermal

growth.

In work by S.-Y. Pung et al.?°® ALD was done at temperatures
from 60 to 300 °C and crystallinity of the thin films was estimated
using XRD. Effects of annealing of ZnO thin films in air at 800 °C were
also studied. ZnO nanowires were grown using CVD on these films

acting as a seeding layer.

In work by F. Solis-Pomar et al.8f ZnO thin films of different
thicknesses grown by ALD at a constant temperature of 177 °C were
used as seeding layers for hydrothermal growth of ZnO nanowires.
Crystallinity and roughness of ZnO thin films were measured as a
function of film thikness. It was established that the thinner films had
higher degree of orientation with c-axis perpendicular to the substrate
than thicker films leading to hydrothermal growth with higher degree
of vertical alignment, while smaller grain size in thinner films lead to

smaller mean diameter of ZnO NW.

Based on the later two works it can be established that the
thinner (less than ~100nm) films grown at higher temperatures
(above 200 °C) will provide high degree of alignment with c-axis

perpendicular to the substrate.
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In the work presented herein, the atomic layer deposition (ALD)
technique was used to grow the ZnO seeding layer with tailored
properties to explore how the variations in this seeding layer affect the
resultant ZnO nanowires. ALD films were grown at temperatures of
150, 200 and 250 °C and used as seeding layers for hydrothermal
synthesis of vertically-alighed and densely-packed ZnO nanowires. The
thickness of ZnO thin films was in the established earlier regime of less
than ~100nm, while temperatures were high enough to ensure
dominating orientation of c-axis perpendicular to the substrate. These
ALD films were used either as grown or rapid thermally annealed in
oxygen or argon atmospheres at temperatures of 600 and 800 °C. The
temperatures of growth and post-growth rapid thermal annealing were
varied to produce samples with seeding layers exhibiting different
properties, which in turn affected the morphology of the ZnO
nanowires grown atop these layers. Effect of annealing on both
crystallinity and roughness of the ZNO thin films and resultant ZnO

NW was studied.

The process of hydrothermal growth was standardized to
diminish the effects on resultant ZnO nanowires caused by small
variations in the growth conditions, thus providing confidence that only
the seeding layer causes the observed changes in the properties of the
resultant ZnO nanowires.
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ALD thin-film seed layers were characterized by means of atomic
force microscopy (AFM) and grazing incidence X-ray diffraction (XRD)
to determine their roughness, and crystal orientation, while ZnO
nanowires were characterized by means of XRD and SEM to estimate

their size, shape, density and the degree of vertical alignment.

Materials and Methods

Atomic Layer Deposition

ALD®? is a variant of chemical vapor deposition (CVD). While

Figure 28. Schematic illustration of the ZnO ALD process. I —Exposure to the first
precursor, Diethyl Zinc; II - purge to remove excess of the first precursor, leaving a
monolayer of the precursor; III - exposure to the second reactant, water; IV -
purge to remove excess water; V - Diethyl Zinc and water react, forming ZnO,
byproducts of the reaction are removed. Stages I through V are repeated many
times, each cycle resulting in a monolayer of ZnO (a layer of ZnO from previous
cycles is shown). VI - resulting layer of ZnO is used for hydrothermal growth of ZnO
nanowires. Insets: SEM image of ZnO thin film grown by ALD (bottom), SEM image
of ZnO NW grown on ZnO thin film (top), insets show area of 500nm by 250 nm.
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conventional CVD results in the deposition of layers whose thickness
mainly depends on the deposition duration, ALD uses a self-
terminating chemistry, which interrupts the growth process after the
surface is covered with a single atomic layer of material. The ALD film
growth process takes place in cycles (see Figure 28), one cycle
consisting of the following five steps, which are repeated until the
desired thickness is obtained: I. A self-terminating reaction of the first
reactant (precursor A); II. A purge or evacuation to remove the non-
reacted reactants and reaction products; III. A self-terminating
reaction of the second reactant (precursor B); IV. A purge or
evacuation, and V. After the reaction has terminated and all the
byproducts removed, a monolayer of ZnO is formed. When the desired
thickness is reached, the ZnO thin film is used as is or after thermal
treatment to serve as a seeding layer for growth of ZnO nanowires
(step VI of the schematics in Figure 28). It is obvious that the self-
termination feature enables extraordinary control over film thickness
and quality (pin holes, defects, and clustering are strongly reduced
due to the selective interaction at the A/B interface). Another central

advantage is the ability to coat 3D features with a conformal layer.

Precursors used for the ZnO ALD process are Diethyl zinc (DEZ)
and H,;O, which are the reactant and the oxidant, respectively. The
thin film quality depends strongly upon process parameters such as
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the substrate temperature and the process time per ALD cycle. An
ideal ALD process is based on sufficient feeding of reactants and
enough purging of remaining reactants and desorbed by-products. If
there is not enough reactant, the resultant thickness of the layer per
ALD cycle will be less than that of a monolayer; on the other hand,
more than one monolayer is coated over the surface of the substrate

through a CVD type of reaction due to insufficient purging time.

Prior to all seeding layer depositions, the polished <100> n-type
silicon substrates were cleaned using a standard RCA clean method to
remove both metallic and organic contaminants. ZnO seeding layers
were grown by ALD using Diethyl zinc (DEZ) as the reactant and H,O
as an oxidant. Deposition was performed on a Savannah-100 atomic
layer deposition (ALD) tool from Cambridge Nanotechnology Inc. The
quality of the thin films produced by the ALD process depends strongly
upon process parameters such as the substrate temperature and the
process time per ALD cycle. An ideal ALD growth requires sufficient
supply of reactants combined with adequate purging of excess
reactants and desorbed by-products. If the pulse time for reactants is
not sufficient, a non-uniform coating with thickness less than one
atomic layer will be deposited during each cycle. Alternatively, if the
purging time is too short, both reactant and oxidant will react with
each other to induce CVD fashion of deposition. Optimal values for
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precursor pulse time and purging time were determined by a series of
preliminary experiments performed by the vendor (data not shown).

As we show further, values for purging time may not be optimal.

ALD was employed to deposit conformal ZnO seeding layers onto
clean substrates. The growth rate of the ZnO thin films was
investigated for different substrate process temperatures, under the
conditions of reactant feeding and purging times that were provided by
the manufacturer and claimed as optimal. The process temperatures,
reactant pulse time, and purging times are summarized in Table 2. The
growth sequence for each temperature consisted of: 1) a 0.015 sec
water exposure; 2) a variable time N, purge; 3) a 0.015 sec Diethyl
Zinc (EtyZn) exposure; and 4) a final variable time N, purge. The N;
purge time should be sufficient and increase exponentially with a
decrease of process temperature to circumvent the residual precursor
from reacting with the next pulsed precursor. The number of ALD

cycles used was 400 with a growth rate of ~1 A/cycle.

Table 2. Process parameters for ALD growth of ZnO thin films.

Time (sec)
Process 250°C 200°C 150°C
H,O Pulse 0.015 0.015 0.015
N, Purge 8 12 30
DEZ Pulse 0.015 0.015 0.015
N, Purge 8 12 30
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RTP

ZnO thin films produced as above were annealed in either argon
or oxygen atmosphere for 60 sec at either 800 °C or 600 °C using
rapid thermal process (RTP). Thus, for each of the three growth
temperatures, samples were produced consisting of as grown thin
films, films annealed in argon at 800 °C, films annealed in argon at
600 °C, films annealed in oxygen at 800 °C, and films annealed in
oxygen at 600 °C, resulting in a total of 15 sample types. In addition,
one more sample with a seeding layer formed by thermal
decomposition of zinc acetate was produced as a control, and the
resulting growth of ZnO nanowires was compared with the rest of the

15 ALD samples.

Hydrothermal Growth

ZnO nanowires were grown using the conventional hydrothermal
method using nitrate hexahydrate (Zn(NO3),:-6H>50) and
hexamethylenetetramine (HMTA) acquired from Sigma-Aldrich (USA).
The growth solution was prepared using the following recipe: a
concentrated solution of zinc nitrate and hexamine in deionized water
was added to 200 mL of heated deionized water (DIW, 80°C) to form
250 mL of a 25 mM solution of both zinc nitrate and hexamine in DIW.
The temperature was controlled by a water circulation system, and the
solution was returned to 80°C within several minutes after the addition
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of the Zn(NOs3), solution. This rapid and careful heating was done to
control the initiation of the hydrothermal reaction with greater

precision.

ZnO nanowires were grown on Si n-type substrates submerged
seeding layer down in the growth solution for 2 hrs. A Teflon substrate
holder was used to position the substrates in the growth solution. The
size of the substrates, their vertical position, and the stirring rate all
were kept constant to ensure identical growth parameters for the
samples investigated. During the nanowire growth stage, the set point
of the water circulation system was set to 80°C while assuring that the
actual temperature of the reaction solution did not deviate from the

set point by more than 0.2°C.

After the growth was complete, the samples were removed from
the growth solution, rinsed with DI water, and then dried under

nitrogen flow.

The basic reaction describing the growth of ZnO nanowires in the

hydrothermal reaction is as follows:

Decomposition reaction:

(CH2)6N4 + 6H,O — 6HCHO + 4NHs3

Hydroxyl supply reaction:
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NHs + H,0 < NH;" + OH"
Supersaturation reaction:
20H" + Zn** — Zn(OH);
ZnO nanowires growth reaction:
Zn(OH), — ZnO + H)0

Ellipsometry
In our study, thickness measurements were done for each
sample at nine different locations using a Rudolph Ellipsometer to

extract the mean and standard deviation.

SEM

Scanning Electron Microscopy was performed on a Hitachi SU-70
at an accelerating voltage of 30 kV and working distance of
approximately 5.6 mm. SEM images were taken at several positions
throughout the sample to ensure uniformity of the grown ZnO

nanowires over the entire sample.

Results and Discussion

This work focused on how different seeding layer coating and
treatment techniques affected the resultant ZnO nanowires.

Consequently, characterization results and the properties of the
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seeding layer will be presented and discussed first, followed by more

results and discussion of the synthesized nanowires.

ZnO Seeding Layers

SEM was used to study morphology of selected samples with

30.0kV x100k SE(U) 500nm

Figure 29. SEM image of ZnO thin films grown at a) 150 °C b) 200 °C and c) 250 °C.
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ALD thin film on them. Figure 29 shows SEM images of samples with
as-grown thin film of ZnO at three different temperatures, where a), b
and c) are images of films grown at 150, 200 and 250 °C, respectively.
These films have clearly different morphology. While film grown at 150
°C mostly consists of long nanocrystals that do not exhibit hexagonal
features (c-axis is not preferably aligned perpendicular to the
substrate), film, grown at 200 °C has nanocrystals that do not have
the same elongated morphology. There is inclusion of larger
nanocrystals. Film grown at 250 °C is more uniform and has
considerably smaller grain size with nanocrystals virtually

indistinguishable from each other.

Grazing incidence x-ray diffraction (GI XRD) was used to obtain
XRD spectra of ALD ZnO thin films (seeding layers) on Si substrates.
This technique allows the measurement of weak signals from samples
such as ultra-thin films without interference from the substrate. Figure
30 (a), (b), and (c) shows GI XRD spectra of the samples with ALD
layers grown at 150°C, 200°C and 250 °C and annealed in Ar (left)
and O, (right) atmospheres. Insets show zoomed regions of the
spectra adjacent to the <002> peak of ZnO. Vertical lines represent
peak positions according to literature values. Spectra of as-grown
samples for each growth temperature (shown in red) are the same in
the left and right plots in each pair and are duplicated for the ease of
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comparison. Prominent peaks corresponding to (100), (002), (101),
(102) and (103) planes of wurtzite ZnO were visible. Their relative
intensity allowed for the determination of the preferred crystal

orientation of the grains in the polycrystalline ZnO film.

From these spectra one can deduce that ALD thin films grown at
150 ©°C exhibit polycrystalline structure with a random crystal
orientation of the grains. Annealing both in Ar and O, did not result in
substantial changes in the (002) peak intensity, while (100) and (103)

peaks became visibly stronger.

Samples with ALD films grown at 200°C and 250 °C exhibited
slightly different behavior. The (002) peak was the most intense peak
in the corresponding XRD spectra, revealing that a crystallographic
orientation of the grains with the c-axis perpendicular to the substrate
surface was preferred in this case. Nevertheless, rapid thermal
annealing in Ar and O; resulted in different effects for these samples.
While annealing in Ar at 600 °C resulted in the (002) peak being
sharpened and increased in its intensity, annealing at the higher
temperature of 800 °C resulted in a decreased peak intensity (see
insets on the left of Figure 30 (b), (c)). Since this effect was consistent
among all the peaks assigned to ZnO, this observation may be the

result of reduced during the Ar annealing thickness of the film.
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Figure 30. GI XRD of ZnO ALD thin films grown at (a) 150 °C; (b) 200 °C; (c) 250
°C. Insets show relative intensities of <002> peaks of as-grown and O,/Ar annealed

samples.
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On the contrary, annealing in O, resulted in increased intensity
of the (002) peak, as well as all of the other peaks to some degree.
The difference in the effect of the two annealing temperatures for
samples grown at 200 °C was minimal. However, for the samples
grown at 250 °C and annealed at 600 °C in O, resulted in the most

prominent (002) peak.

Figure 31(a) shows the thickness of the ZnO seeding layers
grown by ALD as measured using ellipsometry. The measured mean
thickness of as-grown ALD ZnO thin films on Si were 53.7nm, 59.6nm,
and 69.5nm for samples grown at 250 °C, 200 °C and 150 °C,
respectively. Rapid thermal annealing in Ar and O, had opposite effects

on the ZnO thin films. Annealing in Ar generally led to a decrease in
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Figure 31. (a) Thickness of ALD ZnO as-grown and annealed thin films measured by
ellipsometry, (b) mean roughness of ALD ZnO thin films as measured by AFM.
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mean thickness of the thin films of ZnO for all samples.

Quite the opposite, annealing in O, increased the thickness of
the ZnO thin films. This thickness increase can be ascribed to the
growth of an oxide film due to dry oxidation of Zn. For this to occur,
one needs a higher prevalence of Zn atoms in the as grown films,
which can be accredited to an insufficient purge time for the Diethyl
Zinc thus leading to Zn-rich ZnO ALD thin films. This might be an
evidence that the recipe provided by the manufacturer of the ALD

system is not quite optimized.

Figure 31(b) presents the mean roughness of the ZnO thin films
as measured by AFM. Generally, annealing in both Ar and O,
atmospheres increased the surface roughness, which is more severe
for the samples annealed in O,. This difference can be accredited to
active recrystallization and growth of ZnO nanocrystals caused by the
reaction of excess Zn atoms in the film and O atoms in the O
atmosphere in a dry oxidation process. Notice that, after annealing at
800 °C in O3, the mean roughness of the ALD film grown at 250 °C
was between those of the ALD films grown at 200 °C and 150 °C. One
possible explanation is differing amounts of excessive Zn atoms
existed in the as grown ALD ZnO films, and, therefore, different
growth rates of zinc oxide through the dry oxidation process during O,

annealing.
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The samples with the ALD film that was deposited at 150 °C and
200 °C and then annealed in Ar at 800 °C were distinctive from the
other samples. The optical microscopy image shown in Figure 33
reveals that the sample grown at 150 °C has evenly distributed defects
which correspond to patterns darker in color. The similar defects were
observed on samples grown at 200 °C. The defect formation cannot be
assigned to any imperfections or impurities in the film, as the films
from the same substrate were used in other samples that were
annealed at a different temperature or in a different atmosphere.
Moreover, we repeatedly obtained the same structure when annealing
this film at the same temperature in Ar. As can be seen in Figure
34(c), there were several unusually large nanowires potentially
resulting from the defects in the ALD ZnO seed layer. We suggest that
these were the nanowires grown at the locations of the localized

defects.

SEM images of ZnO thin film grown at 150 °C and annealed at
800 °C in Ar in Figure 32 show that nanocrystalline grains are of
considerably larger size. In the regions that belong to defects (right,
dark areas on Figure 33) nanocrystals tend to fuse into clusters with
visibly flat top surface and are of slightly different shape compared to

the areas in between the defects (left, light areas on Figure 33). Such
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10.0kV 16.5mm x100k SE(U) 500nm 10.0kV 16.5mm x100k SE(U) 500nm

Figure 32. SEM image of ZnO thin film grown at 150 °C and annealed in Ar at 800 °C
in the area outside dark defects visible on the previous figure (left) and inside such a
defect (right).

clusters may be a suitable nucleation sites for abovementioned

unusually large ZnO nanowires.

Similar defects of smaller size also were observed on a sample

that was deposited at 200 °C and then annealed in Ar at 800 °C.

Zn0O Nanowires

ZnO nanowires synthesized on the as-grown ALD seeding layer

500 um 100 pm

Figure 33. Optical microscopy image of ALD ZnO thin film grown at 150 °C and
annealed in Ar at 800 °C.
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grown at 150 °C (Figure 34(a)) had base diameters of ~80nm with
tapered apical termini. The average surface density of nanowires was
~100 per pum?. Although vertical alignment of the nanowires was
rather preferred, it is fairly challenging to completely fulfill that. When
grown on the same ALD thin film that was annealed in Ar at 600 °C
(Figure 34(b)), the nanowires exhibited larger average diameters of
~120nm, with a wider size distribution. The tips of the nanowires often
had a tapered shape. The density of nhanowires was degraded to ~67
per um?. When grown on the same ALD thin film that instead was
annealed at 800 °C (Figure 34(c)), the nanowires had non-tapered,
flat tips with a significantly increased average diameter. The surface
density of the nanowires was further reduced to ~57 per um?, and
their average diameter increased to ~250nm. It also appeared that the
nanowires in this case have a much greater degree of vertical
alignment. It is worthwhile mentioning that this sample of ZnO
nanowires, which was synthesized using a ZnO seeding layer grown by
ALD at 150 °C and annealed at 800 °C in Ar, was the only sample that

exhibited this flat shape of the nanowire termini.

Figure 34(d), (e) shows ZnO nanowires grown on the same ALD
thin films used after being (d) annealed at 600 °C in O, and (e)
annealed at 800 °C in O,, respectively. Both samples annealed at 600

°C and 800 °C have the same tendency toward increased average
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nanowire size, with the degree of vertical alignment virtually
unchanged between the two. The surface density of nanowires was
~61 per um? and ~39 per um? for samples with ALD films annealed at

600 °C and 800 °C, respectively.

SEM images of the samples with ZnO nanowires grown on an
ALD ZnO thin film that was grown at 200 °C are presented in Figure
34(f-j). ALD films were used as grown (Figure 34(f)), annealed in Ar
and O, at 600 °C (Figure 34(g) and Figure 34(i), respectively) and
annealed at 800 °C in Ar and O, (Figure 34(h) and Figure 34(j),
respectively). The surface density of ZnO nanowires on the as-grown
ALD film was higher compared to ZnO nanowires grown on the ALD
thin film grown at 150 °C and was ~255 per um?. ZnO nanowires
grown on the annealed films had larger mean diameters and had a
narrower size distribution compared to the samples grown on 150 °C
ALD thin film. The surface densities of ZnO nanowires were ~115 per
um? and ~83 per pm? for samples grown on an ALD ZnO film annealed
at 600 and 800 °C in Ar, respectively, and ~111 per um? and ~88 per
um? for samples grown on films annealed at 600 and 800 °C in Oy,
respectively. As shown in Figure 34(f-j), ZnO nanowires on all samples

grown at this temperature had tapered tips.
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were grown at 150 °C (1st column, (a-e)), 200 °C (2nd column, (f-j)), and 250 °C
(3rd column, (k-0)). These films acted as seeding layers, and were used as grown
(1% row, (a), (f), (k)), Ar-annealed at 600 °C (2™ row, (b), (g), (1)), Ar-annealed at
800 °C (3™ row, (c), (h), (m)), O,-annealed at 600 °C (4" row, (d), (i), (n)) or O,-
annealed at 800 °C (5% row, (e), (j), (0)).
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SEM images of the samples with ZnO nanowires grown on an
ALD ZnO thin film that was deposited at 250 °C are shown in Figure
34(k-0). ALD films were used as grown (Figure 34(k)), annealed in Ar
and O, at 600 °C (Figure 34(l) and Figure 34(n), respectively) and
annealed at 800 °C in Ar and O, (Figure 34(m) and Figure 34(o0),
respectively). The surface density of ZnO nanowires on as-grown ALD
ZnO thin films was ~729 per um?, which was the highest among all the
samples studied by this work. As shown in Figure 34(k), ZnO
nanowires on this sample also had the highest degree of vertical
alignment. Annealing of the seeding layer in both Ar and O;
atmospheres leads, as in case of other samples, to smaller surface
density of nanowires and larger mean size. For samples with ALD films
annealed in Ar, the surface density of nanowires was ~118 per um? for
films annealed at 600 °C and ~60 per um? for films annealed at 800
°C. For samples with ALD films annealed in 0., the density of
nanowires was ~156 per um? for films annealed at 600 °C and ~110

per um? for films annealed at 800 °C.
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30.0kV x50.0k SE(U)

Figure 35. Cross sectional SEM of a sample with ZnO nanowires, grown on a thin film
deposited at 150 °C and used as is.

Figure 35 presents an example of cross sectional view of ZnO
nanowires, grown on a thin film deposited at 150 °C and used as is.
The length of ZnO nanowires varies from 800 to 1200 nm. As can be

seen from the image the degree of vertical alignment is high.

Table 3 summarizes the growth conditions for all the samples as
well as measured properties of ZnO ALD thin films and density of ZnO

nanowires grown on these films.
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Table 3. Summary of all the growth conditions of the studied samples and their
measured properties.

ALD process Annealing Annealing Film Mean film Density of
temperature, atmosphere temperature, thickness, roughness, ZnO
(°O) (°O) (nm) (nm) nanowires,
per um?
150 as is 69.50 0.585 100
Ar 600 66.50 0.943 67
800 56.20 4.270 57
0, 600 70.50 1.223 61
800 83.50 11.596 39
200 as is 59.60 0.768 255
Ar 600 60.20 1.491 115
800 52.30 4.398 83
0, 600 60.50 1.034 111
800 74.20 6.545 88
250 as is 53.70 0.971 729
Ar 600 52.50 1.549 118
800 39.70 2.067 60
0, 600 55.00 1.340 156
800 65.90 10.670 110

Figure 36 presents XRD results for the sets of ZnO nanowire
samples, synthesized on ALD films deposited at a) 150 °C, b) 200 °C
and c) 250 °C, respectively. Special care was taken to standardize the
XRD measurements to get consistent results from all the samples, so
that the intensity of the XRD signal would reflect the thickness of the
ZnO nanowires layer. On the left of each image, the full XRD spectra
are shown. These spectra feature only one peak that could be assigned
to ZnO, which is present at 26 = 34.4°. This peak corresponds to a
<002> crystallographic orientation and shows that ZnO nanowires

were grown primarily with the c-axis perpendicular to the substrate.
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Weak peaks around 206 = 33° can be assigned to the <200>
orientation of the Si substrate. Peaks are shifted vertically for purpose
of illustration. On the right side of the figures, the high resolution
close-up of the <002> peak is shown. The peaks were normalized to
have the same magnitude so that full width at half maximum could be
estimated. The inset shows the non-normalized peaks. As can be seen
from the normalized <002> peaks, FWHM is virtually the same for all
the peaks, which indicates that differences in nanowire size was not
large enough to cause changes in the shape or position of the peak.
The only peak that is slightly shifted is that of a sample with ZnO
nanowires that were grown on an as grown ALD thin film deposited at
250 °C. This sample had the densest ZnO nanowires with the smallest
radius. Figure 37 shows the <002> peak intensities for all three sets
of samples with ALD films grown at 150, 200 and 250 °C and annealed
in Ar (left) and O, (right). For almost all ALD growth temperatures, the
intensity of the peaks tended to increase with the seed layer annealing
temperature. Samples grown on ALD ZnO films with no annealing had
the lowest peak intensity, samples annealed at 600 °C were
intermediate in peak intensity, and samples annealed at 800 °C were

highest in peak intensity.
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Figure 36. XRD of ZnO nanowires that were grown using identical recipes on ALD
ZnO thin films grown at a) 150 °C; b) 200 °C; c) 250 °C. The complete XRD spectra
are shown on the left with spectra shifted vertically for clarity, while normalized
<002> peaks are shown on the right. Insets show relative intensities of <002>
peaks of as-grown and annealed samples.
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Moreover, samples with ZnO nanowires grown on ALD ZnO thin

films deposited at 150 °C had the most intense peaks for the growth

temperatures investigated. Samples grown on ALD films grown at 150

°C and annealed in Ar at 800 °C had the most intense <002> peak

overall. As can be seen from Figure 34c, The ZnO nanowires grown on

such samples also had a distinctive size and shape. This sample will be

further discussed in supporting information. Interestingly, almost all

samples that were grown on ALD films deposited at 200 °C have

magnitude of <002> ZnO XRD peaks less than the magnitude of the

same peaks for samples grown on ALD films deposited at both 150 °C

and 250 °C. This might be accredited to differences in growth recipe

for ALD films at different temperatures.
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Figure 37. Intensity of <002> ZnO peak in measured XRD spectra.
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Conclusions

In conclusion, the presented work addressed how different
deposition processes and post-process treatments affect the properties
of ZnO seeding layers and, in turn, how these seed layers affect the
ZnO nanowires grown from them. We used an ALD technique to
deposit ZnO thin films onto Si substrates at three different process
temperatures, 150°C, 200°C and 250 °C. Thereafter, the substrates
were diced, and some of them were used as grown, others after being
annealed in Ar or O, at temperatures of either 600°C or 800 °C.
Detailed characterization of the ALD grown thin-films was performed
with a variety of metrology methods. ZnO nanowires then were grown
using the hydrothermal process on these samples, using the ZnO thin

film as a seeding layer.

Despite assuring that the growth parameters for the entire
hydrothermal growth process remained unchanged, significant
differences in the size and density of nanowires were observed. These
differences can only be ascribed to the variation of the physical
properties of the ALD ZnO seeding films. The smallest nanowire size
combined with the highest density were obtained on samples that
were grown at 250 °C and used without post-processing; the largest

size of nanowires and the lowest density were obtained when using the
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ZnO seed layer as synthesized at 150 °C and annealed at 800 °C in an

Ar atmosphere.

The morphological properties of ZnO nanowires were found to be
dependent not only on the preferred crystalline orientation of the seed
layer but also on its roughness. In general, performing ALD at higher
process temperatures produced seed layers that resulted in higher
densities of ZnO nanowires. Moreover, the <002> ZnO peaks in the
XRD spectra were more pronounced in samples with ALD films grown
at higher temperatures, indicating that the crystalline orientation with
c-axis perpendicular to the substrate was preferred when higher
process temperatures were used. Substrates of this type resulted in
smaller and more dense ZnO nanowires on “as grown” samples. On
the other hand, while rapid thermal annealing generally (with
exception of annealing in Ar at 800 °C) increased the crystalline
quality of the thin films, as indicated by the <002> peak becoming
more pronounced, annealing also greatly increased the roughness of
the films. The increased roughness resulted in larger ZnO nanowires.
The larger grains formed during the annealing process also reduced
the vertical alignment of the nanowires. Combined, the results imply
that the high degree of vertical alignment resulting from the “as
grown” seeding layers was aided by the physical constraints introduced
by the small grain size and tight packing of the smaller nanowires. It
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was not clear whether rapid thermal annealing in Ar or O, is more
favorable - while annealing in Ar should not be done at high
temperatures (800 °C) as it greatly degraded the crystalline properties
of the ZnO films and somewhat increased its roughness, annealing at
600 °C should be acceptable as it resulted in better crystalline quality
with only a slight increase in roughness; alternatively, annealing in O,
at both 600 °C and 800 °C increased the crystalline quality but also
drastically increased the roughness of the films. As mentioned, the
most favorable seed layer in this study was one grown at the highest

ALD process temperature of 250 °C and used “as is”.

Seeding layers produced using ALD would appear to be useful for
the production of just such materials exhibiting densely packed
nanowires with smaller diameters, while simultaneously enhancing

their degree of vertical alignment.

ALD films may be used to further improve the potential
performance of ZnO nanowires as an electrode material for
supercapacitor applications: the resulting growth of high density, small
mean size nanowires on surfaces with complex geometries would
provide a means by which to further increase the electrode surface

area per unit volume.
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Chapter 7: Microfluidic Hydrothermal Growth of ZnO Nanowires

Over High Aspect Ratio Microstructures

Abstract

A hydrothermal synthesis of densely-packed ZnO nanowires is
realized in a confined space through forced circulation of the heated
growth solution through microfluidic channels formed primarily by a
set of high aspect ratio trenches in a Si substrate. An uniform and
conformal seeding layer of ZnO was deposited to cover the entire
surface of the trenches by means of atomic layer deposition (ALD).
Densely-packed ZnO nanowires were formed inside the trenches on
the sidewalls, where they would not grow through a conventional
hydrothermal method. The strategy for controlled growth of ZnO
nanowires over such high aspect ratio microstructures is deemed
beneficial when this nanostructured ZnO nanowires are used as an
electrode with high specific surface area for devices such as

supercapacitors or any other electrochemical devices.

Introduction

ZnO nanostructures have been used in a wide variety of different

electronic, optoelectronic and electrochemical devices such as
120



8, 63 1, 73, 76

sensors,”’ solar cells,'® lasers,?” 37 transistors”
supercapacitors. Apart from their unique electronic and optical
properties, their surface morphology is of great importance for
aforementioned device applications. In general densely packed,*®
vertically aligned nanowires are desired for such devices as dye
sensitized solar cells.!?> Aside from the great desire for smaller
diameter, it is also advantageous to have longer length,** which
results in a larger surface area for the process of charge separation.
Individual ZnO nanowire often exhibits properties of a single crystal
thus providing efficient transport of electron to the bottom contact.
Performance of such devices as supercapacitor also depends on the

surface area,®’

which determines the charge-storing capacity. The
employment of vertically aligned and densely packed ZnO nanowires
grown on a planar substrate already greatly increases the specific
surface area of an electrode. One strategy to further increase the
specific surface area of ZnO nanowires is to employ growth of

hierarchical ZnO nanostructures,?> 9 68 71

while another is a growth
template with a complex three dimensional topography. The simplest
topography with high area surface that could be used for the growth of
ZnO nanowires is an array of deep trenches with high aspect ratio.

Provided that ZnO nanowires would grow on the sidewalls and bottom

surfaces of deep trenches, the quantity of ZnO nanowires, and
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therefore the specific surface area of a resultant ZnO electrode would
increase manyfold. To realize such growth by means of hydrothermal
method one needs to satisfy two prerequisite conditions: conformal
deposition of a seeding layer of thin film of ZnO and sufficient supply
of fresh chemicals for hydrothermal growth. While the first
requirement may be readily addressed by leveraging conformal
deposition technique such as ALD, the replenishment of growth

chemicals needs some discussion.

The growth rate of ZnO nanowires in hydrothermal process is
determined, among other parameters, by the concentration of the ions
in the vicinity of the growth location. In a conventional hydrothermal
growth, where a flat substrate is immersed in bulk growth solution,
concentration of ions depends on both depletion of ions due to
crystallization of ZnO and replenishment of fresh ions due to diffusion,
convection or mechanical stirring. When the growth site is located in a
confined space such as a deep trench, the supply of fresh ions is only
provided by diffusion, which might be insufficient for a sustained
growth as ZnO crystallization occurs at faster rates to cause depletion
of ions. A viable solution would be to allow a forced circulation of

growth solution from a bulk volume through the deep trenches.

In this work, we have successfully demonstrated such a

hydrothermal growth of ZnO nanowires in an array of parallel deep
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trenches, which were formed in a silicon substrate by a deep reactive
ion etching (DRIE) process along with inlet and outlet ports. Then an
ALD process was used to deposit a conformal ZnO thin film inside all
trenches that serves as a seeding layer for hydrothermal growth.
Thereafter, these patterned trenches and ports were sealed with a
PDMS top layer to effectively form microfluidic channels, which allow a
heated growth solution to be pumped through. Hydrothermal growth
was then performed through forced circulation of the growth solution.
Finally, the PDMS top layer was removed and the growth of ZnO
nanowire along the trench sidewalls was examined by cross-sectional

and top view SEM images.

Experimental Details

Hydrothermal Growth

The solution for hydrothermal growth was prepared following a
conventional recipe. The growth solution was composed of 25 mM of
both zinc nitrate and hexamine in deionized water (DIW). Solution was
used at 85 °C and at a room temperature for selected samples. 54 mg
of PEI per 250 mL of growth solution was added as growth modifier.
5mL of 28% ammonium hydroxide per 250mL of solution was added
for selected samples. This solution was used for microfluidic

hydrothermal growth of ZnO nanowires.
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ALD

A thin film of ZnO acting as a seeding layer is needed for a
hydrothermal growth of ZnO nanowires. For the substrate geometry
that is comprised of the deep trenches with high aspect ratio ALD is

the obvious choice due to its superb conformity.

Zn0O seeding layers were grown by a thermal ALD (Savannah
100, Cambridge Nanotechnology Inc.) at 250 °C using Diethyl zinc
(DEZ) and H:0 as the reactant and oxidant, respectively. The growth
sequence for atomic layer deposition consisted of: 1) a 0.015 sec
water exposure; 2) 8 sec Nz2purge; 3) a 0.015 sec Diethyl Zinc (Et2Zn)

exposure; and 4) a 8 sec N:purge.

Array of High Aspect Ratio Trenches

In this work, an array of closely spaced parallel deep trenches
was etched in Si wafer using DRIE method. The nominal length of the
trenches was desighed to be 1cm. On the opposite ends of these
parallel trenches, an inlet and an outlet were formed for filling and
draining of the growth solution. The patterned samples were covered
with a PDMS top layer, which was impinged through by a pair of
syringe needles to access inlet and outlet reservoirs. In order to seal
the deep trench structure and ensure good contact between PDMS and
the top surface of the silicon substrate, some pressure was uniformly

applied to the PDMS layer normally to the surface. The sample was
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then placed on the polished aluminum heat sink located on the

hotplate.

Subsequently, the inlet and outlet needles were connected to the
microfluidic peristaltic pump and the heated beaker filled with growth
solution. A syringe filter with pore size of 0.2 ym was placed before
the inlet to ensure that the nanocrystals formed in bulk solution of the

beaker will not clog the deep trenches.

The growth solution was pumped through a set of sealed high
aspect ratio trenches with nominal pumping speed of 0.55 mil/min and
0.91 ml/min. However, during the process, effective pumping speed
was reduced due to the inevitable clogging of the microstructures and
effectively narrowing of trenches due to the growth of ZnO nanowires.
The forced circulation of growth solution was carried out until there
was no measurable flow through the sample or up to 3 hrs of time.
The microfluidics set up was in a pulling configuration with exception
of one sample that grown in a pushing configuration. Moreover, the
pumping direction was reversed from pushing to pulling for 15 seconds

every 10 minutes.

Results and Discussion

Figure 38 shows SEM image of cross section of ZnO nanowires

grown in a deep trench with width of about 35 pm. The growth was
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performed using a conventional hydrothermal process by placing the
substrate face down in the growth solution. The leftmost image was
taken near the top edge of the trench, each consecutive image was
taken approximately 10 ym deeper in the trench. As shown, the length
of the nanowires decreases with the depth of the growth surface along
the trench sidewall, which can be ascribed to depletion of Zn+ ions for
the growth of ZnO due to insufficient diffusion or mechanical stirring

deeper in the trench.

With pumping of the growth solution through the set of trenches,
chemicals needed for the sustained growth of ZnO nanowires were
effectively replenished, allowing growth of ZnO NW in a very confined
space. Unlike the result by traditional bulk process, the length and the
diameter of ZnO nanowires grown on the sidewalls were not

dependent on how deep inside the trench the growth occurs.

Figure 39 shows a cross-sectional SEM image of a sample with

Figure 38. Cross-sectional SEM images of ZnO nanowires grown on a sidewall of a 30
pm-wide, 40pm-deep trench. Growth was performed using conventional
hydrothermal route, where the substrate with etched trenches was places face down
in the growth solution
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Zn0O nanowires grown along the sidewalls of deep trenches. As shown,
unlike poorly controlled growth through conventional method, the
length of the nanowires is fairly uniform over the whole depth of the
each trench, with some variation at the regions close to the top and

bottom of the trenches, which will be discussed later.

30.0kV x500 SE(V)

Figure 39. Cross-sectional SEM image of ZnO nanowires grown using forced growth
solution circulation on sidewalls of an array of 20 um-wide, approximately 120 pm-
deep trenches.

As the growth in this manner is quite different from the
conventional hydrothermal growth, several interesting effects should

be discussed.

Figure 40 shows the SEM images of ZnO nanowires taken near
the top edge of the trench after the PDMS sealing cover was taken off.
As shown in Figure 40(a), the top surface of ZnO nanowires is flat with
the nanowires merged together due to the contact with the PDMS

cover, although the tips of nanowires are easily distinguished. Due to

127



the fact that the nanowires close to the top edge and bottom of the
trench are shorter than the rest of the surface along the trench

sidewalls, two lengths are given when describing the nanowires.

Figure 40. SEM images of a) a top view of ZnO nanowires grown along the side wall
of a trench with PDMS top cover taken off. Nanowires exhibit flat structure where the
growth was limited within the trench by PDMS top cover, b) a cross section view of a
sample at location near the top of the trench, illustrating the effectiveness of PDMS
for stopping the growth over the top surface of the substrate and a cleaved surface
of densely packed ZnO nanowires grown perpendicular to the trench sidewall, c) a
cross section view of a sample featuring large ZnO nanowires grown in bulk, the
PDMS growth stop layer resulted in sharp needle-like structure. Scale bars are 5 um,
4 um and 10 pym for a), b) and c), respectively.

Even though we have obtained fairly uniform growth throughout
the whole depth of a deep trench as shown in Figure 39, there was a
significant amount of debris clogging the trenches at the region close
to the entrance to the trenches that consisted of large nanowires that
grew in the bulk of the growth solution as compared to the nanowires
grown over the sidewalls, as shown on Figure 41(a). Moreover, often
the space between walls and two layers of nanowires was clogged so

much that some deposition of ZnO occurred on the PDMS layer,
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reinforced by the large bulk-grown nanowires filling the trench,

effectively forming uniform flat surface, as shown on Figure 41(b).

30.0kV x3.00k SE(U) 10.0um
Figure 41. SEM image of a top view of clogged trenches with a) no deposition on
PDMS top cover, b) with deposition on PDMS top cover.

It appears that the likelihood of a trench to be clogged was
higher at location closer to the inlet. At the same time, the nanowires
grown closer to the inlet could grow long enough to be very close to

the nanowires on the opposite wall before clogging the trench.

Although a 0.2 um filter was used to filter the nanowires grown
in the bulk in the beaker where solution was initially heated up, it
appears that with the chosen nominal pumping speed of 0.55 ml/min
there was enough time for these nanowires to form and grow to much

bigger sizes on their way to the trenches.
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To address this issue, a growth was performed with a higher
nominal pumping speed of 0.91 ml/sec. Figure 42 presents a cross-
sectional SEM image of a sample grown with higher pumping speed.
With the pumping speed increased to 0.91 ml/min, it is less likely for a
large enough crystal to form in the bulk of the growth solution during
its travel from the syringe filter to the set of trenches. The amount of
debris clogging the trenches was significantly decreased. As a
consequence, flow is sustained up to 3 hours of growth time, even
though the pumping speed is reduced. As a matter of fact, a large
number of trenches were not clogged by debris at all until the end of
the growth. This gives enough time for controlled growth of nanowires
to reach up to 8 uym in the length. As shown in Figure 42, the
nanowires grown in such trenches are almost long enough to touch the

nanowires from the opposite wall. The maximum of this effect is

30.0kV x500 SE(U)

Figure 42. SEM image of a cross section of ZnO nanowires grown in trenches with
width of 20 um at an increased pumping speed of 0.91 ml/min.
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illustrated on Figure 43 (b).

However, as shown in Figure 43, the length of the nanowires
was not quite uniform over the length of the trenches, since the
growth solution flew through the set of trenches in pulsatile manner in
the current microfluidics set up so that the exposure to the leaked air
under negative pressure of any given part of the trench is more severe
with increased distance from the inlet. Consequently, the length of
nanowires on the walls of the trench closer to outlet was significantly
shorter, than in the middle of the trench. The length of ZnO nanowires
in the vicinity of the inlet was 7.7 pm at the top of the trench and 11.2
Mm in the deeper regions (Figure 43 (b)). At the spot that is 1 mm
away from the inlet, the length of ZnO nanowires at the top of the
trench was 6.94 um, while deeper in the trench it was 10.2 pm (Figure
43 (c)). At the spot that is 2 mm from the inlet, the length was 6.55
MM and 9.2 um at the top of the trench and deeper in the trench,
respectively (Figure 43 (d)). At 4 mm away from the inlet, the length
was 5.75 ym and 7.4 um, respectively (Figure 43 (e)). Finally, in the
vicinity of the outlet the length of ZnO nanowires was around 3um

(Figure 43 (e)).
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30.0kV x3.00k SE(U)
Figure 43. Top-view SEM images of ZnO nanowires grown in a set of trenches with
width of 20 um. Growth was performed at 0.91 ml/min in a pull configuration.
Images were taken a) immediately at the entrance, where clogging occurred, b)
immediately at the entrance with no clogging ¢c) 1 mm, d) 2 mm, €) 4 mm away
from the inlet and f) in the vicinity of the outlet

We have noticed that the variation of the length of ZnO
nanowires due to pulsatile flow is much more severe for trenches with
reduced width. Figure 44 shows top view SEM photos of ZnO
nanowires grown in a deep silicon trench with the actual width of 6.9
um. Figure 44 (a) taken immediately at the inlet depicted that the
length of nanowires at this region is 3 uym, while Figure 6 (b) and
Figure 6 (c) taken at 500 pym and 1000 uym away from the inlet
showed nanowires with lengths of 2.5 ym and 1.3 pym, respectively. It
is observed that the effect of the length reduction in nanowires due to
narrowed trench width is quite strong. On the Figure 44 (a) arrow
points a trench which was clogged immediately after the start of the

growth process, so that the whole trench was free from ZnO
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nanowires. SEM of trenches on Figure 44 (b) and (c) were taken at a

different region of set of trenches.

30.0kV x3.00k SE(U)
Figure 44. SEM image of a top view of ZnO nanowires grown in trenches with
nominal width of 6.9 pm a) at the entrance; b) 500 um away from the entrance; c)
1000 um away from the entrance

One viable method to mitigate the aforementioned effect would
be to grow ZnO nanowires in trenches with push scheme, rather than
pull configuration discussed. It might be quite challenging since the
PDMS top cover is not permanent bonded to the surface of the
substrate, thus the slowest possible pumping speed of 0.55 ml/min
was used. In addition to that, approximately every 10 minutes the
pushing action was compensated with pulling for a short period of time
(10-15 seconds). The growth was performed for a total of 2 hours.
Figure 45 shows a set of SEM images, taken throughout the sample.
The leftmost image (a) was taken at the left (inlet) end of trench,

while each of the subsequent images, (b, ¢, d and so on) was taken at
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spots 1 mm-distance further apart to the right, with the last one (j)

being 1 mm away from the rightmost end of the trench.

a) b) ¢

30.0kV x3.00k SE(U)
Figure 45. Top-view SEM images of ZnO nanowires grown in a set of trenches with
width of 20 ym.Growth was performed at pumping speed of 0.55 ml/min, in a push
configuration. Images were taken at a) entrance; b)-j) 1 mm further down the flow
for each consecutive image.

As one can see the main difference is that in the vicinity of the
entrance of trenches the length of nanowires is as small as ~1.2 ym
(Figure 45 (a)). But as far as 1 mm into the trenches it increases
greatly, reaching ~5 pm for the nanowires immediately on the top part
of trenches, and reaching as much as ~6 um for the deeper nanowires
(Figure 45 (b)). The longest nanowires are at the mark of 3mm (Figure
45(c)), reaching ~5.65 um at the top and ~6.75 pym deeper in the
trench. Further (Figure 45 (d) through (j)) the length of the nanowires
slowly decreases to approximately 2.25 pm at the rightmost end of
trenches. The clogging of the trenches with nanowires formed in bulk

was observed less frequently compared to samples with pull
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configuration, with the most clogging appearing not less than 1 mm to
the right from the entrance to the set of trenches. Virtually no clogging
was observed immediately at the entrance. The length of the
nanowires at the outlet was similar to the length of nanowires in
Figure 43, under which scenario the sample was grown for 3 hours,
and the nanowires closer to the inlet have much greater length as well
as diameter (See Figure 43 (b)). Thus, one can conclude that the
length variation of non-uniform ZnO nanowires alongside the length of
the trenches can be controlled by using the above mentioned

configuration.

Another method do decrease this effect is to improve sealing
between the PDMS top cover and needle at the outlet port, as it is
obvious that the primary reason for this effect is the leaking of air

from outside due to negative pressure at the outlet end.

The sample that was grown for 3 hours with faster pumping
speed of 0.91 ml/sec, which exhibited keyhole-like features in the top
and bottom parts of the trenches. In Figure 46 one can see that the
length of nanowires was decreased in the vicinity of the bottom of the
trench and the top of the trench where it is covered by PDMS during
the growth. Also, the top part of ZnO nanowires is somewhat bent.
This is result of the pressure applied to PDMS, forcing it into the

trench.
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30.0kV x3.00k SE(U)

Figure 46. Cross-sectional SEM image of ZnO nanowires grown for 3 hours at
pumping speed of 0.91 ml/sec, featuring the length profile of ZnO nanowires at a)
the upper part of trench; b) the bottom of the trench.

For the sake of validating the growth mechanism, we have tried
growth with cold growth solution. Growth solution with all the
chemicals was prepared at room temperature and pumped into the
deep trench microstructure, where it was heated through contact with
the inlet reservoir and trenches to retain the temperature of 90-91 °C.
It appeared that unusually large crystals formed in the growth solution
immediately and effectively clogging trenches at their entrance at the
very beginning of the growth process, thus effectively stopping flow
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several minutes after beginning of the growth process. Figure 47
shows a tilted view of such a sample. ZnO crystals were formed before
entering into the trenches, thus clogging them during initial stage of
the growth. Inset of Figure 47 shows the top view of the same sample.
As can be seen, clogging appeared at the very end of the trenches,
which indicates that the ZnO crystals were formed either in the cold

solution, or while being heated in the inlet reservoir.

30.0kV X200 SE(M) T 00um

Figure 47. SEM image of a sample tilted at 40° with trenches clogged at the entrance
where a growth with initially cold chemicals was attempted. Inset: top view of the
same sample, showing absence of ZnO nanowires in the sidewalls of the trenches

It is worthwhile mentioning that in the sample with longer
growth time, the nanowires are very densely packed, leaving virtually
no space in between nanowires, which in turn reduces the porosity of
the ZnO nanowires arrays. Obviously, this would not be desirable for
implementation of porous electrode for devices such as

supercapacitors and dye-sensitized solar cells.
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Nanowires are separated from each other not only due to the
variable growth speed on different crystal planes, but also to the lack
of fresh chemicals in between nanowires in standard hydrothermal
growth. As shown earlier, growth of ZnO nanowires is greatly
dependent on the immediate vicinity of the growth site. So, we have
observed significantly different nhanowire morphology at the boundary
of the nanowire forest.®®> When the hydrothermal growth is realized in
confined space, the densely packed nanowires arrays might occupy the
significant part of the volume of the channel. Then growth solution is
forced to flow in between nanowires, effectively refreshing chemicals
not only at the tip of the nanowire but in the immediate vicinity of the
sidewalls of the nanowire. Consequently, the growth occurs not only in
<002> direction, but also perpendicular to it. As shown in Figure 48,

the nanowires are distinguishable from each other (crystal planes are
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30.0kV x5.00k SE(U)

Figure 48. Cross-sectional SEM image of long ZnO nanowires effectively fused into a
polycrystalline film.
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visible) but are grown into each other, effectively fusing into one

polycrystalline film.

Although we are using PEI as a growth modifier to inhibit growth
of ZnO in the orientation perpendicular to <002> direction, one way to
diminish this effect would be to further inhibit side growth by adding
ammonium hydroxide. Figure 49 shows cross-sectional SEM image of
sample with ZnO nanowires grown along the sidewall of trenches by
using growth solution with addition of ammonium hydroxide as
described in the experimental section. The inset of Figure 49 shows

that the nanowires are separated from each other fairly well.

= =

30.0kV x2.00k SE(M)
Figure 49. Cross-sectional SEM image of ZnO nanowires grown with addition of
ammonium hydroxide. Inset shows closer view of high aspect ratio separated ZnO
nanowires. Scale bar is 1um.

Through strategic control of the growth time, it is possible to
exploit nanowires packed with different density or porosity. By

preventing ZnO nanowires from occupying the significant part of the
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trench, one can direct the main flow of growth solution through the
open space in between the two layers of nanowires. This will ensure
slower liquid flow rate through the nanowires forest, which results in

slower growth rate perpendicular to <002> direction.

Conclusion

We have successfully demonstrated a hydrothermal growth of
Zn0O nanowires within confined spaces such as deep trenches in Si by
leveraging a microfluidic approach to the delivery of fresh chemicals to
the confined space. The key advantage of this method can be traced
back to the increased number of ZnO nanowires per unit area of the
substrate, which can be desirable for applications where the grown
ZnO nanowires forest acts as an electrode. As a result, the
effectiveness of the ZnO nanowires largely depends upon the specific

surface area of ZnO nanowires.

The proposed method allows for growth of ZnO nanowires in
confined spaces (such as trench sidewalls) by forming three
dimensional features with seeding layer conformally coated over the
sidewall of the trenches. The sidewalls of the etched silicon trenches
are employed to form the major portion of the sealed microfluidic
channels and forced circulation of the growth solution through them to

achieve fair uniform growth of ZnO nanowire forest along the sidewall.
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This type of growth under forced circulation of growth solution is
quite different from the conventional hydrothermal growth process,
which leads to some unprecedented effects not commonly observed in
bulk growth. There are several remaining challenges (e.g., non-
uniformity in lateral direction, clogging, extremely densely-packed
nanowires) that are distinctively different from a traditional
hydrothermal growth. Obviously, the controlled growth of ZnO
nanowires in confined spaces can be realized after mitigating

aforementioned issues.
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Chapter 8: Conclusions and Future Work

Controlled growth of ZnO nanowires is critical for repeatable
production of devices with stable characteristics. Means to grow ZnO
nanowires in predefined location with the most favorable morphology
is of great interest for scientific community. While the most tight
control and reproducibility can be achieved using gas phase growth,
wet chemical methods are more suitable due to the lower costs, great
potential for scalability and compatibility with IC processing. However,
controlled growth of ZnO nanostructures is a more challenging task in
this case. Several key aspects were addressed in the current work.
Firstly, patterning of ZnO nanowires by means of microcontact printing
was discussed. Repeatable method of resistless patterning was
developed. Secondly, nucleation and growth of ZnO nanowires in bulk
solution was studied. These nanostructures may be deemed useful for
production of biocompatible polymers were these nanostructures may
play the role as an enforcing agent. Thirdly, ZnO nanowires were
studied as an electrode material for electrochemical and
optoelectrochemical devices. Fourthly, effects of the physical
properties of a seeding layer on the morphology of ZnO nanowires
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were studied. Finally, growth of ZnO nanowires was realized in a
confined microstructure, offering a new methodology of hydrothermal
growth in confined spaces. This methodology exhibits particular effects
which make hydrothermal growth quite different from the conventional
method. For instance, it was shown, that the growth of ZnO nanowires
is governed not only by the conventionally accepted mechanisms that
ensure different growth rate on polar and non-polar planes of forming
ZnO crystal, but also by a local environment in the vicinity of the

growth site.

In order for successful implementation of ZnO nanowires in
optoelectronical, sensing or other devices, thorough study of their
optical and electrical properties is required. Such methods as steady
state and time-resolved photoluminescence (PL), cathodoluminescence
(CL) and optically detected magnetic resonance (ODMR) can be used
for study of both intrinsic and extrinsic optical processes, as well as
the nature of the defects in the ZnO nanocrystals. Raman spectroscopy
in conjunction with Fourier transform infrared spectroscopy (FTIR) can
provide valuable information on the vibrational spectra of ZnO
nanowires, including quantum effects due to phonon confinement in
nanoscale structures, thus leading to better understanding of thermal

and electrical properties.
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Although we have demonstrated the hydrothermal growth of
ZnO nanowires in confined spaces, this methodology requires more
work towards controlled growth of ZnO nanowires at optimized growth
conditions to obtain suitable electrode material for the specific

applications.

The next step would to build one or several device prototypes
and test how the specially-tailored properties of ZnO nanowires would
affect the overall performance of the devices. Several classes of
devices are proposed including the following: photovoltaic devices and

supercapacitors where ZnO nanowires serve as an electrode material.
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ABSTRACT

ZnO nanostructures have attracted a great deal of interest because of their biocompatibility
and outstanding optical and piezoelectric properties. Their uses are widely varying, including as
the active element in sensors, solar cells, and nanogenerators. One of the major complications in
device development is how to grow ZnO nanowires in well aligned and patterned films with
predefined geometrical shape and aspect ratio. Controlled growth is required to achieve the
optimal density of nanowires and to produce a defined geometric structure for incorporation in
the device. In this work, we have presented a method by which vertically aligned ZnO nanowires
could be grown in defined patterns on surfaces without the use of resists. We used a
hydrothermal method to grow ZnO nanowires on a substrate through growth modifiers that was
pre-patterned with a seeding solution by means of microcontact printing. This method produced
vertically aligned ZnO nanowires of predefined size and shape with pattern resolution high
enough for the production of rows of single nanowires. The nanowires were characterized by
using scanning electron microscopy (SEM) and X-ray diffraction spectroscopy (XRD)
techniques.

INTRODUCTION

Recently, ZnO nanostructures have attracted great attention. ZnQ is a II-VI semiconductor
with a wide direct band gap of 3.37 eV and large exciton binding energy of 60 meV making it
suitable for application in UV lasers[1], light emitting diodes[2], sensors[3], nanogenerators[4-6]
and solar cells[7].

Many methods have been used to prepare ZnO nanowires, including using chemical vapor
deposition[3, 8], metal-organic chemical deposition[8, 9], pulsed laser deposition[10], physical
vapor deposition[11, 12], vapor-liquid-solid methods[6, 13] as well as the hydrothermal
method[1, 14, 15] used in this work. The latter is one of the most simple and cost effective
methods, making it straightforward to scale up production[1, 14, 16].

Patterned growth of ZnO nanowires using hydrothermal methods have been studied
extensively[17, 18] as it is a simple way to produce spatially distributed nanowires for device
fabrication. The use of microcontact printing (LCP)[19] has become common for the
modification of surfaces with monolayer domains, though its use as a method for patterning
nanowire growth has not been well explored.
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Appendix A (continued)

In this paper we have demonstrated vertically aligned and patterned ZnO nanowires on
silicon substrates. These structures were produced using pCP to control the regions where a
seeding layer is deposited on a surface. In turn, the patterned seeding layer controls the regions
where the nanowires are grown from the surface using a hydrothermal growth technique.
Additionally, the effects of spatial distribution on the size and morphology of ZnO nanowires are
discussed in this paper.

EXPERIMENTAL

Microcontact printing

For uCP, two types of stamps were made from polydimethylsiloxane (PDMS). Type I was
made by molding PDMS on a silicon calibration grating, producing stamps with parallel features
of 1500 nm wide platforms having a height of 500 nm. The spacing between the platforms was
maintained to be 1500 nm. This stamp would be expected to transfer material onto the surface in
a pattern of 1.5 um wide parallel lines with 1.5 um wide separation. Type Il was made by
molding PDMS on wafer template consisting of recessed 10 pum circles or annular rings with a
lateral thickness of 1um obtained by photolithography using using Shipley 1813 as photoresist.
The height of the stamp features was 2 um and the spacing between features was 75 pm.

The stamping inks were solutions of zinc acetate in ethanol. These solutions were prepared
at four different concentrations: 0.1, 0.2, 2, 10 mM/L. For transferring the zinc acetate onto the
silicon substrate, the selected stamp was soaked in the zinc acetate solution for 30 to 60 seconds.
The ‘inked’ stamps were then blown dry with a stream of nitrogen, brought in contact with the
silicon substrates for 10 seconds, and then quickly separated. Consistent force was applied from
sample to sample by ensuring conformal contact due to work of adhesion. After this printing
procedure, the samples were baked on a hotplate for 30 min at 350°C. This heat causes the zinc
acetate to decompose, reacting with atmospheric oxygen and forming ZnO nanocrystals. These
nanocrystals, now patterned on the on Si substrate, acted as a nucleation layer for the growth of
nanowires growth.

Hvdrothermal growth

7n0 nanowires were grown using the conventional hydrothermal method. 25 mM L™ of
both zinc nitrate and hexamine solutions were prepared in deionized water (DIW) and heated to
80°C. This solution was used as the growth solution. 10 pL of a 10mM L' stock solution of
sodium citrate were added per 250 mL of growth solution. The Si substrate was placed face
down in the growth solution, and held for 2 hours while the solution was stirred vigorously.
Afterward, the silicon was removed from the growth solution, and rinsed with DI water and,
optionally, sonicated in DIW for 3-5 seconds to remove ZnO debris — ZnO nanowires grown not
on the substrate, but rather in the solution and deposited on the substrate afterwards. This debris
has been observed in some of the scanning electron microscopy (SEM) images. It typically
appears much brighter than nanowires grown on the substrate as they have an open contact with
the substrate, therefore experiencing a stronger charging effect. Finally, samples were dried
using dry Ns.
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RESULTS AND DISCUSSION

Figure 1a shows an SEM image of ZnO nanowires grown with the hydrothermal method on
patterned substrates. Patterning was done with the use of microcontact printing with a parallel
grating (type I) stamp. The width and spacing of printed lines is approximately 1.5 um.

A h ¢ -
_:'a\) X o\

30kV  X2,000 10pm 10 30 SEI 30kV  X10,000 1pm 16 30 SEI
Figure 1. a) SEM image of ZnO nanowires patterned using microcontact printing with type
I stamp. b) Zoomed in and tilted 60° SEM image of the same nanowires, revealing their shape
and length.

As seen in Figure 1b, the nanowires have a conical shape with a base diameter of
approximately 500 nm and an apical diameter of approximately 200-400 nm. These sizes are
considerably larger than the sizes observed for nanowires grown under the same conditions on
uniformly seeded, rather than patterned, substrates. The reasons for the different sizes observed
are unclear. However, a potential explanation may lie in a difference in seeding between the two
techniques — even though the same seeding solution was used both for patterned and uniformly
seeded samples, the different seeding techniques may introduce a variation in the density of zinc
acetate molecules on surface. After baking, different sizes of ZnO nanocrystals would result.
Since these nanocrystals serve as growth sites for nanowires, the nanowires produced would
have different dimensions. Another potential explanation would be a difference in the growth
environment — the patterned nanowires are confined to regions defined by the patterned seeding
solution. The patterned surface produces fewer growth sites per area, providing more free space
around the wires during the growing stage. This reduced crowding may lead to more free and
rapid access to the zinc ions during the growth. Although a more likely explanation is a
combination of these two effects.

Comparable results were observed in work presented below and support the explanations
given above. Samples were produced which had relatively large areas patterned with the seeding
solution separated by large bare surface. These samples exhibited variations in the size of the
nanorods grown within a single sample. Moving from the bare region further into the area of
uniform seeding, the nanowires have been found to decrease in size. This decrease is quite
dramatic, on the order of a ten-fold change. Also varying is the lateral spacing of the nanowires,
with the densest coverage being at the center of the uniformly coated region.

The image in Figure 2 is representative of the ZnO nanowires as patterned by contact
printing the seeding solution with an annular type II stamp. Again, the mean diameter of the
resulting nanowires is greater than the mean diameter of the nanowires grown under the same
conditions but on surfaces continuously covered by the seeding solution. The nanowires lying
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around the annular ring are most likely nanowires grown simultaneously in the solution without
seeding crystals and deposited on the surface after growth. Alternatively, they may have been
grown on the substrate, but they detached and were redeposited. They have a weaker contact
with the substrate than the nanowires grown from the seeded ring; therefore, they often have
more charging by the SEM and appear much brighter on the SEM images (lower part of the

2
-

30kV  X5,000 30kV  X5,000 S5pm 10 30 SEI

Figure 2. SEM images of ZnO nanowires patterned as annular rings with 10 um outer
diameter and lateral thickness of 1 um before (a) and after (b) sonication.

Figure 2b is an SEM image of the same patterned ZnO nanowire sample at a different
location after light (~3 sec) sonication in DI water. As can be seen, most of the debris is gone.
The patterned nanowires predominantly are still attached to the surface, as are some fraction of
the nanowires that were grown in the non-seeded areas. The observed in Figure 2a and Figure 2b
difference in the density and size of the nanowires across patterned regions on the same sample
may be due to the nature of conformal contact in uCP.

Figure 3a is representative of the SEM images of ZnO nanowires patterned with another
Type II stamp that had 10 um solid circles, rather than rings. Interesting to note is that the
nanowires on the outside of the circle are of larger diameter than those inside the circle, and the
growth is mostly horizontal. Results of this type support the assertion that the larger diameter
nanowires has resulted from greater diffusion of the ionic zinc to the growing wires at the edge
of the pattern.
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Figure 3. SEM image of ZnO nanowires patterned as circles in areas where microcontact
printing was performed (a) normally, (b) with intentionally collapsed roof.
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Figure 3b shows an SEM image of ZnO nanowires grown on the same patterned surface that
produced the image shown in Figure 3a, but in a region where the roof of the stamp was
intentionally collapsed. The collapsed part of the stamp printed the seeding solution everywhere
except for the region immediately around the feature (residual moat of unsealed area)[20]. Here
the restoring forces within the stamp balanced the forces of adhesion between the stamp and the
substrate, preventing collapse close to the feature. The variation in nanowire sizes has not
occurred in this case. Two reasons likely explain this behavior — 1. the modified distribution of
forces in this geometry has changed the deposition density of the seeding solution, resulting in a
more uniform distribution of the zinc acetate, and/or 2. the growth of the nanowires around the
feature prevented effective refreshing of the chemicals so that the nanowires could not grow at
the same conditions as shown in the previous figure. The latter explanation can also be
confirmed by the fact that samples with lines printed with stamps of Type I have nanowires of
larger sizes as compared with the samples with uniform seeding grown under the same
conditions.

Figure 4 shows the typical X-ray diffraction (XRD) patterns of the ZnO nanowire coated

substrate.
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Figure 4. Typical XRD of samples grown with technique described. Pronounced (002)
peaks is an indication of predominantly vertically aligned nanowires.

Two peaks are pronounced for the ZnO diffraction pattern: (002) and (101) which appear at
20=34.4°,36.3°, respectively. The ZnO nanowires in the samples under investigation have
shown a dominate diffraction peak for (002), which indicates a high degree of orientation with
the c-axis vertical to the substrate surface. The XRD results suggest that our sample is highly

crystallized wurtzite type.

CONCLUSION

A simple and cost effective technique for the hydrothermal growth of patterned ZnO
nanowires is shown in this paper. The microcontact printing technique is employed for growing
spatially distributed ZnO nanowires for device applications. Our study has also shown that both
the seeding and the local growth environment are critical for the sizes and shapes of the produced
nanowires.
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ABSTRACT

Zn0O nanostructures have attracted a great deal of interest because of their biocompatibility
and outstanding optical and piezoelectric properties. Their uses are widely varying, including
incorporation in sensors, solar cells, and nanogenerators. Biological systems are yet another area
of application of ZnO nanowires. Apart from their electrical and optical properties, ZnO
nanostructures can be used for the mechanical reinforcement of existing biomimetic scaffolds
such as collagen and/or other biodegradable polymers (poly(lactic acid), polyglycolide,
poly(alkyene succinate)s or polyhydroxylalkanoates). In this work, we have demonstrated a
cheap and comparatively facile hydrothermal growth method for the bulk production of ZnO
nanostructures exhibiting an aster-like geometry. The novel nanostructures of ZnO can be used
as reinforced material to biopolymers. The aster shape has presented an increased surface area,
providing a means for enhancing the stabilization of the gels and\or polymers. With controllable
growth of ZnO nanostructures this method allows the geometry which could be tuned for
maximal coupling between the two phases of composite and increased mechanical strength.

INTRODUCTION

7Zn0 is a biocompatible piezoelectric 11-VI semiconductor with a wide direct band gap of
3.37 eV and large exiton binding energy of 60 meV. Recently, ZnO nanostructures have attracted
great attention as a promising functional material due to its suitability for application in UV
lasers[1, 2], light emitting diodes[3], sensors[4-6], nanogenerators[7-9] and solar cells. Due to
biocompatibility[10, 11], ZnO can be used as a functional material in implantable devices or
even as a reinforcing material for different biopolymers. In this case bulk growth of structures
with large surface area to volume ratios while keeping the effective volume large enough for
successful incorporation into biopolymers is desired.

Many methods have been used to prepare ZnO nanowires, including using chemical vapor
deposition[4, 12], metal-organic chemical deposition[13, 14], pulsed laser deposition[15],
physical vapor deposition[13, 16], vapor-liquid-solid methods[9, 17] and hydrothermal
methods[1, 18, 19]. The hydrothermal method is one of the most simple and cost effective
methods, making the scaling up of production straightforward.

Growth of ZnO nanostructures using the hydrothermal method has been studied extensively
as it is a simple way to produce various shapes and geometries of nanostructures. The use of
modifying agents, various substrates, wide spectra of seeding techniques and electric field
assistance has become common for the modification of resultant properties, such as shape, size
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and morphology of ZnO nanostructures. However, mostly these techniques are suitable for the
growth of ZnO nanostructures on various substrates.

In this paper, we demonstrate the growth of ZnO nanostructures in a bulk solution, where
different sizes of ZnO nanoparticles were used as nucleation sites for the hydrothermal growth.
During conventional hydrothermal growth ZnO nanowires grow not only on the surface of the
substrate, but in the solution as well. This method often leaves debris on the resultant samples,
but has the advantage that adding ZnO nanoparticles as growth sites changes the bulk-grown
nanostructures greatly. We demonstrate these nanostructures, and discuss possibilities for large
scale repeatable growth of such structures.

EXPERIMENTAL

Chemicals and reagents

The zinc nitrate hexahydrate (Zn(NO3),-6H>0) and hexamethylenetetramine (HMTA),
trisodium citrate (CsHsNa3O7), were all ACS grade and purchased from Sigma-Aldrich (USA).
Zinc Oxide Nanoparticles with a nominal size of 10-30 nm were purchased from SkySpring
Nanomaterials, Inc. and Zinc Oxide Nanopowder of nominal sizes <50 nm and <100 nm were
purchased from Sigma Aldrich. All solvents and materials were employed as purchased without
any further purification unless specified.

TEM of the nanoparticles was performed. The method followed was: a small amount of
nanoparticles as purchased were mixed with ethanol and actively sonicated to separate bundled
particles. A TEM copper mesh was dipped in the solution and dried. TEM was performed on this
grid.

ZnO nanostructures growth

7n0O nanostructures were grown using the conventional hydrothermal method. 25 mM L™ of
zinc nitrate and hexamine solutions in deionized water (DIW) at 80°C were used as the growth
solution. Different amounts of sodium citrate solution in DIW were added into selected samples,
as specified.

Zn0 nanoparticles in amount of 20-30 mg were vigorously sonicated in 1 mL of DIW to
effectively separate and unclog them and were added to the growth solution. They acted as
nucleation sites for nanostructure growth.

The solution was kept at 80°C with vigorous stirring for 4 hours and then washed with DIW
and ethanol and finally filtered. Samples obtained were studied using SEM technique.

RESULTS AND DISCUSSION

Figure 1a shows a TEM image of as purchased ZnO nanoparticles with nominal size <30
nm. The TEM picture reveals less distribution in size than other samples with nanoparticles size
of nearly 200 nm in comparison with the nominal 10-30. Figure 1b shows a TEM image of as
purchased ZnO nanoparticles with nominal size <50 nm. ZnO nanoparticles have a large
distribution in size and generally are of size much less than 50 nm. Figure 1¢ shows a TEM
image of as purchased ZnO nanoparticles with nominal size <100 nm. ZnO nanoparticles have a
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large distribution in size and generally are of size ~100 nm. Insets in Figure 1 show atomic
planes of the corresponding icles; the scale bar is 2 nm.

Figure 1. TEM images of as prhased ZnO anoparticles with nominal sizes of a) 10-30
nm, b) <50 nm, ¢) <100 nm. Scale bar on the images is 200 nm. Insets: high resolution TEM of
atomic planes of the nanoparticles. Scale bar is 2 nm.

Figure 2a shows a TEM image of ZnO nanostructures grown in bulk solution as described
before with addition of 2uL. of 0.1 mM/L of sodium citrate. Approximately 24 mg of ZnO
nanoparticles with nominal size 10-30 nm were added as nucleation seeds. Aster-like shape of
resultant ZnO nanostructure has been observed in the image, showing ZnO nanowires growing
out of common nucleation site.

oy 8 _9‘

30kV  X10,000 1pm 10 30 SEI 30kV  X1,100 10pm 10 30 SEI

Figure 2. a) SEM image of as grown ZnO aster-like nanostructures with ZnO nanparticles
of the nominal size of 10-30 nm acting as nucleation sites, b) Zoomed out SEM image of as
grown ZnO aster-like nanostructures with ZnO nanparticles of the nominal size of 10-30 nm
acting as nucleation sites. The aster-like structures are the preferable resultant structure with

these growth conditions.

A lower magnification image of the same sample is presented in Figure 2b and shows the
abundance of aster-like structures in the samples. This indicates that this growth mode is
preferable under the present growth conditions.

An SEM image of ZnO aster-like structures grown with ZnO nanoparticles of nominal size
of <50 nm are shown in Figure 3a. The nanostructures growth was performed following the
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general recipe with no sodium citrate added. 25 mg of ZnO nanoparticles of nominal size <50
nm were used as nucleation sites. Aster-like nanostructures are not as pronounced as structures
with 30 nm ZnO nanoparticles nucleation, but are in abundance as shown in Figure 3a.

v

30kv  X10,000 1um 10 30 SEI 30kV  X50,000 0.5pm 10 30 SEI

Figure 3. a) SEM image of ZnO aster-like structures grown with ZnO nanparticles of
nominal size of <50 nm, b) SEM image of ZnO aster-like structures grown with ZnO
nanoparticles of nominal size of <100 nm.

Figure 3b shows ZnO nanostructures grown with the same general recipe, with no sodium
citrate added. 27 mg ZnO nanoparticles of <100 nm nominal size were added as nucleation sites
in this growth. Although aster-like nanostructures have been observed, the resultant
nanostructures are in mass plain ZnO nanowires.

Also performed was a series of experiments in which higher concentrations of sodium
citrate, which acts as surfactant agent, were used. Here aster-like structures were not observed in
any sample, as can be seen in Figure 4. Instead, rod-like nanowires of increased size (with
addition of 20 pL of 10 mM/L sodium citrate) were obtained. The use of even larger
concentrations of the surfactant (addition of 2 mL of 10 mM/L of sodium citrate) somewhat
cubic-like structures resulted (Figure 4b).

e : . roy; : ’-f., o G
» . : : s Dtash - & X
A - 3
- - y & 4 Sk,
30kV  X10,000 1pm 10 30 SEI 30kVv  X10,000 1pm 10 30 SEI

Figure 4. SEM image of ZnO nanostructures grown following general recipe with addition
of'a) 20 pL. of 10 mM/L of sodium citrate per 250 mL of growth solution and b) 2 mL of 10
mMY/L of sodium citrate per 250 mL of growth solution.
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Figure 5. Typical a) XRD spectra and b) EDS spectra of ZnO nanostructures grown
following general recipe. Nanostructures were diluted in ethanol, dropcasted on Si substrate and
dried for XRD and EDS measurements.

X-ray diffraction (XRD) and Energy-dispersive X-ray spectroscopy (EDS) measurements
were also performed to characterize obtained ZnO nanostructures. Figures 5a and 5b show
typical XRD and EDS spectra, respectively. In XRD measurements obtained peaks at 31.77°,
34.43°, 36.26°, 47.55°, 56.61° and 62.87° correspond to hexagonal ZnO structure with
crystallographic (100), (002), (101), (102), (110) and (103) directions, respectively. EDS
measurements reveal that sample generally contains the atomic ratio 35.7% and 53.76% of zinc
and oxygen, respectively. Higher atomic percent of oxygen is not uncommon for metal oxides.
Meanwhile, EDS measurements support the proper identification of peaks in XRD spectra of
Zn0 nanostructures.

CONCLUSION

Conventional hydrothermal growth with addition of ZnO nanoparticles as nucleation sites
could be used for growth of aster-like nanostructures. Care should be taken regarding the size
and quality of nanoparticles. Uniformly sized seeding particles with lateral dimensions of ~200
nm should be used as nucleation sites. In this study the best results were obtained using
nanoparticles with nominal size of 10-30 nm.
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ZnO Nanowires Grown on n-Si Substrate

In this appendix, we present the final version of manuscript
titled “Structure and Opto-electrochemical Properties of ZnO
Nanowires Grown on n-Si Substrate” published in Langmuir by ACS
Publications. All the co-authors have authorized the inclusion of this
document in the dissertation. Reprinted (adapted) with permission
from M. Ladanov, M. K. Ram, G. Matthews, and A. Kumar, Langmuir,
27, 9012 (2011). Copyright (2011) American Chemical Society. The
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ABSTRACT: Zinc oxide (ZnO) nanostructures have attracted great atten-
tion as a promising functional material with unique properties suitable for
applications in UV lasers, light emitting diodes, field emission devices,
sensors, field effect transistors, and solar cells. In the present work, ZnO
nanowires have been synthesized on an n-type Si substrate using a
hydrothermal method where surfactant acted as a modifying and protecting
agent. The surface morphology, electrochemical properties, and opto-
electrochemical properties of ZnO nanowires are investigated by using
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scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy

(EDS), cyclic voltammetry, and impedance spectroscopy techniques. The cycling characteristics and rate capability of the ZnO
nanowires are explored through electrochemical studies performed under varying electrolytes. The photo response is observed using
UV radiation. It is demonstrated that crystallinity, particle size, and morphology all play significant roles in the electrochemical

performance of the ZnO electrodes.

1. INTRODUCTION

Zinc oxide (ZnQ) is a 11— VI semiconductor with a wide direct
band gap of 3.37 eV at 300 K and large exciton binding energy
(60 meV). Its nanostructures have attracted great attention as a
promising functional material. The unique properties of nano-
structured ZnO make it suitable for applications in UV lasers,"*
light emitting diodes,® electrochromic and field emission
devices,* sensors,® 7 field effect transistors,® ® nanogenerators
actuated by atomic force microscopy (AFM) tips™'° or driven by
ultrasonic waves,™ and solar cells."

Among the various ZnO nanostructures, well-aligned nano-
wire arrays are one of the most promising, and consequently they
have been extensively studied.'*'* Many methods have been
used to prepare ZnO nanowire arrays, including chemical vapor
deposition (CVD),*'* metal —organic chemical vapor deposi-
tion (MOCVD),"*'® pulsed laser deposition (PLD),"” physical
vapor deposition,"*'® vapor—liquid—solid (VLS) methods™"?
and the hydrothermal method.”**' These techniques are well
developed and show efficiency and accurate control of the
processes as well as the resulting morphology of ZnO nano-
structures. Moreover, they are generally inexpensive. However,
for practical reasons, fabrication of devices based on ZnO should
be relatively simple and straightforward, as well as cost-effective.
Therefore, a solution phase approach recently has attracted great
attention due to its simplicity compared to other methods, and
due to its ability to produce large-scale, low-cost, and controllable
growth of one-dimensional ZnO nanocrystals.>*"**

v ACS Publications © 2011 American Chemical Society

It is known that crystallinity, particle size, and morphology
play significant roles in the electrochemical performance of
Zn0O anode materials. Also, previously it has been demon-
strated that controlling the morphologies of transition metal
oxides could improve their electrochemical performance such
as cycling characteristics and rate capability. However, detailed
studies of the structure, the electrochemical and opto-electrochemical
properties of ZnO nanowires will improve greatly their applic-
ability in photocell devices. From this point of view, we utilized
a conventional hydrothermal method to synthesize ZnQ nano-
wires directly on a conducting Si surface. We used a surfactant
as the modifying and protecting agent in this process. As the
seeding of ZnO nanocrystals plays an important role in the
resulting morphology of ZnO nanostructures,®® special atten-
tion was paid to developing a repeatable and tunable seeding
recipe combined with utilization of surfactant agents. This
approach led to broad control over the morphology of the
ZnO nanostructures produced. The synthesis process did not
require high temperature or preformed templates. Thus the
advantages of this method for the preparation of ZnO nano-
wires include its simplicity and mild reaction conditions, as well
as its suitability for large-scale preparation of samples with
controlled morphologies.
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Figure 1. (a) SEM image of the as grown nanowires. Inset: cross section
of the sample with nanowires. (b) SEM image of nanowires on the same
sample in the transition area between seeded and nonseeded regions.
With the same growth conditions, the density of ZnO nanocrystals
combined with the surfactant agent plays a significant role in the
formation of nanowires.

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. The nitrate hexahydrate
(Zn(NO3), - 6H,0), hexamethylenetetramine (HMTA), and diethyle-
netriamine sodium citrate were all ACS grade and purchased from
Sigma-Aldrich (U.S.A.). All solvents and materials were employed as
purchased without further purification unless specified.

2.2. ZnO Nanowire Growth and Characterization. ZnO
nanowires were grown using the conventional hydrothermal method.
Twenty-five millimolar zinc nitrate and hexamine solutions in deionized
water (DIW) at 80 °C were used as the growth solution. Ten microliters of
a 10 mM solution of sodium citrate per 250 mL of growth solution
were added.

ZnO nanocrystals on Si substrate acted as a nucleation layer for
nanowire growth and were created by the following recipe: 2 mL of
0.5 mM of zinc acetate in ethanol were spun on 2 in. Si substrate at
1000—1200 rpm for 40—S50 s. Immediately after ethanol visibly
evaporated from the substrate, the substrate was dried by a flow of
dry N, while spinning to ensure removal of water remnants and
achieve uniform seeding. After that, the Si wafer was baked at 350 °C
on a hot plate for 30 min.

ZnO nanowires were grown by submerging the seeded n-type Si
substrates inverted in the growth solution at 80 °C for 2 h. Temperature
was controlled by a water circulation system, and the growth solution
was constantly stirred.

The average turnover time to refresh the chemical solution in the
reactor was 3 to S h in order to enhance the growth rate and aspect ratio
of the nanowires for a specific growth time. Finally, substrates were
removed from the growth solution, rinsed with DIW, and dried under
nitrogen flow.
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Figure 2. EDS data of the as-grown sample with ZnO nanowires. Zn, O,
Si, and C peaks are present.

The basic reaction responsible for the growth of nanowires from
solution is described as follows:
Decomposition reaction:

(CH;)4N4 + 6H,O — 6HCHO + 4NH;
Hydroxyl supply reaction:
NH; + H,O < NH;* + OH™
Supersaturation reaction:
20H" +Zn** — Zn(OH),
ZnO nanowires growth reaction:

Zn(OH), — ZnO + H,0

2.3. Surface/Structure Characterization. The surface mor-
phology of ZnO nanowires was investigated by scanning electron
microscopy (SEM) to determine their size, shape, and density. X-ray
diffraction (XRD) of the samples was used to demonstrate the crystal-
linity of the nanowires and preferred crystal orientation. Energy
dispersive X-ray spectroscopy (EDS) was used to determine the
chemical composition of the obtained structures.

2.4. Electrochemical Measurements/Photo-electrochemi-
cal Response Setup. The electrochemical and photochemical mea-
surements were carried out using a Potentiostat/Galvanostat (Voltalab).
A standard three electrode configuration was employed, where the n-Si/
ZnO nanowires acted as the working electrode, a platinum wire acted as
the counter electrode, and Ag/AgCl acted as the reference electrode.
The electrochemical studies were performed in 0.05 mM HC], 0.01 M
NaOH in DIW and 0.1 M LiClO, in acetonitrile electrolytes. UV light
with maximum intensity at 366 nm was used to illuminate the sample
from 2 to 3 cm away from the working electrode. The power supplied to
the UV light were controlled manually.

3. RESULTS AND DISCUSSION

3.1. Structural Studies. The SEM studies indicated that the
morphology of the ZnO nanowires produced by this method
was not homogeneous across the surface of the silicon substrate.

9013 dx.doi.org/10.1021/1a200584j [Langmuir 2011, 27, 9012-9017
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Figure 3. XRD data of the as-grown sample, revealing the crystalline
structure of ZnO nanowires. Pronounced (002) peak suggests dominat-
ing vertical alignment of nanowires.

One can clearly distinguish areas with the same seeding as the
developed recipe as well as areas with no seeding at all (no ZnO
NW observed). Figure 1a shows a top-down image of the ZnO
nanowires grown in a densely seeded region. The diameter of the
nanowires in this region was ~50—100 nm, with clear hexagonal
structure. Also shown in Figure 1a is an SEM image of the cross-
section (see inset), revealing that the orientation of the nano-
wires was predominately vertical. The length of these nanowires
was approximately 1 ¢m for a 2 h growth period, as described in
the Experimental Section. In the region transitioning from dense
seeding to minimal seeding, the morphology of the nanowires
changes. Figure 1b shows an SEM image taken from the same
sample, but near the edge of the seeded area. The ZnO nanowires
grown in this region had several times larger diameters and again
showed clear hexagonal structure. Moreover, the density of the
nanowires was much lower. Apparently, the density of ZnO
microcrystals that served as the seeding layer was diminished.
This change in density resulted in ZnO nanowires being grown
under different conditions from those shown in Figure 1a, even
though the growth solution, temperature, and time were iden-
tical. It has been shown previously that, even with the same
growth conditions, the morphology of nanowires is dependent
upon the seeding method.”® Thus, we have shown that ZnO
growth primarily was controlled by the density and the quality
(i.e., grain size, thickness of film and\or crystallographic orienta-
tion) of seeded ZnO nanocrystals.

EDS of ZnO nanowires grown on #n-5i was performed, and the
resulting spectrographic data is shown in Figure 2. EDS deter-
mines the composition of the synthesized ZnO nanostructures,
and the results reveal that the nanostructure was composed of
Zn, O, C, and Si. Quantitative EDS analysis showed that the
element weight ratio of Zn to O was about 1:1. The presence of C
can be understood as the residue left from the organic solvent
used in preparation of the ZnO nanowires. The presence of the Si
peak in the EDS pattern can be assigned to the Si substrate.

Figure 3 shows the XRD patterns of the substrate coated with
ZnO nanowires. Four peaks were pronounced for the ZnO

H
2
3
-2k 4
— 100 mV/sec
— 50 mV/sec
4 —— 20 mV/sec 7
— 10 mV/sec
——  5mVisec
1 1 1 1 L
=500 -300 -100 0 100 300 500
Voltage ImV
2 T T
b)
1.5+ 8l
- i
<
=
@ 0.5 1
]
<
0F 4
— 100 mV/sec
— 50 mV/sec
—05 — 20 mV/sec a
— 10 mV/sec
—  SmVisec
- I L L L 1
=600 —400 -200 0 200
Voltage ImV

c)I

Current [uA

100 mV/sec
50 mV/sec
20 mV/sec
10 mV/sec
5 mV/sec

~600 -400 =200 0 200
Voltage /mV

Figure 4. CVs at different scanning speeds for (a) LiCIO,, (b) NaOH,
and (c) HCl electrolytes.

diffraction pattern: (100), (002), (001) and (102) appear at
20 = 31.7°,34.4°, 36.3° and 47.5° respectively. As expected, the
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Figure 5. Chronoamperometry for LiClO,4, NaOH, and HCl electrolytes.

ZnO nanowires in the sample showed a dominate diffraction
peak for (002), indicating a high degree of orientation with the
c-axis vertical to the substrate surface. The XRD results suggest
that our sample was highly crystallized wurtzite type.

3.2. Electrochemical Study. In order to explore their possible
application, the electrocatalytic performance of the as-prepared
ZnO nanowires on doped silicon substrate was characterized. An
n-Si substrate covered with ZnO nanowires was used as a
working electrode, platinum was used as a counter electrode,
and Ag/AgCl was used as a reference electrode in the presence of
different electrolytic solutions. Figure 4a shows cyclic voltammo-
grams (CVs) of the ZnO array electrode in 0.1 M LiClO,
solution as a function of the scan rate. The CV showed a pair
of well-defined redox peaks for ZnO nanowires. The oxidation of
the ZnO nanowires was around 0.2 V, whereas the reduction
peak was observed at around —0.4 V vs Ag/AgClL These results
imply that the ZnO arrays demonstrate electrocatalytic activity to
oxidation in the presence of the LiClOy electrolyte. The cathodic
reduction peak at —0.4 V can be assigned to the reduction of
Zn0O into Zn. ZnO showed the classical reduction—oxidation
behavior of metallic Zinc in ZnO nanorods. There is an increase
in the current density due to reduction of Zn®" to Zn, which was
accomplished with a hysteresis effect, followed by an anodic peak
close to 0.2 V during the reverse scan. Figure 4b shows the CVs of
the ZnO array electrode in 0.01 M NaOH solution as a function
of the scan rate. The CVs of ZnO in 0.01 M NaOH generally
were used to understand the charge capacity of ZnO. The results
revealed interesting CV properties in the oxidation potential at
around —0.33 V, and the peak decreased as the scan rate
decreased. The reduction potential was not as sharp as was
observed for the oxidation potential. Figure 4c shows CVs of the
Zn0 array electrode in 0.5 mM HCI solution as a function of the
scan rate. This figure shows the oxidation peak at around —200 mV
at 100 mV/s. Interestingly, the oxidation peak was found to shift
toward more negative potential as a function of scan rate. The
observed shift in redox potential was negative due to the slow
kinetics of ZnO reduction. The kinetics of ZnO decreased as a
function of scan rate. In the reduction of ZnO electrode, the
diffusion coefficient also changed in different solutions. The CVs
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Figure 6. Nyquist plot of samples with ZnO nanowires in (a) LiClO,,
(b) NaOH, and (c) HCl electrolytes.

of ZnO nanowires in different electrolytes show the hysteretic
characteristics of electron accumulation and discharge in ZnO
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Figure 7. Photocurrent response to UV light at different DC biases.

nanowires superimposed upon the Faradic current due to the
electrolytes. The voltammogram is also completely dependent
upon the scan rate. A similar effect was observed for the
reduction peak shifting toward more negative potential as a
function of scan rate. The reverse scan gives the corresponding
cathodic peak, and the anodic peak was well-defined for the
repeated scans. The CV measurements shown in Figure 4a,b,c
are indicative of an electrochemical diffusion controlled system.
Thus, the observed oxidation was totally reversible.

Figure S represents chronoamperometric studies, where the
potential was varied from —0.2 to 0.5 V vs Ag/AgCl in three
different electrolytic systems. The current transient was recorded
for the oxidation and reduction potentials. The chronoampero-
metry study serves as an alternative probe of electron occupancy
in ZnO NWs film. The oxidation shows higher current and faster
response than the reduction system. A similar effect was observed
in Figure 4 for the CV studies. The reduction and oxidation
showed a sharp transition as shown in Figure 5. The transient
current exhibited a “fast” phase in ZnO NWs, which was
complete within 1 s at the applied negative potential.

Electrochemical impedance spectroscopy (EIS), which pro-
vides information regarding the resistance and capacitance of the
electrode materials, is an effective approach for investigating
electron transfer across the electrolyte and the surface of the
electrode. Figure 6a shows the typical impedance spectra of the
ZnO nanowire electrode in 0.1 M LiClO4 solution at an AC
frequency varying from 100 kHz to 0.1 Hz. The ZnO electrode
displayed semicircles at the high-frequency region and a straight
line at the low-frequency region, indicating that the electroche-
mical reaction at the ZnO electrode was controlled by a mixed
process of charge transfer and diffusion limitation. A similar effect
was demonstrated in Figure 6b,c in 0.01 M NaOH and 0.5 mM
HCI electrolytes, respectively.

3.3. Photoelectrochemical Current. Figure 7 shows the
response of photopotential of the ZnO nanowire electrode under
UVirradiation. When the UV-light was switched on, an electron—
hole pair was generated showing the photocurrent. The initial
charge separation competes with recombination, so both pro-
cesses have to take place on the same time scale. The net

Auxiliary

y € /' Electrode
{\\\\hv /
& e CB

D+

| yd Zn0

Figure 8. Schematics of electrochemical processes on the surface of the
sample,

transport through the electrode was divided into two subsequent
processes: one process was charge transport through the non-
illuminated part of the ZnO, and the other process was transport
through the #-Si substrate to the back contact. The UV irradia-
tion changed the current abruptly with little variation, and re-
turns to the initial value after the light is switched off. In addition,
it also was noticed that the photopotential sharply reverted when
the light was switched off. Although recombination of photo-
generated carriers occurred in the ZnO under dark conditions,
it was restrained effectively by the internal electrostatic field
in the junction region. The separated electrons migrated easily
to the external circuit. However, it is well established that
liquid electrolytes create Schottky junctions when brought
into contact with ZnO. We have tried to understand the
junction between the liquid electrolyte and ZnO rather than
n-silicon and n-type ZnO.

The electron transfer process in the ZnO electrochemical set
up is similar to that in a semiconductor—metal composite.
The electrons in the valence band of ZnO were excited to its
conduction band, giving rise to the formation of an electron—
hole pair, as shown in the schematic in Figure 8. The UV
irradiation caused a rise in the transient photocurrent followed
by an exponential decay after the UV light was switched off.

4. CONCLUSION

The growth of ZnO was primarily controlled by the density of
seeded ZnO nanocrystals. The electrochemical studies at various
electrolytes showed the cycling characteristics and the rate
capability of ZnO nanowires, It was established that crystallinity,
particle size, and morphology play significant roles in the
electrochemical performance of the ZnO nanowire electrode.
The electrochemical study also indicated that ZnO nanowires
were able to be doped with ions, and the process was reversible.
The photoelectrochemical current was observed by illumination
with UV-light in an electrochemical cell where ZnO acted as the
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working electrode in electrolytic media. The detailed struc-
ture, electrochemical, and opto-electrochemical studies on ZnO
nanowires could provide for their application in photocells and
photosensors.
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