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Abstract

ZnO Nanostructure Synthesis & Laser Direct Writing Process for Optoelectronic Devices
by
Daeho Lee
Doctor of Philosophy in Engineering - Mechanical Engineering
University of California, Berkeley

Professor Costas P. Grigoropoulos, Chair

Zinc oxide (ZnO) has a long history of usage in electronics. Recently, ZnO has
been gathering great interest of researchers in nanoscience due to its diverse and versatile
morphologies such as nanoparticles (NP), nanowires (NW), nanorods, nanotubes,
nanohelixes, etc. This dissertation deals with studies covering from the synthesis of ZnO
nanostructures to deposition & patterning methods and their applications for
optoelectronic devices such as transparent electrodes, active layers for thin film transistor
and photovoltaics.

A very well-dispersed, transparent and concentration-tunable ZnO NP solution
was successfully synthesized with a new process. Highly transparent ZnO thin films were
fabricated by spin coating and subsequent ultra short-pulsed UV laser annealing was
performed to change the film properties. While as-deposited NP thin films were not
electrically conductive, laser annealing imparted a substantial conductivity increase. Thus,
selective annealing for conductive patterns directly on the NP thin film without a
photolithographic process was achieved. The conductivity is by a factor of 10° higher
than that of the previously reported furnace-annealed ZnO NP films and even comparable
to that of vacuum-deposited, impurity-doped ZnO films within a factor of 10. The ZnO
film obtained from the process developed in this work has been applied to the fabrication
of a thin film transistor (TFT) showing enhanced performance compared with the TFT
fabricated on furnace annealed ZnO film. The ZnO TFT performance test reveals that by
just changing the laser annealing parameters the solution-deposited ZnO thin film
properties can be tuned suitable for both transparent conductors and semiconductor active
layers.

Two kinds of nanomaterial patterning methods via direct writing have been
demonstrated. First, laser-assisted nanoimprinting of metal and semiconductor
nanoparticles has been presented as a large area one step patterning method. With the
method, submicron structures including mesh, line, nanopillar and nanowire arrays were
fabricated on various kinds of wafer scale substrates. Using the rapid laser-based
nanolithography, the prohibitive constraints of e-beam patterning could be overcome.
Therefore, this method opens a way to the fabrication of electronic and energy devices
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with high throughput and ultra low-cost. Second, a drop on demand (DOD) inkjet
printing of ZnO seed layers integrated with a CAD (computer aided design) system for a
fully digital selective ZnO NW array growth has been discussed. Through proper natural
convection suppression during the hydrothermal growth, successful ZnO nanowire local
growth could be achieved. Without any need for the photolithographic process or stamp
preparation, the NW growth location can be easily modified with high degree of freedom.
These two methods are compatible with flexible plastic substrates.

As an application of ZnO nanostructures for high efficiency solar cells, ZnO dye-
sensitized solar cells (DSSCs) with greatly enhanced surface area for higher dye loading
and light harvesting were demonstrated. The selective growth of “nanoforests” composed
of high density, long branched tree-like multi generation hierarchical ZnO nanowire
photoanodes by utilizing seed particles and a capping polymer increased the energy
conversion efficiency significantly. The overall light-conversion efficiency of the
branched ZnO nanowire DSSCs was almost 5 times higher than the efficiency of DSSCs
constructed by upstanding ZnO nanowires. A parametric study to determine the optimum
hierarchical ZnO nanowire photoanode was performed through the combination of both
length-wise and branched growth processes.
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Chapter 1

Introduction

1.1 ZnO - a versatile material for various optoelectronic
device applications in the field of nanoscience

Zinc oxide (ZnO) has a long history of usage in electronics. The number of
papers including several extensive reviews and books [1-3] which report on optical and
electrical properties of ZnO is too large to be listed here. The main impetus of research
on ZnO as a semiconductor material is the potential use of its wide direct band gap (3.37
eV) and a large exciton binding energy (60 meV). A large band gap means the material
will not absorb photons with less energy than the band gap and leads to transparency for
wavelength > ~370 nm, which makes ZnO one of the most important materials for
transparent electrodes as an alternative to tin-doped indium oxide (ITO). Currently ITO,
is the industry standard for transparent conducting applications. Unfortunately, however,
the abundance of indium (In) is low and the cost is high, which hinders curtailing
production cost. Due to the large exciton binding energy of ZnO, compared with GaN
which has a similar bandgap (~3.4 eV) with a low exciton binding energy (~28 meV) [4],
excitonic gain mechanism could be expected at room temperature for ZnO-based light
emitting devices [1]. Moreover, ZnO itself is environmentally benign and non-toxic, so
that it is used for cosmetics, ointment and even for food additive. ZnO also has
interesting characteristics such as ferromagnetism and piezoelectricity. Its ferromagnetic
characteristic when alloyed with magnetic atoms such as manganese (Mn), cobalt (Co)
and nickel (Ni) makes ZnO as a material for spintronics applications [5]. Due to its
excellent piezoelectric properties resulting from the polarity of ZnO, there are several
applications of ZnO in piezoelectric devices such as surface-acoustic wave (SAW)
devices and sensors [6-9]. Table 1.1 shows primary properties of ZnO.



Table 1.1. ZnO properties [1]

Mineral Zincite
Band gap [eV] 3.37
Exciton binding energy (meV) 60
Lattice structure Hexagonal wurtzite
Lattice constant (nm) a=0.325,¢=0.5207
Density (g-cm™) 5.67
Molar mass (g-mol™) 81.408
Thermal conductivity (W-m™-K™) 69,60 1
. .. -6 1--1
Thermal dlffllSlVlty (10 K ) 2.92 ' 475J_
Melting Temperature (°C) 1975
Boiling Temperature (°C) 2360

Recently, ZnO has been gathering great interest of researchers in nanoscience
due to its diverse and versatile morphologies such as nanoparticles (NP) [10, 11],
nanowires (NW) [12], nanorods [11, 13], nanotubes [14, 15], nanosprings [16],
nanohelixes [17] and nanobelts [18]. One-dimensional (1-D) ZnO nanostructures are
considered to be one of the most important semiconducting nanomaterials along with
carbon nanotuces (CNTs) and silicon NWs for fabricating nanodevices for applications in
optics, electronics, mechanics, and biomedical sciences such as solar cells [12, 19], UV
lasers [20, 21], field-emission devices [22-24] , light-emitting diodes (LED) [25-27] and
bio-sensors [28, 29]. Among their various applications, functional 1-D nanostructured
photoelectrodes have been extensively studied and could significantly improve the
electron diffusion length in the photoelectrode films by providing a direct conduction
pathway for the rapid collection of photogenerated electrons. The direct pathway along 1-
D crystalline nanostructures would diminish the possibility of charge recombination
during interparticle percolation. On the other hand, nanosized ZnO particles are important
for their potential conversion into a colloidal phase which is an attractive candidate for a
low-temperature and solution-processible semiconductor. It is challenging to disperse
micrometer-long NWs in a solution for simple printing-based or solution-coating
deposition. Smaller colloidal nanocrystals [11] make it easier to solve this problem
enabling them to be drop casted or spin coated on a substrate for thin film applications
such as transparent electrodes and thin-film field-effect transistors (TFTs) [11, 30].



1.2 Direct writing technologies

Direct writing also known as direct printing and digital writing refers to
fabrication method that employs a computer-controlled translation stage, which moves
either a substrate or a pattern-generating device such as laser writing optics or ink
deposition nozzle to create material patterns with controlled architecture and composition.
[31]. Direct writing technologies are of increasing importance in materials processing and
micro-nano fabrications since structures are built directly without the use of masks,
allowing rapid patterning at reduced costs. Moreover, many direct writing technologies
are compatible with flexible polymer substrates such as polycarbonate (PC), polyimide
(PI), polyethylene terephthalate (PET), polyethylene naphthalate (PEN) and
polyethersulfone (PES). Flexible polymer substrates are easily damaged by aggressive
chemicals such as the developer and etchant in conventional photolithographic process.
So far, various kinds of direct writing techniques have been developed, including inkjet
printing [32-34], laser direct annealing [30, 35-39], screen printing [40-42], solid state
embossing [43-45], dip-pen nanolithography [46-48], laser-induced forward transfer
(LIFT) [36, 49, 50] and focused ion beam (FIB) direct writing [51, 52]. Extensive review
papers for various direct writing technique can be found elsewhere [31, 53]

Among those direct writing techniques, laser direct writing (LDW) for
nanomaterial annealing offers several advantages. Compared with furnace annealing
which is high energy consuming, slow and limited by the peak processing temperature,
heating/cooling rate, and the forming gas composition, laser direct annealing provides
higher processing temperature while minimizing thermal impact on the substrate due to
optimized energy delivery in spatial and temporal domain. Besides, the high temperature
up to the melting point that can be easily produced by laser processing increases the
sintering between NPs [35] and increases the concentration of defects [54] and doping,
while the fast accessible cooling rate which is more than orders of magnitude higher than
those obtainable in furnace heating will retain defects/doping profiles and influence
crystalline structures [39]. The laser wavelength can be chosen according to the
absorption peak of the respective nanomaterials to induce selective absorption, i.e. only
the nanomaterial layer directly absorbs the laser energy diminishing the thermal impact to
the substrate [38]. Thus, integrated with CAD system, laser direct annealing enables
selective patterning without mask, which provides an effective way for low temperature,
high resolution and high throughput patterning of a variety of materials on various
substrates including flexible polymers.

Applying LDW to the photolithographic process presents a very effective way in
prototype fabrication process. Since the feature size and shapes are easily tunable by
choosing appropriate optical components and scanning parameters, various kinds of
pattern design can be tested without making pricey masks repeatedly. Submicron size
features, usually generated by the e-beam lithography, also can be obtained by tightly
focusing a laser beam. For example, employing a femtosecond laser enables to fabricate
three-dimensional structures with up to 100 ~ 200 nm resolution through multi-photon
polymerization. On the other hand, laser interference lithography [55, 56] can overcome
the slow throughput speed of the “serial” process with the resolution comparable to that
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of the e-beam lithography, even though the setup becomes more complicated and is
restricted to producing periodic patterns only. LDW combined with direct imprinting of
nanomaterials [57, 58], albeit still a “serial” process, presents an alternative way to
produce submicron size features with much faster than the e-beam process, much easier
and simpler than the laser interference lithography. Other types of LDW processes and
the discussion of the advantages and disadvantages of them can be found elsewhere [53]
and will not be repeated here.

There has been a great progress in inkjet printing technology since the first ink
jet printer was invented in 1976. The application of inkjet printing encompasses from
small desk-top printers to in-line coding and marking tools for vast manufacturing
process. Recently, along with the development of solution-type nanomaterials, inkjet
printing technology is expanding its applications in nanomaterial deposition and
patterning. Inkjet-based direct writing involves the formation and deposition of ink, or a
sequence of droplets of liquid phase material. The evaporation of the solvent or chemical
changes follows to transform the ink into a solid phase [53]. Subsequent processing steps,
such as annealing, may also be involved [53]. In the drop on demand (DOD) ink jet
processing [32, 59], drops of ink are on demand ejected from the system in response to a
trigger signal through the generation of a pressure pulse by an actuator when they are
required to be printed. Integrated with computer aided design (CAD) system, the fully
data driven and maskless nature of DOD method allows more versatility than other direct
printing methods with high degree of freedom [32, 34]. The method is especially efficient
when precious materials are used, since waste of the materials can be considerably
diminished. Also inkjet printing process is compatible with flexible substrates and can be
scaled up for larger substrates for mass production or roll-to-roll process.

1.3 Scope of the dissertation

This dissertation presents methodical studies covering from the synthesis of ZnO
nanomaterials to deposition & patterning methods and their applications for
optoelectronic components and devices such as transparent electrodes, active layers for
thin film transistor (TFT) and photovoltaics.

In chapter 2, several methods for synthesis of ZnO NPs and NWs are explained
and characterizations of those materials are presented. These materials are used for the
researches in the following chapters.

In chapter 3, annealing process of solution-deposited ZnO thin film by UV-
picosecond (ps) laser for conductive transparent ZnO patterning is presented. Parametric
studies including the sheet resistance and optical transmittance of the annealed ZnO NP
thin film were conducted with various laser powers and background gas conditions for
process optimization. A ZnO TFT performance test is also discussed which shows that by
just changing the laser parameters, the solution-deposited ZnO thin film can also perform
as an active layer for TFT. The results demonstrate that laser annealing offers tunability
of solution-deposited ZnO thin film properties for both transparent conductors and
semiconductor active layers.



In chapter 4, large area nanoimprinting of NPs on various substrates by LDW-
assisted mold fabrication process is presented. This work presents laser assisted high
speed one-step direct nanoimprinting of metal and semiconductor NPs to fabricate
submicron structures such as mesh, line, nanopillar and NW arrays. Moving away from
the traditional electron-beam lithography method for master mold fabrication, LDW
process was applied. A 200 mm-s™ writing speed was achieved via UV ps laser process
which enables rapid fabrication of wafer scale master molds.

In chapter 5, a fully digital selective ZnO NW array growth on the inkjet-printed
seed patterns are presented. Not only inkjet printing process integrated with CAD system,
but also proper natural convection suppression during the hydrothermal growth for
successful ZnO NW local growth is introduced.

In chapter 6, a selective growth of “nanoforests” composed of high density, long
branched tree-like multi generation hierarchical ZnO NW photoanodes for enhanced
efficiency of ZnO dye sensitized solar cells (DSSCs) is presented. A parametric study to
determine optimum hierarchical ZnO NW photoanodes through the combination of both
length-wise and branched growth processes is performed as well.



Chapter 2

Synthesis of ZnO nanostructures

The ZnO nanostructures — NPs and NWs — are the core materials for the research
in the following chapters.

Various methods for the preparation of ZnO NPs such as the sol-gel method [60,
61], laser ablation in liquid [62], flame spray pyrolysis [63], vapor phase oxidation [64],
wet chemistry method [10, 11] have been reported through many research papers. Among
various methods, wet-chemistry-based procedures were used since it presents a reliable,
safe and economical way while producing very fine NPs.

The synthesis of nano/micro size ZnO NWs has been carried out using various
methods, including evaporation and condensation [65], physical vapor deposition [66],
chemical vapor deposition [67], solvothermal [68] and hydrothermal method [12, 19, 69].
Among them, the hydrothermal method is one of the most attractive due to rapid, low-
cost, low temperature, environmentally friendly process nature [70]. Thus, the ZnO NWs
for the following research were synthesized by the hydrothermal method.

The synthesis methods for both ZnO NPs and NWs are solution-based processes,
hence do not require any vacuum system or gas phase chemicals. Also all procedures are
performed under low temperature.

2.1 Synthesis of ZnO NPs

Here, a method producing solution processible, variable concentration
transparent ZnO NP solution is presented. Two wet-chemistry-based methods using
different solvents were adopted for the following researches. One is ethanol [C,H¢O]-
based method and the other is methanol [CH4O]-based. Ethanol-based method produces
low concentration NP solution which was used for the seed layer for ZnO NW growth.
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Methanol-based method produces higher concentration NP solution facilitated to produce
ZnO thin film after post-processing. It is noted that much diluted NP solution synthesized
by methanol-based method also can be used for ZnO NW growth.

2.1.1 Ethanol-based method

ZnO NPs from this method were used as seeds for the subsequent selective ZnO
NW growth. ZnO NP ink was prepared by modifying the original method by Pacholski
[10, 11, 71]. A NaOH solution in 32.5 mL of ethanol (0.03 M) was added slowly to a
solution of zinc acetate dihydrate (0.01 M) in 62.5 mL of ethanol at 60°C and stirred for
two hours. The resulting ZnO NP solution in ethanol is approximately 30 nM and stable
for at least two weeks in solution. The ZnO NPs were 5~10 nm in diameter with spherical
shape.

2.1.2 Methanol-based method

ZnO NPs were synthesized from zinc acetate [Zn(O,CCHs),] precursor solution.
The synthesis details can be found elsewhere [11]. 446 mM of zinc acetate
[Zn(O,CCHj3);] and 0.25 mL of DI water were added into a flask containing 42 mL of
methanol. The solution was heated to 60 °C with vigorous stirring until the zinc acetate
was fully dissolved. 7.22 mM of potassium hydroxide [KOH] was dissolved in another
flask containing 23 mL of methanol. Then, the potassium hydroxide solution was
dropped into the zinc acetate solution flask within 10~15 min minimizing the temperature
fluctuation of the mixture solution from 60 °C. After 2 h and 15 min at 60 °C with
vigorous stirring produces the milky ZnO NPs solution. This method could be easily
scaled up. It is noted that without adding the small amount of the water ZnO NPs were
not produced after 2 h and 15 min. As seen on Figure 2.1, after the reaction, the ZnO NP
solution looks milky (a) and the NPs precipitate after several hours (b). When as-
synthesized methanol-based solution is spin coated on a glass substrate, the film surface
is not uniform and white powder remains on it since the NPs agglomerate each other
(Figure 2.2). Therefore, as-synthesized ZnO NP solution is not suitable for transparent
thin film coating.



Figure 2.1 (a) Milky ZnO solution after reaction; (b) precipitation of the ZnO NPs

Figure 2.2 Spin-coated ZnO NP film on a glass substrate with the ZnO-methanol solution

2.2 Synthesis of transparent ZnO NP solution

Since as-synthesized ZnO NP solution is not transparent and has low
concentration, post processing is required for transparent high-concentration solution to
be applied for high quality transparent thin film coating. As a post processing, 14* mL of
as-synthesized ZnO NP solution was centrifuged for 5 ~ 15 min to separate the NPs from
the solvent. After discarding supernatant liquid, without drying up, 1** mL of 1-pentanol
[CH3(CH;)sOH] was added and sonicated until the solution becomes transparent.
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Technically, small amount of methanol remains in the 1-pentanol solution. Theoretical, or,
maximum ZnO concentration obtainable through this whole process is 9.563 wt%.
Measured ZnO concentration after the post processing was 7.5 wt%, where post
processing showed at least 78 % ZnO NP recovery. By adjusting either volume of * or **,
the concentration of resultant ZnO solution can be easily modified. Figure 2.3a shows
ZnO NP well-dispersed in 1-pentanol solution. No precipitation in the solution was
observed for more than 3 weeks. As the concentration of ZnO NPs in solution increases,
the solution becomes cloudy. However, when spin-coated, as displayed in Figure 2.3b,
the thin film appears transparent. The solution fluoresces under UV light (Figure 2.3c).
Various solvents such as alpha-terpineol, diethylamine, 1-propanol, 2-propanol which are
usually used as solvents for NP dispersion were tested to make transparent ZnO solution.
As seen on Figure 2.4, however, ZnO NPs agglomerate in those solvents and precipitate
resulting in milky solution. Hexane, toluene, ethanol and ethylene glycol were also tested
and yielded the same result.

The described results carry significant potential, in that they demonstrate an
simple and efficient method producing highly transparent and very well dispersed ZnO
NP solution by just changing a solvent without additional chemicals for a capping layer.
NPs, in general, need a capping layer during synthesis process to prevent agglomeration
with each other in the solution, such as poly(N-vinyl-2-pyrrolidone) (PVP) for Ag [72, 73]
and Cu [74] NPs or hexanethiol [CH3(CH;)sSH] for Au. The method described here, on
the other hand, does not require additional capping layer chemicals and presents how to
disperse the NPs after finishing synthesis in a very simple way. Furthermore, the method
has following additional advantages. First, the size of NPs in the solution is very small (6
nm) and uniform. Second, the synthesis process is energy-saving and safe since all the
procedures are performed under 60 °C. Third, no expensive equipment is needed. Fourth,
the method is readily scalable. Fifth, it is easy to adjust final solution concentration for
various applications such as thin film spin coating and printable ink. Sixth, the solution
has very good wettability to glass, plastic, Si wafer, etc. so that surface treatment such as
a corona discharging and a UV-ozone are not required. Lastly, the solution is stable up to
several months. These attributes make the transparent ZnO NP solution far superior than
the commercially available ones.
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Figure 2.3 (a) ZnO NP solutions (solvent: 1-pentanol) with two different concentrations; (b)
images of a spin-coated ZnO thin film (thickness: 170 nm) with the solution (a) on a glass
substrate; (¢) fluorescence of the ZnO solution under UV illumination (365 nm)

Figure 2.4 ZnO NPs dissolved in various solvents

2.3 Characterization of the ZnO NP solution and thin film

Ejected particles collected on a copper [Cu] grid were analyzed by transmission
electron microscopy (TEM, FEI Tecnai 12, Philips). ZnO thin films spin-coated with the
NP solution on quartz and silicon substrates were further analyzed by X-ray
diffractometer (XRD, D500, Siemens) using Cu Ka radiation (A = 0.154 nm) and X-ray
photoelectron spectroscopy (XPS, PHI5400, Perkin-Elmer) equipped with a 350W Al
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anode X-ray source for the crystallographic structure and elemental composition
respectively. A scanning electron microscope (SEM, LEO 1550, Zeiss) was utilized to
examine surface morphology. Transmittance data of the 1-pentanol ZnO NP solution was
obtained by a spectroscopic ellipsometer (GESP5, SOPRA).

Transmittance [%)]

20 30 40 50 60 70

20 [degree]

Figure 2.5 (a) TEM image shows the ZnO NP is 6 nm in diameter; (b) XRD pattern of the
ZnO NPs shows crystallized wurtzite structure

TEM image and XRD pattern in Figure 2.5a and 2.5b reveal that ZnO NPs are
around 6 nm in diameter with crystallized wurtzite structure. As shown in the
transmission measurement of pure solvent (1-pentanol) and ZnO solution (Figure 2.6),
the ZnO NP solution has very strong absorption (blue line) near 355 nm which is
attributed to ZnO bandgap (~3.37 eV). The XPS spectra (Figure 2.7) with only
detectable XPS and Auger peaks of zinc and oxygen confirm that the ZnO thin film is
undoped at the parts per thousand (1000 ppm) doping concentration level, which is the
typical detection limit of XPS [75]. Very long collection time (8 ~ 16 h) of XPS data
would improve the detection limit to ~100 ppm. More clear assurance of the doping
concentration level would be possible by employing secondary ion mass spectrometry
(SIMS) which enhances the detection limit up to ~ ppm [75]. Those characterizations will
be left as future studies. The SEM image in Figure 2.8 shows a film surface of spin-
coated thin film on a quartz substrate.
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Figure 2.6 Optical transmission measurement of the ZnO solution shows very strong
absorption at around 355 nm wavelength;
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Figure 2.7 XPS spectra of the as-spin-coated ZnO NP thin film. Only XPS and Auger peaks
of Zn and O were detected.

Figure 2.8 SEM image of the as-spin-coated ZnO NP thin film on a quartz substrate.
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2.4 Synthesis of ZnO NWs

The ZnO NWs were synthesized by the hydrothermal method [12, 69]. For the
ZnO NW growth a seed layer is required on a substrate to compensate lattice mismatch.
There are several methods reported to deposit a seed layer for the ZnO NW growth which
can be classified under two primary methods, one is NP seeds deposition [12] and the
other is creating a thin film by sol-gel method [76]. For NP seeds layer, NPs solution
synthesized by the method described in section 2.1 were deposited by drop casting. For
sol-gel thin film seed layer, either diethanolamine [C4H;;NO,, DEA]-based precursor
solution or monoethanolamine [C;H7sNO, MEA]-based one was used. Details of the
methods can be found in research papers [77, 78]. DEA-based solution was prepared by
dissolving 0.75 M of zinc acetate dihydrate [Zn(CH3COO),.2H,0] and 0.75 M of DEA in
ethanol. After spin coating of the solution on a substrate with 3000 rpm for Imin, the film
was heated at 250°C for 10 min and 500°C for 1 h for hydrolysis. MEA-based solution
was produced by dissolving 0.3 M of zinc acetate dihydrate and 0.3M of MEA with 1 M
of deionized water. Spin-coated film with 3000rpm for 1min was heated at 250°C, 300°C
and 500°C for 10 min, 10min and 5 min respectively. It is noted the heating temperature,
time, concentration and solvent of sol-gel method vary in different research papers [77-
79]. Since sol-gel method required high temperature post heating, it is not suitable to be
used on substrates with low melting temperature. Thin film seed layers by the sol-gel
method were used for the comparison purpose only in this section and NPs seed layer
were adopted in the following chapters.

ZnO NWs were grown on a seeded substrate in aqueous precursor solutions
containing 25 mM zinc nitrate  hydrate [Zn(NO;),"6H,0], 25 mM
hexamethylenetetramine [CsH;2N4] (HMTA) and 0 ~ 7 mM polyethylenimine (PEI,
branched, Average My, ~800) at 92 °C for over 2.5 hours [12]. Solution-grown ZnO NW
arrays without PEI addition have been limited to aspect ratios of less than 20 [80]. PEI, a
cationic polyelectrolyte, could boost the aspect ratio of ZnO NW above 125 by hindering
only the lateral growth of the NWs in solution, while maintaining a relatively high NW
density [12, 81]. The substrate was suspended upside-down in an open crystallizing dish
filled with solutions to remove the unexpected precipitation of homogeneously grown
ZnO NW on the substrate. When the substrate is placed face up, an impurity layer is
formed on the surface, hence ZnO NW growth is prohibited.

Figures 2.9(a,b) show the grown ZnO NWs on F-doped SnO, (FTO) glass
substrates without and with a ZnO seed layer. Only very thick nanorods were sparsely
created on the substrate without a seed layer while thin NWs were densely ‘grown’ from
the substrate with a seed layer. Figures 2.10(a~c) show ZnO NWs grown in PEI-
contained (3 mM) precursor solutions on the silicon substrates with the NP seed layer, the
DEA-based and MEA-based sol-gel thin film layers respectively. The overall shape of
those NWs was similar while the density of and thickness of the NWs were slightly
different. Intense investigation of those differences is beyond the scope of this research
and left as a future study. The length of ZnO NWs grown overnight in the precursor
solution is around 10 pm (Figure 2.10a inset). To grow longer NWs the precursor
solution need to be replaced with a fresh one. As seen on Figures 2.11(a,b), PEI in
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aqueous precursor solution plays an important role in the shape and the thickness of the
synthesized NWs. PEI makes the NW thinner and needle-like shape terminating the tip
end very sharp, whereas NWs grown without PEI are thicker and have broken-rod shape
tip ends. It is noted that choosing the molar mass of PEI and concentration is very
important. Using high molar mass PEI such My, ~ 25000 or high concentration of PEI in
precursor solution would fail in growing NWs. More details of the effect of PEI
concentration and/or pH of aqueous precursor solution on ZnO NW synthesis can be
found elsewhere [69, 79, 82].
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Figure 2.10 ZnO NWs grown on silicon substrates coated with (a) a ZnO NP seed layer (inset:
side view); (b) a thin film by DEA-based sol-gel method; (c) a thin film by MEA-based sol-
gel method
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Figure 2.11 ZnO NWs grown on silicon substrates in the precursor solution (a) with PEI (3
mM); (b) without PEI

18



Chapter 3

Conductive transparent ZnQO patterning by
ultra-short pulsed laser annealing of solution-
deposited NPs

LDW for solution-processed ZnO thin film annealing with ultra-short-pulsed
laser was performed to change the film properties without using a blanket high
temperature heating process. Although the as-deposited NP thin film was not electrically
conductive, laser annealing imparted a substantial conductivity increase and furthermore
enabled selective annealing to write conductive patterns directly on the NP thin film
without a photolithographic process. Parametric studies including the sheet resistance and
optical transmittance of the annealed ZnO NP thin film were conducted to find the
optimized laser power and background gas conditions. The laser annealing developed in
this work was also applied to the fabrication of a TFT that showed enhanced performance
compared with furnace-annealed devices.

3.1 Introduction

Transparent conductors are being utilized in important material applications
where precise control of optical and electrical properties is required. The role of the
transparent conductor in optoelectronic devices is to deliver or collect electrons from the
active layer of a device while at the same time allowing visible photons to pass through
relatively unimpeded. The most popular materials for the transparent electrodes are tin-
doped indium oxide (ITO) [39, 83-85], impurity-doped ZnO, e.g. In-, Al- and Ga-doped
Zn0O (IZO, AZO and GZO) [86-89] and impurity-doped SnO2, e.g. F-doped SnO, (FTO)
[90, 91]. Arguably, metal oxides remain the most dominant materials for transparent
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conductors, although newer materials such as carbon nanotubes (CNTs), metal NWs and
graphene are actively being developed [92-95]. Among metal oxides, ITO is most widely
used as a transparent conducting material due to its high electrical conductivity and
transparency. However, ITO is less economical because of its high production cost and a
recent indium shortage and unstable supply. ZnO is one of the most promising candidates
for ITO substitutes due to its non-toxicity, low cost and relatively easy synthesis. ZnO
thin films are usually deposited by a vacuum process such as DC or RF magnetron
sputtering, or pulsed laser deposition (PLD) [86, 96-102] since those methods facilitate
easier doping procedures yielding ITO-comparable high conductivity. Vacuum processes,
however, need additional expensive equipment and hence complicate the fabrication
sequence. An alternative approach to make ZnO thin films is via solution processing,
including spin coating [103] or drop coating [104]. This approach enables attractive low-
cost fabrication of printed electronics. A wide variety of stable solution-processible,
vacuum-free routes to synthesize ZnO nanomaterials by the hydrothermal method have
been developed, allowing cost-effective nanomaterial mass production [11, 105-109].
Solution-processing routes are broadly based on printing or coating of functional ‘inks’
that can be made of precursors for sol-gel processing [76, 110] or NPs dispersed in carrier
solvents [11, 111, 112].

Whether the ink is made of precursors, colloidal solutions or NPs, a
coated/printed film must be thermally annealed to improve the electrical and optical
properties. Usually this annealing process, if done in a high-temperature oven or furnace,
takes a long time (several hours) and needs high power consumption [101, 103, 111]. In
order to overcome this problem, a novel laser post-processing (annealing) technique is
proposed to modify the ZnO nanomaterial structure and thus control electrical and
physical properties to achieve desired functional transparent conductor films. Utilizing an
ultra-short-pulsed laser is advantageous in nanomaterial annealing because laser heating
with high peak irradiance is very localized and rapid, and therefore easily controls
thermal effects. The thermal effect control is not only important for minimizing the
thermal damage to the substrate, but also to modify and fine tune desired material
properties. In addition, laser process parameters can be digitized and therefore the process
can be easily integrated with computer-aided design and a manufacturing system that can
be changed on demand. Laser annealing also allows maskless direct-write patterning and
thus avoids complex photolithographic processes and etching steps. Furthermore, laser
processing is an ambient, room-temperature process and compatible with roll-to-roll
manufacturing. In summary, laser post-processing of nanomaterials can enable a
manufacturing paradigm shift with drastic productivity enhancement. Previous reports
mostly focused on ZnO thin films either as a transparent oxide thin film [96, 97, 99, 111,
113] or as an active channel layer for field-effect transistors without demonstrating the
tunability of ZnO thin film properties for both applications [103, 105, 106]. This research
presents a simple method for synthesizing a transparent, high-concentration undoped
ZnO NP solution and demonstrates that a spin-coated undoped ZnO thin film can be
transformed to a highly conductive transparent thin film by laser annealing, as well as to
an active channel layer of a thin-film transistor simply by changing the laser process
parameters. Previously, a ZnO NP laser annealing experiment was performed with a
nanosecond excimer laser [54], but it focused on the thin film as an active layer of a
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transistor since the film resistance was too high and the transparency is not enough to be
used as a transparent conducting layer replacing ITO or doped ZnO.

Here, with the newly synthesized NP solution and laser processing, this chapter
demonstrates a highly transparent ZnO film conductor even without impurity doping that
shows by a factor of 10° higher conductivity than the previously reported furnace-
annealed ZnO NP films [111] and is also comparable to furnace-annealed ITO NP films
[114]. Evidently, undoped ZnO NPs are stable and easy to synthesize and exclude the
possibility of film property non-uniformity induced by uneven doping distribution [115,
116]. Such highly conductive transparent ZnO films, to the best of my knowledge, have
never been achieved with undoped ZnO film before. As an example of another
application, the current technology was also utilized to demonstrate a ZnO TFT that
showed good performance with larger on/off ratio and high mobility.

3.2 ZnO thin films prepared by NP solution spin coating

ZnO thin films used for the research in this chapter were prepared by spin
coating of ZnO NP solution. Full details of the ZnO NP solution and thin film
characterization have been elucidated in chapter 2. ZnO thin films were spin coated on a
pre-cleaned quartz or glass substrate from the NP solution for Imin at 2000 rpm. Once
the solution is dispensed on the substrate, it should be spun within 1 min due to the
evaporation of the solvent. As the time delay between solution dispensing and spinning
increases, the film becomes thicker, but the film thickness becomes less uniform, or
thicker at the substrate edge. The films used for this characterization were spun 30s after
solution dispensing. The spin-coating process was then repeated to obtain the films with
the desired film thickness. Twice spin coating results in film thickness of 175 nm which
will be shown later in the following section. Post heating around 100 ~ 150 °C per spin
coating is helpful for the fast solvent drying and adhesion promotion of the ZnO NPs to
the substrate but not necessarily required. The spin-coated ZnO NP thin film behaves
almost as an electrical insulator due to the poor connectivity between the ZnO NPs as
shown in Figure 2.8. This non-conductive as-spin-coated ZnO NP thin film essentially
acts as a drawing paper or canvas for forming conductive patterns via the subsequent
selective laser annealing.

3.3 Experimental setup

The schematic view of the laser annealing experimental setup to tune the
electrical and physical properties of the ZnO thin film is shown in Figure 3.1. A yttrium
vanadate (Nd:YVOy) ps UV laser (Newport, wavelength: 355 nm, pulse width (full width
at half maximum): 12 ps, pulse repetition rate: 80 MHz) was applied normal to the
substrate to induce local heating of ZnO thin films. With a single convex lens (40 mm
focal length), a Gaussian beam profile of 25 um (1/¢?) diameter was obtained at the focus.
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The applied laser power was varied from 32.6 kW-cm™ to 98.9 kW-cm™ The ZnO thin
film on the quartz substrate was mounted on an X-Y motorized stage. The stage was
operated with a scanning speed of 0.1 - 10 mm-s™. To measure thin film sheet resistance,
a 15 mm x 15 mm area on the quartz substrate was scanned using 10 pm overlap between
lines. In order to create arbitrary micron-size patterns on a soda-lime glass slide, the
single convex lens was replaced by an objective lens. Scanning electron microscopy
(SEM, LEO1550, Zeiss) and atomic force microscopy (AFM, XE-NSOM, Park Systems),
were utilized to characterize the morphology of the film surface. Micron-size patterns
were taken with an optical microscope (BX60, Olympus). The sheet resistance (R;) was
measured using a four-point probe. Assuming a uniform film thickness, the film
resistivity (p) was determined by p = R, x ¢, where ¢ is the film thickness. All sheet
resistance measurements were performed with five or six different samples per each
annealing condition. The normal-incidence transmission was measured with
spectroscopic ellipsometry (J.A. Woolam Inc).

Camera

X-Y Stage

\

UV Mirror

Figure 3.1 Schematic illustration of the picosecond laser annealing setup

3.4 Laser annealing

Laser annealing could change the structural and electronic characteristics of the
ZnO thin film. Furthermore, the degree of change was tunable by varying the laser
annealing parameters such as laser power and scanning speed. Figure 3.2 presents ZnO
transparent conductor thin film patterns after laser annealing on a quartz substrate.
Annealed parts have greatly reduced sheet resistance, as will be discussed in detail later.
The SEM image in Figure 3.3 shows the ZnO thin film surface and cross-section. Before
laser annealing, a granular and nano-porous structure with 175 nm film thickness was
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observed. Upon laser annealing, the grains fused, reducing voids and the film thickness
decreased to 95 nm, revealing that laser annealing densifies the film. AFM images of a
randomly selected 20 um x 20 um surface area in Figure 3.4 show the change of root-
mean-square (RMS) roughness of the thin film from 17 nm to only 1.7 nm after annealing,
which demonstrates excellent film smoothness. Variation of the scan speed in the range
from 0.1 mm-s” to 10 mm-s" does not affect the sheet resistance of the ZnO thin film.
This finding is attributed to the very high repetition rate of the laser pulse (80 MHz) that
provides a sufficient number of pulses to change the film properties even at 10 mm-s™
scan speed. However, implementation of much higher scan speeds could affect the sheet
resistance. The sheet resistance variation of the ZnO thin film annealed with different
laser powers is shown in Figure 3.5a. The scan speed was fixed at 10 mm's™”. An
optimum laser power window could be identified with respect to the film conductivity, as
annealing with excessively high or low power produces the film with high resistivity.
Excessively high laser power degrades the film quality yielding high roughness and
cracks, as shown in Figure 3.5b, while in contrast too low laser power cannot fully
anneal the ZnO NP film.

Ai—spin-coated Zno:
in \ulato .

r laser annealing:
R = 4.5kQ/[1~20MQ/[]

Figure 3.2 Photoimage of the ZnO thin film on a quartz substrate after laser annealing.
Huge reduction of sheet resistance at annealed part is observed. Surface morphology change
of the ZnO thin film after laser annealing is also observed.

Many research reports attributed the residual conductivity of undoped ZnO film
to intrinsic defects such as oxygen vacancies and interstitial zinc atoms, [100, 117, 118]
although the exact mechanism still remains as a matter of discussion. To investigate the
effect of oxygen in ambient air condition, additional experiments were conducted in
different background gases. Argon or argon-air mixture was introduced to a quartz
enclosure during laser annealing as illustrated in Figure 3.6a. The argon flow rate was
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maintained at about 8000 mL-min™' while the air flow rate was varied from 0 to 200
mL-min” to optimize the resistivity and transparency of the annealed films. Laser power
and scan speed were fixed at 63.8 kW-cm™ and 10 mm-s” respectively. Figure 3.6b
shows the effect of background gas composition on sheet resistance. The sheet resistance
was lowest when the background gas was only argon and increased at air flow rates over
100 mL- min"'. When the air flow rate was 50 mL- min' or less, resistance increase was
minimal, compared with annealing in only argon gas. The drawback of laser annealing in
the argon gas is the film transparency reduction. As shown in Figure 3.7a, when the film
was annealed only in the argon gas, the transmittance of the film was 63 % ~ 74 % at the
500 nm ~ 700 nm wavelength range and about 17 % ~ 21 % lower compared with the
84 % ~ 91 % transmittance of the thin film annealed at ambient air condition over the
same spectral range. As air was mixed with argon gas, the film transmittance became
higher. When the air flow exceeded 50 mL- min™, the transmittance became comparable
to the thin film annealed without argon flow. Therefore, the combined 50 mL- min™ air
and 8000 mL- min" argon background gas flows can assist the formation of a highly
conductive thin film while maintaining high transparency.

Thinckness:

~After laser annealing
.. {conductive)

1um

Figure 3.3 SEM image at the boundary of the laser-annealed surface on a quartz substrate

The effect of laser annealing and background gas on the conductivity and transparency of
the thin film can be explained as follows. The conductivity of the undoped ZnO thin film
is attributed to the intrinsic defects such as oxygen vacancies (Vo) and interstitial zinc
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atoms (Z,). It is apparent that as the oxygen vacancies increase in the ZnO film, the film
becomes less transparent since it becomes more metallic. During laser annealing at
ambient conditions, oxygen vacancies increase since very short (picosecond) laser pulses
heat up the thin film surface to a temperature high enough to break Zn-O bonds and form
oxygen vacancies [100, 117]. Besides thermal stimulation, photon energy (~3.5 eV for
355 nm wavelength) exceeding the bandgap of ZnO (~3.3 eV) may directly excite
adsorbed oxygen and thus promote its dissociation. Since the pulse repetition rate is high
(80 MHz), heat is accumulated establishing a quasi-static temperature distribution,
bearing the superposed short-lived transients induced by the individual pulses. The ZnO
film cooling rate strongly depends on the thermal properties of the underlying substrate.
Conductive heat transfer calculations showed that the amplitude of the picosecond
temperature spikes matched the quasi-static temperature level in the case of the thermally
insulating glass substrate. The argument that high surface temperature is the main
contributor to the formation of oxygen vacancies was confirmed via another experimental
result. When the film was deposited on a silicon wafer that has much higher thermal
conductivity and thermal diffusivity, substantially higher power was needed to make the
deposited ZnO film conductive. Along with the oxygen vacancy increase, if the laser
annealing is done at ambient condition, oxygen supply from the surrounding air oxidizes
ZnO [119]. Since the vacancy increase rate is faster than the oxidation rate, one may
expect a net increase of oxygen vacancies, raising the conductivity of the ZnO film. On
the other hand, when the surrounding gas is argon, there is no oxidization process due to
the lack of oxygen and the net increase of oxygen vacancies is much higher, hence
producing more conductive ZnO. To support this, a ZnO thin film once annealed under
argon gas flow was re-annealed at ambient condition. Figure 3.7b presents a cross-
shaped re-annealed part (A) of the ZnO film annealed in the argon environment (B). The
re-annealed part became more transparent and less conductive because of re-oxidation.
This finding is consistent with the previous explanation.

25



> =
° =]
=2 3

=
a a
o o
o =]

-

Figure 3.4 Comparison of AFM images of (a) as-coated and (b) laser-annealed surfaces.
RMS roughness of 1.7 nm after laser annealing

The best sheet resistance of the ZnO thin film with optical transmittance greater
than 84 % ~ 88 % in the 500 nm ~ 700 nm wavelength range was around 5 k€)/o after
annealing in the argon and air background gas mixture. Considering the film thickness of
95 nm, the film resistivity is 4.75x10 Q-cm. Annealing at ambient condition yielded
sheet resistance and film resistivity of 30 kQ/o and 2.85x10" Q-cm, respectively, with
the transmittance staying the same. The resistivity of 4.75x10 Q-cm is even comparable
to that of vacuum-deposited, impurity-doped ZnO films, [102] within a factor of 10.

It is worth emphasizing that laser annealing enables selective patterning directly
on the thin film without any photolithographic process since the properties of only laser
annealed parts are altered. Furthermore, since laser annealing does not require a vacuum
environment, it can be configured in conjunction with a high-throughput roll-to-roll
process. Figure 3.8a illustrates LDW patterns through an objective lens on the ZnO thin
film on 3 cm x 3 cm soda-lime glass. Arbitrary patterns of 1.5 um line width were printed
from a tightly focused laser beam (Figure 3.8b).
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Figure 3.5 (a) Sheet resistance (R,) of the laser annealed ZnO thin film corresponding to laser
power; (b) SEM image of the degraded ZnO film on a quartz substrate due to excessive laser
power
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Figure 3.6 (a) Quartz enclosure for argon-air mixture flow; (b) R, corresponding to the
background gas
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annealed film on a quartz substrate in the argon environment (B).
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Figure 3.8 LDW of the ZnO thin film on a soda-lime glass. (a) Photograph of arbitrary
patterns on the 3 cm by 3 cm area; (b) optical microscope image of 1.5 pum line-width
patterns.
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3.5 Device fabrication and testing

The process developed in this work to deposit a highly conductive ZnO film has
been applied to the fabrication of a TFT device. To make a ZnO TFT, ZnO NP solution
was spin coated on pre-patterned metal electrodes on a SiO; (250 nm thickness) /Si (n+,
0.005 Q-cm, 525 um thickness) substrate followed by laser annealing. The ZnO TFT has
a typical bottom gate / bottom contact transistor configuration with a highly doped n-type
(arsenic) silicon wafer as the back gate and a SiO, layer as the gate dielectric. For metal
electrodes, a 30 nm chromium layer was created followed by a 100 nm gold layer by
thermal evaporation to provide the gold adhesion to the SiO, layer. Source and drain
electrodes were defined by a standard lift-off technique. The channel length (L) was 2 um
and the channel width (W) was 160 um. The laser annealing setup and condition were the
same as described in Figure 3.1, except for the laser power. With a 25 um Gaussian beam
through a single convex lens (50 mm focal length), the ZnO layer was annealed with
overlapping lines at 10 um pitch at ambient conditions. The applied laser power was 344
kW-cm™. To compare the performance of the laser annealed ZnO TFT with the thermally
annealed one, identical ZnO TFT was thermally annealed in air at 300 °C for 1.5 h.
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Figure 3.9 (a) The schematic cross-sectional view of the ZnO thin-film field-effect transistor
(ZnO TFT). Cr-Au electrodes were defined by a standard lift-off process on a highly doped
n-type silicon wafer with oxide as gate dielectric. ZnO NPs were spin coated on top; (b), (c)
top-view SEM images of the ZnO TFT electrodes without and with a ZnO active layer
respectively. ‘S’ and ‘D’ indicates source and drain electrodes respectively. Channel width
(W) / channel length (L) is 160 yum / 12 pm.

Figure 3.9a displays the schematic side view of the ZnO TFT architecture for
this demonstration, which has a typical bottom gate/bottom contact transistor
configuration. The SEM image in Figures 3.9(b,c) depict top views of transistor
electrodes without and with a spin-coated ZnO NP active layer, respectively. The laser-
annealed ZnO TFT characteristics were measured utilizing an HP 4155A semiconductor
parameter analyzer in a dark Faraday cage at room temperature. Figures 3.10(a,b) show
output and transfer characteristics indicating n-channel behavior in accumulation mode
on a positive gate bias. The channel width and length were 160 ym and 2 pm,
respectively. For a source-drain current (/) versus source-drain voltage (V) plot, Vi
was swept from 0 V to 1.2 V while the gate voltage (V) was fixed at -15 V,0 V, 15V
and 30 V. As detected in the previous research [54], increase of Vj, resulted in the
decrease of threshold voltage (V;) and punch-through was observed at higher V.
Likewise, device operation shown here is only in the linear regime. For the IV, plot,
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Ves was scanned from -15 V to 30 V while /;, was varied from 0 V to 1.2 V with 0.3 V
step respectively.

The effective electron mobility (1) was calculated according to the relationship
for the continuous thin film [54]:

Lg
- m 3.1
lLl WC())CVdS ( )
dl
g, = (3.2)
v,
Vd.\-

where L, g, W, C,., and V4 indicate the channel length, transconductance, channel width,
capacitance of the silicon oxide and source-drain voltage, respectively. The
transconductance, 4.9795 uS, was extracted by linear fitting of the /;-V, plot from 10 V to
30 V. The calculated effective electron mobility (u) is 3.01 em? Vst at Vu;=1.2 V. This
mobility value is over an order of magnitude higher than previously reported values
(0.1~0.2 cm®V''s™) for solution-deposited followed by thermally annealed at higher
temperature (~700 °C) ZnO TFT [103] or an excimer laser annealed ZnO TFT of
previous work [54]. The fitted threshold voltage is 7.46 V. From a semilog I,V plot at
Va=1.2 V, an on/off current ratio is as large as 10° and a sub-threshold slope is 1.8
V/decade. A TFT of the same structure and with a thermally annealed (300 °C, 1.5 h)
Zn0O active layer has low mobility (0.0130 csz'ls'l) and low on/off ratio (102), as
included in Figure 3.10b. These performance graphs enable comparison between two
different annealing methods revealing the superiority of laser annealing to thermal
annealing.
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Figure 3.10 (a) Plot of drain source-current (I;) versus source-drain voltage (Vg) as a
function of gate voltage (V,); (b) Log-linear (with the left y-axis) and linear-linear (with the
right y-axis) plot of I4 versus V,. * The blue cross-marked line indicates I4-V, plot of a
thermally annealed TFT at 300 °C for 1.5 h.
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Replacing the quartz substrate by a silicon (or silicon bearing a thin oxide layer)
wafer requires much higher (about 10 times) laser power to reach the same resistivity as
achieved on the quartz substrate. Recalling fundamental diffusive heat transfer trends
upon transient heat flux input, the induced temperature scales approximately with the
parameter o>k, where a and k are the thermal diffusivity and conductivity, respectively
[120]. As shown in Table 3.1, the thermal diffusivity and conductivity of the silicon
wafer are both about 100 times higher than those of quartz [120]. Neglecting the thin
oxide layer, 10 times higher heat input would be needed to reach the same temperature
for a film on a silicon wafer than on quartz. This estimate is in fact in good agreement
with the experimental results. A laser power of 410 kW-cm™ was needed to achieve a
resistance of 80 kQ on the silicon substrate, indeed almost 10 times higher than the
required laser power input on quartz to obtain the same resistance. Since the laser power
for fabricating the TFT was 344 kW~cm'2, as described in section 3.4, it is inferred that
semiconducting behavior was retrieved with relatively higher resistivity.

Table 3.1. Thermal properties of quartz and silicon substrates

Thermal conductivity, & [Wm K] Thermal diffusivity, o [m’s™]

(at 300K) (at 300~1000K)
Quartz 1.3 7~8x107
Silicon 149 2~6x107°

3.6 Conclusion

In summary, a solution-processible, high-concentration transparent ZnO NP
solution was successfully made in a new process. A highly transparent ZnO thin film was
made using this suspension by spin coating without involving either vacuum deposition
or a high-temperature process. The laser annealing process combined with solution-based
ZnO NPs offers functional versatility and tunability of electrical and physical properties
over a wide range. Laser radiation enables selective annealing directly on the thin film.
Since only the annealed area showed high conductivity, conductive patterns could be
constructed without relying on a photolithographic process. ZnO thin film conductivity
and transmittance variations were examined by altering the annealing parameters such as
laser power, scanning speed and background gas. The lowest resistivity of the undoped
spin-coated ZnO film after laser annealing was about 4.75 x 107 Q-cm, which is
comparable to furnace-annealed ITO films and lower by a factor of 10° than that of
furnace-annealed ZnO films. A ZnO TFT performance test reveals that by just changing
the laser parameters, the ZnO thin film can also perform as an n-type semiconductor
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active layer with the mobility of 3.01 cm> V's™ and the on/off ration of 10°. The latter
finding suggests that laser annealed ZnO films can be used as transparent electronic
devices.
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Chapter 4

Large area nanoimprinting of NPs enabled by
high speed laser direct writing

As a method for the deposition and patterning of nanomaterials, laser-assisted,
one-step direct nanoimprinting of metal and semiconductor NPs was investigated. LDW
was adapted for high-speed (200 mm-s™) mold fabrication process with negative and
positive photoresists. Polydimethylsiloxane (PDMS) stamps fabricated from master
molds replicated nanoscale nanomaterial structures such as mesh, line, nanopillar and
NW arrays with no or negligible residual layers on various substrates. The process was
completely free of lift-off or RIE processes. The low temperature and pressure used for
nanoimprinting enables direct nanofabrication on flexible substrates. Wafer scale 4-inch
direct nanoimprinting was demonstrated.

4.1 Introduction

Nanoimprinting lithography (NIL), a method through which stamp patterns are
replicated into a material on a substrate by mechanical contact and 3D material
displacement [121], is a potential candidate for next generation lithography because of its
low cost, high throughput and high resolution. NIL allows the fabrication of different
structures at submicron resolutions as well as patterning of functional materials. Printing
metal or semiconductor films at the submicron level is critical for the fabrication of
optoelectronics, organic electronics, and biophotonic/nanophotonic devices.

Conventional NIL methods have been documented in great detail so far,
including comprehensive review papers [121-124]. A hard mold containing
nanostructures is pressed into a liquid or heated polymer material that had previously
been dispensed or spun on a hard substrate, possibly a silicon wafer with a thin silicon
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oxide layer. Such mold pressing is typically done under controlled high temperature and
high pressure. After the mold is released, polymer nanostructures remain on the surface
of the substrate. A residual layer is then removed, typically by reactive ion etching (RIE),
to complete pattern definition on the underlying substrate. Master mold fabrication is a
critical issue in the development of a high throughput and low cost NIL system. The
conventional master mold fabrication processing steps are as follows: 1) a resist material
spin-coated on the mold surface, mostly Si or Si/SiO, substrate, is patterned by
photolithography steps; 2) a metal is vacuum deposited over the patterned resist followed
by a lift-off process producing a patterned mask layer on the substrate; 3) RIE process
selectively etches away the uncovered mold surface to leave patterned structure for NIL;
4) the metal layer is removed. The most common lithography method involved in the
mold fabrication step for nanoscale patterns is electron beam lithography (EBL)[70, 71,
125, 126]. EBL, while being able to produce nanoscale feature sizes, is a technique that is
hard to scale up, has a low throughput, and requires fairly expensive vacuum
environment equipment. Furthermore, large area format and roll-to-roll manufacturing
applications for large area photovoltaics and displays are not conducive to EBL because
of the obvious economic and physical geometric limitations.

Fabrication of low cost nanoscale molds has been achieved using nanosphere
lithography [127-129]. Well-ordered two dimensional structures have been obtained on
silicon wafers. Although these molds were produced relatively inexpensively, lift-off and
RIE complicate the fabrication and prove incompatible with mass production and large-
scale applications. Also patterned structures are mainly constricted to dot arrays. Extreme
Ultra-Violet Interference Lithography (EUV-IL) [130-132] is another mold fabrication
technique used with NIL, although it is also hampered by lift-off and multiple etching
steps. The specialized EUV-IL light source and optics components present additional
obstacles to further cost reduction and the method is limited to array patterns without
extra lithography techniques. Another potential mold fabrication technique to replace
EBL is Scanning Probe Lithography (SPL) [83, 84, 133, 134]. This method, while
providing small features requires the use of an atomic force microscope (AFM) and could
be difficult to handle large area systems where high throughput operation is required.
Direct imprinting of gold structures has been successfully accomplished using NPs in
organic solution, and therefore excluding RIE and lift-off steps [57, 85, 86, 135].
However, the master mold fabrication for submicron features was done by EBL which is
subject to the above mentioned limitations.

Here a novel master mold fabrication method is reported. The method is used in
conjunction with nanoimprinting of various NPs, such as ZnO, Ag and Si NPs that can be
used in mass production. Nanoimprinting master molds have been fabricated using a
LDW process, which in turn can be used to replicate polydimethylsiloxane (PDMS)
stamps. Using these stamps, a simple and versatile direct nanoimprinting method has
been realized that can produce NP patterns with line width down to ~200 nm, whereby 4
inch wafer scale nanopatterning was achieved. In short, this method combines advantages
of LDW and nanoimprinting as well as large area and submicron patterning.
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4.2 Experimental setup

Figure 4.1a depicts a schematic illustration of the procedure implemented for
one-step direct nanoimprinting of metal and semiconductor NPs, including the fabrication
of the master molds and stamps. Negative photoresists, SU-8 2000.5 and SU-8 2002 and
a positive photoresist, OiR 700-10 was spun on a silicon substrate in preparation for two-
dimensional laser lithography. A silicon wafer (525 pum thickness) was cleaned with
piranha solution followed by dehydrating the wafer in an oven for 20 min at 120°C.
HMDS surface treatment was applied for OiR 700-10 photoresists (Fuji Film) to promote
adhesion between the photoresist and the substrate. SU-8 2002 and SU-8 2000.5
(Microchem) photoresist were spun at 5000 rpm and 3000 rpm to yield thicknesses of 1.7
um and 500 nm respectively. OiR 700-10 photoresist was spun at 6000 rpm to obtain 900
nm thickness. By using the setup shown in Figure 4.1b, a LDW method was applied to
create the master molds. For LDW process, an Yttrium Vanadate (Nd:YVO,) ps UV laser
(Newport, wavelength: 355 nm, pulse width (FWHM(full width at half maximum)): 12 ps,
repetition rate: 80 MHz) was used to expose the photoresist through a 39X objective lens
(N.A.=0.5) and a high resolution mechanical stage was utilized for xyz control. A
Gaussian beam profile of 1.56 um (1/e”) diameter was obtained through the focus of the
objective lens. The details of the beam profile are shown in the following section. To
adjust exposure energy, scan speed was fixed at 200 mm-s™ and laser power density was
varied from 3.9 kW-cm™ to 23 kW-cm™. For SU-8 photoresist, after the photoresist was
exposed to UV laser irradiation, a 2 min post exposure bake (PEB) at 95 °C was
performed followed by a 1 min stripping of the non-exposed portion of the wafer with
SU-8 developer (Microchem) and a 30 sec cleaning with isopropyl alcohol (IPA). A 30
min hard bake step at 200 °C was subsequently added to enhance the mechanical
properties. For OiR 700-10 photoresists, UV exposed photoresist was developed in a
OPD 4262 (Fuji Film) developer for 1 min, subsequently a 30 min hard bake at 120 °C
was applied. This novel method eliminates the need for intermediate steps such as
reactive ion etching (RIE) or lift-off processes. It also allows for scale-up and large area
processes that are needed for mass production, finally providing an inexpensive and large
scale solution compared with EBL, while offering submicron resolution.

PDMS was poured on the master mold and degased, followed by curing for 1
hour at 70 °C. Careful detachment of the PDMS from the master mold resulted in about a
5 mm thick soft stamp bearing submicron patterns. The master mold could be used
repeatedly without any deformation. These PDMS stamps were utilized in a
nanoimprinting process to pattern metal and semiconductor NP solutions.

Three kinds of NP solutions were used for imprinting materials, Ag NPs in
ethanol (~25 nm, 14 wt%), Si NPs in water based solution (~5 nm, 0.16 wt%) and ZnO
NPs in 1-pentanol (~6 nm, 2 wt% ~ 15 wt%). Ag and ZnO NP solutions were in-house
made and silicon NP (Meliorum Technologies, Inc.) solutions are commercially available.

The details of ZnO NP synthesis has been described in section 2.1. Ag NPs were
synthesized from the polyol process [73]. Silver nitrite (AgNO3) was dissolved in de-
ionized water to make a 67 wt% solution as a precursor of Ag. As a reduction agent, 1
wt% polyvinlpyrrolidone (PVP, Mw=10K) was dissolved in ethylene glycol (C,HsO3). In
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a typical process, 100 mL of the reduction agent was heated and kept at 100 °C followed
by injection of a Sml silver nitrate solution into the solution with vigorous stirring. The
color of the mixture quickly turned into yellow, amber, ruby and finally green, suggesting
the growth of silver particles. For silver NPs with a mean size of around 25 nm, the
reaction was maintained for 30 min. After completing the reaction, the mixture was
washed with acetone and then the silver NPs were recovered by centrifuging at 3000 rpm
for 30 min.

After depositing the NP solution on the substrate (silicon, silicon/silica, glass,
polycarbonate film), the PDMS stamp was pressed into the NP solution under low
pressure conditions (7.5 kPa ~ 18 kPa) while heated by a hot plate. The temperature
during this step is kept lower than the solvent boiling point, which is 60 °C, 90 °C,
120 °C for ethanol, water and 1-pentanol respectively. Temperatures exceeding the
solvent boiling temperature induce bubbles at the interface of PDMS and NP solution,
resulting in irregular imprinted patterns while too low temperature prolongs the
imprinting time. With selected optimized temperature for each NP solution, imprinting
time was usually between several tens of second and several minutes. Once the solvent
was evaporated thoroughly through the PDMS stamp, the stamp was detached. No special
surface treatment was needed for these procedures since the NP solution does not stick to
the PDMS stamp that in turn is moderately adhering to the various substrates utilized.
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Figure 4.1 (a) Schematic illustration of the laser assisted nanoparticle nanoimprinting
lithography process; (b) schematic diagram of the experiment setup
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4.2.1 Fine alignment procedures for large area LDW

For the large area, tightly-focused LDW process, fine alignment of the laser
system is required. The alignment procedure is as follows. First, the beam path, before
installing the objective lens, should be vertical to the x-y stage (Figure 4.2a). Even if the
x-y stage is not perfectly parallel with the optical table, since a target or substrate moves
with the x-y stage, the reference surface should be on the x-y stage rather than the optical
table. The verticality can be checked from the coincidence between the incident and
reflected beam path after placing a reflecting material with high degree of flatness such as
a Si wafer on the stage. An iris diaphragm or pinhole on a flat paper is useful for
checking the coincidence. Both the incident and the reflected beam should pass through
the center of the iris diaphragm or pinhole. Second, the objective lens is installed so that
the beam path is not interrupted by the lens (Figure 4.2b). This confirms that the incident
laser beam passes through the center of objective which is crucial for delivering the best
performance of the objective lens. A temporary plane needs to be placed between the x-y
stage and the objective lens to check the beam path through the objective lens since the
beam diverges quickly downstream of the focal point defined by the objective lens. Once
the objective lens is installed, the components arranged from the laser to the objective
lens should be kept intact. Third, a z-axis stage and a tilt stage is installed (Figure 4.2¢).
The z-axis stage is installed to adjust the working distance between objective lens and
substrates whose thickness may vary. The tilt stage enables the working distance to be
maintained over the entire substrate (Figure 4.2d). The tilt stage is indispensable for
large area processing since a sample or substrate with an uneven surface easily loses the
focal point even assuming that the top surface of the tilt stage and the focal plane of the
objective lens are perfectly parallel each other.

Objective

Thick, uneven
lens Thin substrate substrate

il
I ]

Tilt stage

Temporary plane

Z-axis stage

Figure 4.2 Fine alignment procedures for the laser direct writing setup. (a) The beam path,
before installing the objective lens, should be vertical to the x-y stage; (b) the objective lens is
installed in order that the beam path is not interrupted; (c) a z-axis stage and a tilt stage is
installed; (d) the z-axis stage and the tilt stage maintain the focal plane on various thickness
substrates.
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4.2.2 Laser beam characterization

The intensity profile of the picosecond laser beam was obtained by knife-edge
measurement method [136, 137]. The intensity profile measured as a knife-edge passes
through the beam by a motorized stage is fitted assuming the intensity follows the
Gaussian distribution. Figures 4.3 and 4.4 show the measured laser power at the focal
plane and the fitted Gaussian beam profile, respectively. Fitted Gaussian distribution
equation is as follows.

_G-B)? (x-12)?

[=Ade > =41.19¢ >3 (4.1)

Thus, 1/¢* beam diameter is calculated from above equation as 4 x C=1.56 um. Figure
4.5 depicts beam diameter (1/¢%) divergence as a function of the axial distance.

0 0.5 1 1.5 2 2:5
Distance from the beam edge [um]

Figure 4.3 Measured intensity at the focal plane
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Figure 4.5 Gaussian beam width as a function of the axial distance
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4.3 LDW of SU-8 photoresist to generate positive line
patterns

The line width of the SU-8 photoresist, which is highly sensitive to laser light
exposure is a function of both laser power and scan speed. Increase of the laser power or
decrease of the scan speed induce line width increase. To identify the condition of fastest
writing and smallest features, the scan speed was fixed at near the maximum speed of the
mechanical stage and laser power was varied. Figure 4.6a shows the line width change
with the laser power at a 200 mm-s™ scan speed. Not fully cross-linked SU-8 that was
exposed to insufficient laser energy resulted in meandering patterns or detachment of
photoresist after developing (Figure 4.6a insets). No pattern was left when the
photoresist was exposed below a certain threshold laser power. Under an optimized laser
power for smallest line width and stable features, submicron patterns could be obtained.
Figure 4.6b displays photoresist patterns on a silicon wafer that were used as master
molds and a PDMS stamp fabricated from the master molds. SU-8 2000.5 nanogratings
have an 840 nm line width, a 3.5 pm pitch and a 500 nm height while SU-8 2002 patterns
have a 950 nm line width, a 4 pm pitch and a 1.7 um height. Without any surface
treatment, PDMS could be demolded, leaving no residuals behind. The remaining line
patterns on the SU-8 master mold were transferred as line grooves on the PDMS stamp
producing the final NP line patterns. It is noted that the PDMS stamp could be used
repeatedly. Figure 4.7 shows mesh or line patterns of Ag (4.7a), Si (4.7b) and ZnO (4.7¢)
NPs imprinted on glass or Si/Si0; substrates with a PDMS stamp from SU-8 2002 master
mold. The line widths of imprinted NP patterns were 790 nm, 580 nm and 300 nm for Ag,
Si and ZnO NPs respectively. These are smaller than the feature size of the master mold.
This is attributed to the shrinkage of the NP solution volume when the solvent evaporates.
The final line width, therefore, depends on different properties of NP solutions such as
NP concentration, viscosity and evaporation temperature.
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(a) Laser Power Density vs Linewidth
(SU-8 2000.5 & SU-8 2002)
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Figure 4.6 (a) Line width of a SU-8 photoresist after developing according to the laser power
change. Insets shows bent (left) and stripped (right) SU-8 photoresists when exposure energy
is not sufficient; (b) mesh-patterned SU-8 2000.5 master mold on a Si substrate. Line width,
pitch and thickness are 840 nm, 3.5 pm and 500 nm, respectively. Left inset is the microscopic
image of PDMS stamp surface detached from the master mold. Right upper inset shows a SU-
8 2002 master mold on a Si substrate. Line width, pitch and thickness are 950 nm, 4 pm and
1.7 pum respectively.
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An optimized imprinting condition for ZnO NP structure is a 7.5 wt% NP
solution in 1-pentanol that generates uniform patterns over a large area by using a PDMS
stamp fabricated from the SU-8 2000.5 master mold. Figure 4.8a shows a ZnO NP mesh
and line patterns with about a 350 nm line width, and a 3.5 pm pitch. Neither a residual
layer between patterns nor collapsed features were observed. An AFM image in Figure
4.8a left inset reveals the pattern height was around 200 nm. Energy dispersive X-ray
(EDX) characterization performed on the ZnO line and substrate in Figure 4.8b verified
the absence of residual layers between the fabricated lines as shown in Figure 4.8c.
Figure 4.8d shows NWs selectively grown on the ZnO lines (Figure 4.8b) via a
hydrothermal method [25, 69, 87, 138]. Elimination of ZnO remnants between the ZnO
seed patterns is in fact a prerequisite for selective NW growth. Selective NW growth
would be useful for many applications such as solar cells and optoelectric devices [139-
142]. Figure 4.9 demonstrates 4-inch wafer scale ZnO NP nanoimprinting. A SU-8
2000.5 master mold on a 4-inch silicon wafer was fabricated by LDW as shown in
Figure 4.9a. The number density of the grid cell pattern on the wafer is approximately
10" per 1 cm®. ZnO NP patterns were uniformly imprinted on a 4-inch silicon wafer
(Figure 4.9¢) and a quartz wafer (Figure 4.9d) by the PDMS stamp (Figure 4.9b), which
was accomplished within only several tens of seconds. Imprinted ZnO nanogratings
produce diffraction patterns under solar light. The low temperature and pressure process
characteristics enable high fidelity pattern transfer to flexible substrates (Figures 4.9(e,f)).
Imprinted feature sizes of various NP from SU-8 photoresist master molds are recorded
in Table 4.1.
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Silver NP mesh patterns on a glass substrate. The line width is 790 nm;

patterns imprinted on a Si/SiO, substrate. Line width is 580 nm;
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imprinted on a glass substrate. The line width is 300 nm.
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Figure 4.8 (a) SEM image of ZnO NP mesh patterns imprinted on a glass substrate using a
PDMS stamp replicated from a SU-8 2000.5 master mold. The line width is 350 nm. The left
inset represents an AFM image with a 200 nm feature height; (b) SEM image of ZnO NP line
patterns imprinted on a Si wafer; (¢) EDX analysis of point 1 and point 2 in (b); (d) ZnO NWs
selevtively grown on the nanoimprinted ZnO NP seed patterns shown in (b)
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Figure 4.9 (a) 4-inch master mold fabricated with SU-8 2000.5 on a Si wafer; (b) PDMS
stamp from the master mold; (c) diffraction patterns from imprinted ZnO mesh patterns on a
Si wafer; (d) diffraction patterns from imprinted ZnO mesh patterns on a quartz wafer; (E), (F)
ZnO patterns on a flexible polycarbonate sheet
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Table 4.1 Imprinted feature sizes of various NPs from a SU-8 photoresist master mold

NP concentration Master mold line width Imprinted pattern line width
[Wt%] [nm] [nm]
ZnO NP 7.5 840, 950 350
Si NP 0.16 950 580
Ag NP 14 950 790

4.4 LDW of OiR 700-10 phororesist to generate positive
dot patterns

OiR 700-10, a positive photoresist that is removed after exposure to light,
produced narrower patterns than SU-8 at the same laser power. However, insufficient
laser power left residual photoresist under the grooves after developing (Figure 4.10).
Line grooves from OiR 700-10 master molds produces line patterns on the PDMS stamp.
To generate NP pillar patterns on the master mold, the pitch of laser exposure was
reduced. Since the edges created by the crossing laser scans are rounded, as the groove
pitch becomes smaller than 1um, the remaining resist forms pillars (Figures 4.11(a,c)).
The pillar size could be adjusted by controlling the distance between the laser scans.
Imprinted feature sizes with groove pitch variation on the master molds are summarized
in Table 4.2. No surface treatment was needed for PDMS stamp demolding from the
master mold. About 1 pm and 500 nm diameter ZnO pillars were successfully imprinted
on large areas (Figures 4.11(b,d)). As shown in Figure 4.11e, line patterns could also be
generated from positive photoresists by line scans. ZnO line patterns with 200 nm line
width were achieved over large areas. Furthermore, the line width could be tuned by the
adjusting distance between laser scans. Figure 4.11f displays diffraction patterns from
the ZnO pillars on the glass substrate.
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Laser Power Density vs Groovewidth (OiR 700-10)
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Figure 4.10 Line width of an OiR 700-10 photoresist after developing according to the laser
power change. 610 nm groove width with residuals after developing when exposed to

insufficient laser power (left inset). 870 nm Groove width with no residual when exposed to
sufficient laser power (right inset).
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Table 4.2 Imprinted ZnO NP feature sizes with groove pitch variation on the OiR 700-10
photoresist master mold

ZnO NP concentration Mold groove width and pitch Imprinted feature size
[wWt%] [um] [nm]
7.5 0.87,2 980 (pillar diameter)
7.5 0.87,1.6 500 (pillar diameter)
7.5 0.87,1.4 200 (line width)
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Figure 4.11 (a), (¢) SEM images of OiR 700-10 master molds on a Si wafer. Distances
between grooves are (a) 2 um and (c¢) 1.6 um respectively; (b) SEM images of 1 um diameter
size ZnO dot arrays and (d) 500 nm size dot arrays imprinted on a Si/SiO, wafer with a PDMS
stamp the from the master mold (a) and (c) respectively; (¢) ZnO NP lines with 200 nm width
imprinted on a Si/SiO, wafer; (f) photoimage of diffraction patterns from the ZnO dot arrays
imprinted on a glass under fluorescent light illumination.
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4.5 Characteristics of UV ps laser as a photolithography
light source

The UV ps laser has interesting characteristics when applied to the LDW
photolithographic process. The required laser power, when the scan speed is 200 mm-s™,
for SU-8 patterns of around 850 nm line width with the ps laser is around 73 uW. It has
been verified that when the scan speed decreases to 100 um-s'l, or 1/2000, the laser
power required for the same line width also decreases to around 44 nW, or 1/1659. This
shows quite good proportionality between laser power and scan speed. The power range
corresponding to the positive photoresist, OiR 700-10 is in the same order of magnitude.
Since the peak power of ps laser used for the research in chapter 4 is around 0.5 W
considering all the losses within the beam pass, it is predictable that the scan speed could
increase by several orders of magnitude, via using a fast and mechanically stable
scanning tool along with optical components resistant to optical breakdown.

A parallel comparison of the laser power range with other LDW
photolithography systems is not easy, since the wavelength, pulse duration, repetition rate,
absorbance and absorption mechanism of the photoresist, and beam spot size are all
different. However, it is worth examining the laser power range of other systems
presenting similar resolution with the LDW method. Thiel e al. [37] generated
submicron feature using 532 nm CW laser for IP-L and IP-G (both from Nanoscribe
GmbH, Germany), and SU-8 photoresist. The power level was approximately 20~80 mW
and the scan speed was around 100 pm-s™. The difference of the power level between 44
nW in ps system and 10 mW in CW system at the same 100 pm-s™ scan speed is as much
as order of 10°, highlighting a huge difference although it is recognized that the
absorbance of those photoresist is lower for the 532 nm wavelength. Considering the
small beam size of the LDW system of their CW laser setup, the difference of power
density is even bigger. Additionally, a preliminary experiment of LDW photolithography
of a g-line positive photoresist (Fujifilm, OCG 825 35CS) with 514 nm wavelength CW
laser required a power level of around 0.2 mW at 100 um-s™ which is still by a factor of
10* higher compared with ps laser power. Unfortunately, there is no data available for the
power range of UV CW or nanosecond (NS) laser which would enable straightforward
comparison between CW, NS and ps laser. One possible reason for such a big difference
of the laser power level in ps laser is the peak power that is much higher than the average
power. The relationship between average power (P.,) and peak power (Ppeux) 1S as
follows when assuming a rectangular pulse train and constant pulse energy in every pulse
as shown in Figure 4.12 (source: a refined diagram from Spectra-Physics).

E

Pay = =Ef (4.2)
E

P = (4.3)
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E denotes pulse energy and 7, f and At is period, repetition rate and pulse duration
respectively. The average power is the number that a power meter shows. For example,
the peak power corresponding to the average power of 80MHz-12ps laser for 73 uW and
44 nW which is the power level for 200 mm-s™ and 100 pm-s™ scan speed as mentioned
above is 76 mW and 46 pW respectively. The peak power, however, is still quite low
compared with the laser power level of CW lasers. Therefore, a full understanding of the
phenomena requires investigation of a different photon absorption mechanism of the
photoresists in the ultra short-pulse laser, including possible multi-photon effects.
Unfortunately, the multi-photon effects of 355 nm UV ps laser in those photoresists are
not yet clear and their study would be the subject of future work.

The UV ps laser has very different characteristics in LDW photolithographic
process from that of CW lasers. Clearly, using a high repetition UV ps laser is a very
efficient way for extremely fast direct writing photolithographic process even though the
mechanism is not fully revealed yet.

\§

peak

At

A

T

Figure 4.12 Rectangular laser pulse train with constant energy in every pulse. Pjeu, E, At
and T represents peak power, pulse energy, pulse duration and period respectively. (Source:
a refined diagram from Spectra-Physics)

4.6 Limitations and solutions

The smallest line width of the SU-8 mold reachable through the proposed LDW
process was around 800 nm which is far smaller than the laser beam spot size of 1.56 pym
as shown in section 4.3 and 4.2.1. This is attributed to the Gaussian beam profile. As
shown in Figure 4.13a, by precisely adjusting the laser power or pulse energy close to
the cross-linking threshold, a single structure smaller than the beam spot can be created.
While this characteristic is similar with that of ablation for single feature generation,
there is a big difference in photolithographic process when the gap between lines
becomes narrower. In an ablation process, intensity below threshold does not affect much
the structural integrity of adjacent structures. However, when the direct writing pitch
between two lines becomes smaller in a photolithographic process, the cumulative photon
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dose in the interline space may exceed the cross-linking threshold, so that each line is not
developed separately (Figure 4.13b) [143, 144]. This is in fact the biggest challenge in
LDW application to photolithography that hinders reducing the gap between imprinted
structures. The smallest pitch achievable through the setup with the beam profile shown
section 4.2.2 was around 2 um which becomes larger as the writing speed increases
resulting from the vibration of the system. This limitation was also detected in fabrication
of a mold with the OiR 700-10 photoresist.
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Figure 4.13 (a) By precisely adjusting the laser power or pulse energy close to the cross-
linking threshold, a single structure smaller than the beam spot can be created; (b) as the
direct writing pitch between two lines becomes smaller in the photolithographic process, the
cross-linking threshold exceeds in the interstice, so that each line is unable to be developed

separately.

One straightforward solution to reduce the pitch between lines is using a high
numerical aperture (N.A.) objective lens to reduce the beam spot size. However high N.A.
objective lens for UV laser is expensive and the very small working distance requires
extreme caution to maintain the distance between the objective lens and wafer size
substrates. Another method to overcome the limitation is the stimulated-emission-
depletion laser direct writing (STED-LDW) process [143, 145-147] . There also has been
an attempt by employing scheme based on quencher diffusion, in a chemical equivalent
of STED [144]. Those methods, however, are not only complicated but also require
specialized photoinitiators. Furthermore, it is not applicable for very fast large area LDW
process. The simplest solution for these difficulties is to imprint multiple times. As
shown in Figure 4.14, secondly generated features (A) fill the interstices of the structures
from the preceded imprinting process (B) resulting in a reduced pitch. The precise control
of the successive stamping steps possibly can be achieved by facilitating additional
alignment tools. For multiple imprintings, the pre-generated patterns require sintering
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process for hardening in order not to be collapsed by the successive imprinting. Laser
sintering process is possibly useful for the flexible polymer substrate. Multiple imprinting
actually generates interesting multilayer structures as shown in Figure 4.15. Although the
multilayer structures are not fully 3-D such as for example the photonic crystals
fabricated by multiphoton polymerization [138, 144], they suggest potential applications
that would be also subject of future work.

Figure 4.14 Mesh structures generated by twice imprinting of TiO, NPs on a FTO glass
substrate; secondly imprinted features (A) fill the interstices of the structures from the
preceded imprinting process (B) resulting in a reduced pitch.
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4.7 Conclusion

In summary, laser-assisted one-step direct nanoimprinting of metal and
semiconductor NPs was investigated to fabricate submicron structures, including mesh,
line, nanopillar and NW arrays. Various kinds and pattern types of NP submicron
structures were generated using PDMS stamps fabricated from LDW process,
demonstrating the versatility of this method. Compared with conventional nanoimprinting
where EBL or low speed LDW to make submicron structures is incorporated, high speed
LDW using a relatively low numerical aperture (N.A.= 0.5) lens enables larger area
master mold imprinting through a much faster and cost effective fabrication process.
Direct imprinting using NP solutions was shown to incur negligible residual layers and
could eliminate etching and lift-off process, therefore greatly reducing the complexity of
the fabrication sequence. Since long cooling steps after imprinting is not necessary, the
imprinting process time can be remarkably diminished. Furthermore, the low temperature
and pressure applied through the entire process enable imprinting on flexible substrates.
This approach, therefore, has powerful potential to achieve large area nanoimprinting
with high throughput and ultra-low cost, hence opening the way to applications, including
realistic new photovoltaic configurations.
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Chapter 5

Digital selective growth of ZnO NW arrays
from NP seeds patterned by drop-on-demand
inkjet printing on a flexible substrate

A drop on demand (DOD) ink jet process integrated with CAD system was
demonstrated as another example of direct writing method for the ZnO nanomaterial
patterning. ZnO NW arrays were selectively grown on the inkjet-printed seed patterns.
Through proper natural convection suppression during the hydrothermal growth,
successful ZnO NW local growth could be achieved. Without any need for
photolithographic process or stamp preparation, the NW growth location can be easily
modified with high degree of freedom when the design needs to be changed. Moreover,
this process is compatible with flexible plastic substrates and can be scaled up for larger
substrate for mass production or roll-to-roll process.

5.1 Introduction

Extended and oriented nanostructures are desirable for many applications,
including microelectronic devices, chemical and biological sensing and diagnosis, light
emitting displays, energy conversion and storage, catalyst, drug delivery, separation and
optical storage [70, 148-151]. Among the nanorods, ZnO NWs have attracted much
attention due to their direct band gap of 3.37eV and a large exciton binding energy of 60
meV, which render them a promising candidate material for applications in various
optoelectronics. The ability to build functional nanostructured assemblies at
predetermined locations requires both control of their growth structure and morphology
as well as their placement at specific locations [150]. The usual approach entails a series
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of multi-steps for growth, harvest and placement of NWs, which are very time consuming,
expensive, and low yield. To overcome the difficulties encountered in multi-step serial
processes, new fabrication routes implement direct growth at specific locations with
desired NW morphology. For site selective patterned NW growth, photolithographic
method is usually applied to pattern the catalyst layer for local growth [70, 151-154].
Other approaches used microcontact printing method for surface modification by
patterned self-assembled monolayers with hydrophobic and hydrophilic end groups on
silver or silicon substrate [149, 150, 155] or microcontact printing of seed NPs [156].
However, these approaches are subject to practical limitations because they need a
photomask for photolithography or mold for contact printing, which cannot be modified
once they are fabricated. Furthermore, photolithographic method cannot be applied for
heat and corrosive chemical sensitive plastic substrates.

In this research, fully digital selective ZnO NW growth using inkjet-printed seed
patterning and hydrothermal ZnO local growth is introduced. The proposed process is
very fast, low cost, environmentally benign, and low temperature. Therefore it can be
applied on flexible plastic substrates and scaled up for larger substrates for mass
production or roll-to-roll process. Most of all, the NW growth location can be easily
modified when the inkjet printing process is integrated with CAD system to allow huge
degree of freedom at the development stage.

5.2 Experimental setup

Direct patterned ZnO NW arrays were selectively grown from the inkjet-printed
ZnO NP nuclei through the hydrothermal decomposition of a zinc complex. The process
is mainly composed of two simple steps as shown in Figure 5.1; (1) ZnO NP inkjet
printing on a substrate, and (2) subsequent selective ZnO NW hydrothermal growth on
the inkjet-printed ZnO NP seeds. All processes were carried out at plastic compatible low
temperature (<95°C) without using any conventional photolithography or vacuum
deposition processes.
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Figure 5.1 Process schematics of the direct patterned ZnO NW growth from the inkjet-printed
ZnO NPs.

5.2.1 ZnO NP seed synthesis

ZnO NPs were used as seeds for the subsequent selective ZnO NW growth. ZnO
NP ink was prepared by modifying the original method by Pacholski [10] as mentioned in
section 2.1.

5.2.2 ZnO NP seed inkjet printing

Arbitrary digital patterns of ZnO seed NPs were drawn on a glass or polymer
substrate by the generation of NP ink microdroplets using the piezoelectric DOD (drop-
on-demand) printing system [32, 157] as shown in Figure 5.2a. The DOD jetting system
was composed of a backpressure controller, a purging system and a piezoelectric jetting
system. About 10 mbar vacuum was maintained in the reservoir to prevent NP ink from
leaking from the nozzle of the capillary tube due to the small viscosity and low surface
tension of the ethanol based NP ink. A vacuum controller and a magnetic valve were
connected between the vacuum pump and the reservoir to minimize the loss of ethanol
due to continuous evaporation. To purge in the case of clogging, pressure controlled
nitrogen gas was used and the purging pressure was controlled at 0.4 psi.

A jet head (MJ-SF, MicroFab) with a 50 pm nozzle diameter was used to
produce microdroplets and a bipolar voltage waveform with amplitude of £13 ~ +15 V
was applied (Figure 5.2a, inset graph]. Briefly, the first rising voltage expands the glass
capillary and a droplet is pushed outside the nozzle due to the falling voltage. The final
rising voltage cancels some of the residual acoustic oscillations that remain after drop
ejection and may cause satellite droplets. The optimum jetting parameters were found to
be2/40/4/80/2ps (A, B, C, D and E in Figure 5.2a inset graph). The signal
generator used to produce microdroplets also triggered the CCD camera, so that the CCD
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captures images at the droplet generation frequency. As shown in Figure 5.2b, the CCD
camera provided in situ “frozen” transmission images of the droplet to check for satellite
droplet generation as well as to measure the droplet velocity and size. After generating
stable NP ink droplets various structures were made on the substrate by moving a
precision translation stage. The gap between the jetting head tip and the glass substrate
was maintained at 2 mm.

The temperature of the vacuum chuck was controlled by a thermocouple and
Mica heater to facilitate evaporation of the solvent from the NP ink. Proper solvent
evaporation is very important for successful 2D patterning via inkjet printing of NPs.
Vacuum (300 mbar) was applied through 0.5 mm diameter holes to assure the intimate
contact between the heater and the substrate on the vacuum chuck.

Upon finishing inkjet printing, the inkjet-printed micro-patterns were composed
of ZnO NPs. The NP micro-patterns were used for patterned seed layers enabling
subsequent ZnO NW selective growth. Droplets of various diameters (1~200 um) could
be generated by changing nozzle diameter, jetting parameter (applied voltage waveform
and amplitude), and substrate heating conditions. After inkjet printing, the substrate was
dried and annealed at 95°C for 20 minutes to ensure the seed particle adhesion to the
substrate.
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Figure 5.2 (a) Schematic diagram of the inkjet printing system setup; (b) time resolved image

of the ZnO seed NP inkjet printing by piezo-electrically driven drop-on-demand inkjet
printing system
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523 ZnO NW selective growth with natural convection
suppression

ZnO NWs were selectively grown only on the inkjet-printed ZnO NP seed by
immersing seed-inkjet-printed substrates in aqueous solutions. The details of ZnO NW
synthesis have been presented in section 2.4. The substrate was suspended upside-down
in an open crystallizing dish filled with solutions to remove the unexpected precipitation
of homogeneously grown ZnO NW on the substrate. However, the inkjet-printed ZnO NP
seeds could become mobile due to strong natural convective flow and could diffuse to the
unpatterned (unseeded) adjacent substrate region as shown in Figure 5.3a. This, in turn,
can induce secondary ZnO NW growth at unwanted areas resulting in wavy random
white patterns of ZnO NWs as shown in Figures 5.3(b~d). To remove this secondary
growth on the unseeded area, a thin cover glass was added to the substrate with 2 mm
spacer to control and suppress the natural convection flow (Figure 5.3e). Figures
5.3(f~h) signify that the current approach can successfully reduce the secondary ZnO
NW growth and produce highly selective ZnO NW growth on the inkjet-printed ZnO NP
drop arrays.
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Controlled

Figure 5.3 Selective ZnO NW growth (a-d) without natural convection suppression and (e-h)
with natural convection control. Note the secondary growth in (a-d) and the absence of the
secondary growth in (e-h).

5.3 Characterization

Figure 5.4 shows the SEM pictures of selectively grown ZnO NW array on the
inkjet-printed ZnO NP seeds. Figures 5.4a and 5.4b show the ZnO NW growth on the
120 pum dot arrays of inkjet-printed ZnO seed NP ink droplets. The DOD inkjet print head
originally generated 50 um diameter ZnO NP ink droplets (~100 pico-liter) that spread
out and dried to various sized ZnO NP circular patterns, depending on the substrate
heating condition. Smaller diameter ZnO NP seed patterns could be achieved by applying
substrate heating. The usual length of the ZnO NW was around 10~12 pm with diameter
in the range of 100~150 nm after one-time growth as shown in the cross section pictures
(Figures 5.4(c,d)). Longer ZnO NW could be obtained by introducing the samples
repeatedly into fresh solution baths every several hours. The arrays were then rinsed with
deionized water and dried in N, for SEM imaging.
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Figure 5.4 (a), (b) SEM pictures of selective ZnO NW growth on the inkjet-printed ZnO NP
seeds; (¢), (d) cross sectional SEM pictures of ZnO NWs.

More detailed characteristics of ZnO NW selective growth on the inkjet-printed
ZnO NP seed droplet can be explained in Figure 5.5. Figure 5.5a shows a tilted SEM
image and Figure 5.5(b~d) show cross sectional view. The ZnO NWs are grown
vertically within £10° deviation angle on the central part of a circular pattern (Figure
5.5b) while urchin-like ZnO NWs are grown at the edge of the circular pattern (Figure
5.5¢). The urchin-like dense ZnO NWs show highly ordered outward radial directional
growth that can be explained as follows. Firstly, urchin-like radial growth minimizes the
interaction among each ZnO NWs. In the interior of the seed pattern and away from the
edges, the NWs preferentially grow vertically aligned as shown in Figure 5.5b. However,
on the edge, urchin-like radial growth mode can favorably minimize the interaction
between the NWs while increasing the distance as they grow. Secondly, ZnO NWs
preferentially grow toward the high concentration precursor supply. The affluent
precursor supply from outside of the circular ZnO NP seed pattern redirects the NW
growth to the outward direction compared with the ZnO NWs in the central part. The
high density and the bigger length of ZnO NWs grow on the edge due to those effects.
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Figure 5.5 SEM pictures of the ZnO NW grown on a single drop of inkjet printed ZnO seed
NPs. (a) Tilted view; (b), (¢) magnified cross sectional view at the center and at the edge; (d)
cross sectional view of the ZnO NW array on one inkjet droplet.

Various diameter circular patterns of ZnO NWs were successfully grown on the
inkjet-printed ZnO NP seeds as shown in Figure 5.6. The ZnO NW array pattern (Figure
5.6b left picture) was slightly bigger than the original inkjet-printed ZnO NP seed
(Figure 5.6b right picture indicated by red dotted line) because the horizontal ZnO NWs
from the urchin-like radial growth at the edge of the NP seed pattern added extra length.
The diameter of the initial inkjet-printed ZnO NP seed pattern determined the final
configuration of ZnO NW selective growth. As shown in top view SEM images (Figures
5.6(a,c)), there are two length regimes; the diameter of the inkjet-printed ZnO NP seed
(indicated by red dotted circles) and the length of the urchin-like ZnO NW growth at the
edge of the circle (indicated by blue dotted circles.). When the diameter of the inkjet-
printed ZnO NP seed (indicated by red dotted circles) is larger than 20 pm, the general
configuration of the ZnO NWs grown on the inkjet-printed seed looks alike. As the
diameter of the inkjet-printed ZnO NP seed decreases (Figure 5.6¢) and especially when
it becomes smaller than the length of the urchin-like ZnO NW growth, the latter growth
mode becomes more dominant as shown in Figure 5.6¢(v). The usual length of
individual ZnO NWs was around 10 pm. However, when the inkjet-printed seed NP
patterns are very small, the individual ZnO NW length almost doubled (Figure 5.6¢(v)).
This may be because the Zn precursor supply was adequate for growing longer ZnO NWs,
albeit of lower number density. On the other hand, the precursor consumption was not as
competitive as in the densely packed ZnO NW array growth.
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ZnO NWs 1ZnO séed NPs

Figure 5.6 (a) SEM pictures of ZnO NW arrays with various diameters from few microns to
several hundreds microns; (b) SEM pictures of the inkjet-printed ZnO seed NPs (right) and
actual ZnO NW growth (left) on the seed NPs; (c) magnified SEM picture of small diameter
ZnO NW arrays in blue box in Figure 5(a). Red and blue dotted circles represent original
inkjet-printed seed diameter and total diameter of ZnO N'W patterned growth respectively.
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The growth process could be conducted multiple times to grow longer NWs by
simply repeating with fresh precursor solution. Figure 5.7a shows the ZnO NWs grown
twice from the original NWs (Figure 5.7b). The NW length was increased from 12 pm to
20 wm, while the diameter increased from 150 nm to 250 nm. By repeating the
hydrothermal process, over 50 pm long ZnO NW arrays could be grown.

Figure 5.7 (a) Twice grown and (b) original initially grown ZnO NWs at the edge of the
inkjet-printed NP seed.
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Figure 5.8 (a) SEM pictures of the ZnO NW growth at various droplet spacing; (b), (¢) ZnO
NW bridges between two circular ZnO NP seed droplets; (d) check shape ZnO NW growth;
(e) 3 times grown check shape ZnO NW growth

Just like an office inkjet printer, ZnO seed NP inkjet printing process is a fully
digital process enabling the arbitrary micro patterning from single micro-droplets with
the CAD geometry data. When the overlapping between the inkjet-printed ZnO NP seed
drops increases, ZnO NW array could be grown in a continuous line pattern (Figure 5.8a)
or in a 2D checker pattern (Figures 5.8(d,e)). When the two droplets slightly touched, the
urchin-like ZnO NWs meet to make NW bridges (Figures 5.8(b,c)).

All of the processes were carried out at low temperature under 95°C and no
corrosive chemical etching or developing steps were applied. Therefore, the current
process can be directly applied for the ZnO NW patterned growth on a polymer substrate.
Figure 5.9 shows line and dot patterned ZnO NW arrays on a polyimide substrate. This
implies that current process can be applied for fabricating flexible electronics.
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Figure 5.9 Line and dot patterned ZnO NW arrays on a plastic substrate (PI)

5.4 Conclusion

In conclusion, fully digital selective ZnO NW array growth on the inkjet-printed
seed patterning was demonstrated. Through proper natural convection suppression during
the hydrothermal growth, successful ZnO NW local growth could be achieved. Without
any need for photolithographic process or stamp preparation, the NW growth location can
be easily modified when the inkjet printing process is integrated with a CAD system to
allow high degree of freedom when the design need to be changed. The herein proposed
process is very fast, low cost, environmentally benign, and of low temperature. Therefore,
it can be applied for flexible plastic substrate and scaled up to larger substrates for mass
production or roll-to-roll process.
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Chapter 6

Nanoforest composed of hydrothermally
grown hierarchical ZnO NWs for a high
efficiency dye-sensitized solar cell

As an application of ZnO NWs in optoelectronic devices, ZnO DSSCs with
greatly enhanced surface area for higher dye loading and light harvesting were
demonstrated. The selective growth of “nanoforests” composed of high-density, long
branched tree-like multi generation hierarchical ZnO NW photoanodes by utilizing seed
particles and a capping polymer increased the energy conversion efficiency significantly.
A parametric study to determine optimum hierarchical ZnO NW photoanode was
performed through the combination of both length-wise and branched growth processes.

6.1 Introduction

Dye sensitized solar cells (DSSCs) based on oxide semiconductors and organic
dyes or metallorganic-complex dye have recently emerged as most promising candidate
systems to achieve efficient solar-energy conversion since they are flexible, inexpensive,
and easier to manufacture than silicon solar cells [158-160]. The DSSC is a photo-
electro-chemical system that incorporates a porous-structured wide-bandgap oxide
semiconductor (TiO; or ZnO) film as the photosensitized anode, hence offering increased
surface area for dye molecule adsorption [160]. TiO, NPs [160, 161] or nanoporous
structures [162, 163] have been most extensively studied as a DSSC photoelectrode
material. The respective record high conversion efficiency (11.2%) has persisted for
nearly two decades [164]. Further increase in the conversion efficiency has been limited
by energy loss due to recombination between electrons and either the oxidized dye
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molecules or electron-accepting species in the electrolyte during the charge transport
processes [158, 165-167]. Such a recombination problem is more pronounced for TiO;
nanocrystals due to the lack of a depletion layer on the TiO; nanocrystallite surface and
becomes more serious when the photoelectrode film thickness increases [158].

To understand and solve this issue, ZnO based DSSC technology is considered.
ZnO possesses energy band structure and physical properties similar to those of TiO,, but
its electron mobility is higher by 2~3 orders of magnitude [54]. Therefore, ZnO is
expected to exhibit faster electron transport with reduced recombination loss. Although
the conversion efficiencies (0.4~5.8%) obtained for ZnO are much lower than the
maximum reported 11% for TiO,, ZnO is still thought of as the most promising
alternative to TiO, due to its ease of crystallization and anisotropic growth [158].
Functional nanostructured photoelectrodes such as 1D nanostructures (nanowires [12,
158, 159, 168] and nanotubes [158, 169], nanobelts [170], nanosheets [171, 172],
nanotips [15]) have been extensively studied and could significantly improve the electron
diffusion length in the photoelectrode films by providing a direct conduction pathway for
the rapid collection of photogenerated electrons. Direct pathway along 1D crystalline
nanostructures would diminish the possibility of charge recombination during
interparticle percolation by replacing the conventional TiO, random polycrystalline NP
network with ordered crystalline ZnO semiconductor NW. However, the insufficient
surface area of simple 1D nanostructures constrains the energy conversion efficiency to
relatively low levels (1.5% for ZnO NW DSSC [159]). Nanostructures combining multi-
scale hierarchical configurations present increased surface area and hence higher energy
conversion efficiency. Suh et al. [173] and Baxter et al. [174] have presented a dendritic
ZnO NW DSSC. They grew ZnO NWs by expensive chemical vapor deposition (CVD)
and showed relatively low efficiency (0.5 %) due to limited surface area. Jiang et al.
[168] reported ZnO nanoflower photoanode and Cheng et al. [159] synthesized
hierarchical ZnO NWs via a hydrothermal method. These hierarchical NWs were grown
from seeds formed from Zn(OAc), and still showed relatively low 1.5% efficiency, again
due to insufficient surface area and also to the lack of uniformity of the secondary
branches that were produced by the randomly distributed seed layer.

In this research, “nanoforests” of high density, long-branched tree-like multi
generation hierarchical ZnO NW photoanodes is demonstrated. The “ranoforests” can
significantly increase the energy conversion efficiency in its application for DSSCs. The
efficiency increase is due to substantially enhanced surface area enabling higher dye
loading and light harvesting, and also due to reduced charge recombination by direct
conduction along the crystalline ZnO “nanotree” multi-generation branches. This
approach mimics branched plant structures with the objective to capture more sunlight. A
parametric study to improve the efficiency of hierarchical ZnO NW photoanodes by
combining length-wise growth (LG) and branched growth (BG) are performed.
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6.2 Synthesis of ZnO nanoforest

“Nanoforests” composed of hierarchical ZnO NWs are grown by a modified
hydrothermal approach as illustrated in Figure 6.1. Depending on the growth conditions,
two types of growth modes are observed; lengthwise growth (LG) and branched growth
(BG). LG can yield ZnO NWs of increased length by extending the growth at the tip of
the backbone ZnO NW. On the other hand, BG produces highly branched ZnO NWs by
multiple generation hierarchical growth. As shown in Figures 6.1(a,b), 1*' generation
(backbone) ZnO NWs were grown from ZnO dot seeds deposited on a substrate
immersed in an aqueous precursor solution. ZnO dots (3~4 nm) were drop casted on a
FTO glass substrate to form uniform seeds for ZnO NW growth. NWs were grown by
immersing the seeded substrate into aqueous solutions. The synthesis details of quantum
dots and 1% generation NW have been described in chapter 2. After the reaction was
complete, the grown ZnO NWs were thoroughly rinsed with MilliQ water and dried in air
to remove residual polymer. Longer ZnO NWs can be produced by repeating the
hydrothermal growth process in a fresh aqueous precursor solution per the LG mode
sketched in Figure 6.1c. Dramatic change in the ZnO NW structure could occur by
heating the 1% generation ZnO NW at 350°C (10 mins), adding seed NPs and
subsequently applying hydrothermal growth. Instead of LG, highly BG of ZnO NW on
the sidewalls of the 1% generation ZnO NW could be observed (Figure 6.1d). It should be
noted that BG differs from LG only in that it involves the presence of a heating step and a
seeding step before the regular hydrothermal growth. The combination of multiple LG
and BG steps can be applied for more complex hierarchical ZnO NW structuring.

While a single hydrothermal reaction LG process can produce 2~8 um long,
vertically aligned ZnO NWs (130~200 nm diameter), multiple LG growth steps can grow
40~50 pm long ZnO NWs of high aspect ratio (>100). Figure 6.2a displays ZnO NW
after 1,2,3 LG steps. The length extension becomes smaller as the step order increases.
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Figure 6.1 Two routes for hierarchical ZnO NW hydrothermal growth. Length growth (LG)
(a-b-c), branched growth (BG) (a-b-d), and hybrid (a-b-c-d-e). Notice polymer removal and
seed NPs for branched growth.

77



Vertically aligned, long ZnO NWs grown by multiple LG steps can be used as
the backbone of the hierarchical branched ZnO NW forest. High quality hierarchical
branched ZnO NW forest can be grown only after both (1) removal of polymer (HMTA,
PEI) by heating the ZnO NW and (2) coating with seed NPs on the backbone ZnO NW
surface. Figures 6.2(b,c) depict the “seed effect” and Figures 6.2(d,e) the “polymer
removal effect”.

HMTA and PEI hinder only lateral growth but allow axial growth of the ZnO
NWs in the solution, thus yielding high aspect ratio NWs [12]. The polymer can be
removed by heating the ZnO NWs at 350°C for 10 minutes. Branched growth (BG) that
had been previously suppressed by HMTA and PEI during regular LG could be induced
once the polymer was removed from the backbone NW, as shown in Figure 6.2b. In
addition to random and sparsely branched NW growth on the side walls, the diameter of
1** generation backbone ZnO NW also increased (~1 um) due to lateral growth after the
removal of the HMTA and PEI polymer layer. After the polymer removal, seed NP
coating on the 1% generation backbone NWs could induce growth of densely packed
higher order generation BG while suppressing the diameter increase of the 1% generation
backbone NW (Figure 6.2c¢).

Seed ZnO NP coating on the backbone ZnO NW without polymer removal could
grow just sparsely branched ZnO NW (Figure 6.2d). In contrast, high quality
hierarchical branched ZnO NW forest could be achieved by coating the backbone ZnO
NW with seed ZNO NPs after the polymer removal (Figure 6.2e). ZnO NW growth from
the seed NP on HMTA and PEI polymer may be less favorable than on the ZnO NW
surface without polymer. This signifies that the polymer removal and the seed layer
addition are important for realizing high-density hierarchical and branched ZnO NW
forest growth.
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Figure 6.2 SEM pictures of ZnO NWs on FTO glass substrates. (a) Length growth (1,2,3
times growth). Seed effect: first generation branched growth (b) without seeds and (c) with
seeds after polymer removal. Polymer removal effect: first generation branched growth (d)
without polymer removal and (e) with polymer removal after seed NP deposition. Polymers on
ZnO NW are removed after 350°C heating for 10 min.

“Nanoforest” of the hierarchical branched ZnO NW could be easily grown on a
large area (Figure 6.3a) by a low cost, all solution processed hydrothermal method. The
morphology of the ZnO NWs has been characterized by SEM. The tilted view (Figure
6.3a) and cross sectional images (Figures 6.3(b,c)) of the ZnO NWs suggest that the
hierarchically branched ZnO NWs (blue dotted lines in Figure 6.3¢) grow perpendicular
to the vertically oriented 1% generation backbone ZnO NW surface (indicated by the red
dotted lines in Figure 6.3¢) . The length of branched ZnO NWs was 2~10 um upon a
single growth step and their diameter (Figure 6.3d) usually in the range of 30~50 nm,
hence always much smaller than the diameter of 1% generation backbone ZnO NW
(130~200 nm). This is attributed to the fact that branched ZnO NWs extend from the
faces of the hexagonal backbone ZnO NWs. The BG NWs and the backbone ZnO NWs
exhibit defined crystal orientation that is characteristic of CVD grown comb-like ZnO
nanostructures [175, 176]. On the other hand, the hydrothermally grown secondary
branched ZnO NW did not originate from the backbone NW but from ZnO seed NPs in
the ¢ axis direction of single wurtzite crystal [159].
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Figure 6.3 SEM pictures of ZnO NW nano-forest on a FTO glass substrate. (a) tilted view; (b)
cross section view; (c) magnified view of backbone (red dotted line) and first generation
branches (blue dotted line); (d) magnified view of a branch
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6.3 DSSC performance

High efficiency DSSCs could be demonstrated from the densely branched ZnO
NW “nanoforest” material on a FTO glass substrate (Hartford Inc.). Figure 6.4a shows
the schematic picture of the DSSC and the SEM magnified picture of the ZnO NW
“nanoforest.” ZnO NWs were rinsed with DI water and baked in air at 350°C for 30
minutes to remove any residual organics and optimize solar cell performance [12]. ZnO
NWs were sensitized in a solution of 0.5 mM cisbis(isothiocyanato)bis(2,2'-bipyridyl-
4,4'-dicarboxylato)-ruthenium(Il) bis-tetrabutylammonium (N719, Solaronix) in dry
ethanol for 5 hours and then sandwiched together and bonded with platinum catalyst
coated FTO counter electrodes separated by 40 pm thick hot melt foil spacer. The
electrolyte solution (0.1 M Lil, 0.5 M 1,2-dimethyl-3-propylimidazolium iodide, 0.03 M
I, and 0.5 M tert-butylpyridine in acetonitrile) [159] was introduced via capillary action
into the gap formed by the two electrodes. The current density versus voltage (J-V)
characteristic curves of the cells were measured under AMI.5G 100 mW-cm™
illumination from a solar simulator (Newport) immediately after cell assembly.

Figure 6.4b shows the J-V characteristics for solar cells with both BG and LG
ZnO nanostructures and the DSSC characteristics are summarized in Table 6.1. J-V
curves for upstanding ZnO NW with various lengths (LG1: 7 um, LG2: 13 pm, LG3: 16
um) are presented in Figure 6.4b. The short circuit current density (Jsc) and the overall
light conversion efficiency increased as the length of the LG ZnO NW increased (LGI:
0.45%, LG2: 0.7%, LG3: 0.85%). One-step branched growth on LGI1 (7 pm) and LG2
(13 pm) yielded BG1 (from LG1) and BG2 (from LG2) and two-time branched growth
produced BG3 (from LG2). By implementing additional NW generations, the short
circuit current density (Jsc) and overall light conversion efficiency could be significantly
increased for high density hierarchical branched ZnO NW “nanoforest.” The respective
enhancement was in the range of 350~500 % for the same backbone NW length (LG1:
0.45% to BG2: 2.22%, LG2: 0.71% to BG2: 2.51%). This is much higher than the
reported values [159, 164] for hierarchical ZnO NW DSSCs and related to the substantial
effective area increase by BG. The efficiency increase can be explained by considering a
combination of several effects. First, the enhanced photon absorption associated with the
augmented surface area results in increased dye loading and correspondingly to large Jg
increase. LG can grow only upstanding NWs by adding length to the Ist generation
backbone NW. However, BG can grow multi-branched NWs from just a single 1%
generation backbone NW to therefore increase dramatically surface area. The measured
NW number density for upstanding LG NW (10° /cm?) could be increased by 1~2 orders
of magnitude (10'"""" /em?) by BG NWs. Second, a dense network of crystalline ZnO
NWs can increase the electron diffusion length and electron collection because the NW
morphology provides more direct conduction paths for electron transport from the point
of injection to the collection electrode. Third, randomly branched NWs promote
enhanced light harvesting (light-dye interaction) without sacrificing efficient electron
transport. In contrast, upstanding NWs are not favorable for light harvesting because
photons could possibly travel between the vertical NWs without being absorbed by the
dye [168]. Furthermore, branched NWs can increase light harvesting efficiency by
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scattering enhancement and trapping [158]. The fill factor (FF) values for ZnO DSSCs
are generally lower than those obtained using TiO, NPs (0.6-0.7). This is due to
recombination between photoexcited carriers in the photoanodes and tri-iodide ions in the
electrolyte. The FF may be enhanced by implementing dc or radio frequency magnetron
sputtering and atomic layer deposition [159].
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Figure 6.4 (a) Schematic structure; (b) J-V curve of dye-sensitized solar cell with
“nanoforest” ZnO NW
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Table 6.1 Characteristics of “nanoforest” ZnO DSSCs in Figure 6.4b.

Backbone

Branching Schematic Efficiency Jse Ve
NW tim Tlustration [%] A | V] TF
length es ustratio 0 [mA-cm™]
LGl 7 ‘ ‘ ‘ 0.45 1.52 0.636 | 0.480
LG2 13 0 0.71 2.37 0.64 | 0.486
(only vertically
grown NWs)
LG3 18 0.85 2.87 0.645 1 0.484
BG1 7 % 2.22 7.43 0.681 | 0.522
1
BG2 % 2.51 8.44 0.683 | 0.531
I 13
BG3 2 2.63 8.78 0.680 | 0.530
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6.4 Conclusion

In summary, “nanoforest” of high density, long-branched tree-like multi-
generation hierarchical crystalline ZnO NW photoanodes via a simple selective
hierarchical growth sequence have been demonstrated and the structure could
significantly improve the DSSC energy conversion efficiency. The short-circuit current
density and overall light conversion efficiency of the branched ZnO NW DSSCs were
almost 5 times higher than the efficiency of upstanding ZnO NWs. The efficiency
increase is due to greatly augmented surface area enabling higher dye loading and light
harvesting, as well as to reduced charge recombination through direct conduction along
the crystalline ZnO multi-generation branches. A parametric study was performed to
define hierarchical ZnO NW photoanodes consisting of various generation NWs through
the combination of length-wise and branched growth. The new, simple and selective
hierarchical growth is a low cost, all solution-processed hydrothermal method and can be
used to fabricate complex hierarchical ZnO NW photoanodes by simple seed particle
deposition steps and capping polymer engineering. The low temperature process nature
carries substantial potential for further developing DSSCs on low-cost, large-area flexible
polymer substrates.
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Chapter 7

Conclusions of the present work

In the previous chapters, substantial steps have been taken towards developing
ZnO NP synthesis, laser processing, deposition and patterning methods for the fabrication
of both passive and active ZnO components. In a striking departure from conventional
methods such as vacuum-based thin film deposition, pattern generation by mask-involved
photolithographic processes and e-beam lithography mold fabrication for the
nanoimprinting, solution-processible nanomaterials were successfully combined with
direct writing technology in an effective way.

A very well-dispersed, transparent and concentration-tunable ZnO NPs solution
was synthesized in a new process (chapter 2). ZnO NPs did not agglomerate in the 1-
pentanol solution without incorporating additional chemicals for a capping layer. Highly
transparent ZnO thin films were fabricated by spin coating and subsequent ultra short-
pulsed UV laser annealing was performed to change the film properties (chapter 3).
While as-deposited NP thin films were not electrically conductive, laser annealing
imparted a substantial conductivity increase. Thus, selective annealing for conductive
patterns directly on the NP thin film without a photolithographic process was achieved.
With optimized laser annealing parameters, undoped ZnO thin film of 4.75x107 Q-cm
resistivity was attained. The resistivity is by a factor of 10° lower than that of the
previously reported furnace-annealed ZnO NP films and is even comparable to that of
vacuum-deposited, impurity-doped ZnO films within a factor of 10. The process
developed in this work has been applied to the fabrication of a TFT device exhibiting
enhanced performance compared with the one that fabricated with the furnace annealed
ZnO film. The ZnO TFT performance test revealed that by just changing the laser
annealing parameters the solution-deposited ZnO thin film properties could be tuned and
rendered suitable for both transparent conductors and semiconductor active layers.

Two kinds of nanomaterial patterning methods via direct writing have been
demonstrated. First, laser-assisted nanoimprinting of metal and semiconductor NPs has
been presented as a large area one step patterning method (chapter 4). With this method,
submicron structures including mesh, line, nanopillar and NW arrays were fabricated on
various kinds of wafer scale substrates. Using the rapid laser-based nanolithography,
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constraints of e-beam patterning could be overcome, enabling rapid mold fabrication.
Therefore, the presented method opens a way to the fabrication of electronic and energy
devices with high throughput and ultra low-cost. The fabrication was completely free of
lift-off or RIE processes. PDMS stamp fabricated from the master mold replicated
nanoscale structures down to 200 nm. The NP printing time with the PDMS stamp takes
only several tens of seconds and can be further reduced with optimized process
parameters. Design parameters such as depth, height, and pattern shapes can be easily
changed, controlled and optimized. The low temperature and low pressure used in
nanoimprinting process enable direct nanofabrication on various substrates including
flexible substrates. Second, inkjet printing of ZnO seed layers for a fully digital selective
ZnO NW array growth has been discussed (chapter 5). Through proper natural
convection suppression during the hydrothermal growth, localized ZnO NW growth was
achieved. Without any need for the photolithographic process or stamp preparation, the
NW growth location can be easily modified when the inkjet printing process is integrated
with CAD system to allow high degree of freedom when the design must be changed.
The proposed process is very fast, low cost, environmentally benign, and performed
under low temperature. Therefore it can be applied for flexible plastic substrates and
scaled up for larger substrate for mass production or roll-to-roll process.

As an application of ZnO nanomaterials for high efficiency solar cells, the
selective growth of “nanoforests” composed of high-density, long branched tree-like
multi-generation hierarchical ZnO NW photoanodes has been developed for ZnO DSSCs
(chapter 6). The new and selective hierarchical growth approach represents a low cost, all
solution processed hydrothermal method that yields complex ZnO NW photoanodes by
utilizing seed particles and a capping polymer. The overall light-conversion efficiency of
the branched ZnO NW DSSCs was almost 5 times higher than the efficiency of DSSCs
constructed by upstanding ZnO NWs. The efficiency increase achieved by introducing
branched growth is attributed to the surface area increase that allows higher dye loading
and light harvesting and also to the reduced charge recombination through direct
conduction along the crystalline ZnO branches.
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Chapter 8

Recommendation for future study

ZnO applications as transparent conductive electrodes are usually achieved
through vacuum-based deposition method with impurity doping such as AZO and GZO.
Even though several research papers regarding the synthesis of solution processible
impurity doped-ZnO NP have been reported, no apparent applications have been reported
so far [177, 178]. Finding an effective way to produce impurity-doped ZnO NP solution
combined with successive laser annealing process would yield transparent metal oxide
films with conductivity equivalent to that of ITO. Another intriguing issue in TCO
materials development is the synthesis of p-type nanomaterials. For p—n junction
optoelectronic device applications, such as LED, TFTs, and solar cells, p-type TCOs are
indispensable. However, well-known TCOs such as ITO, FTO, AZO and GZO are all n-
type semiconductors. Even though there have been many reported attempts to produce p-
type TCO materials such as nitrogen-doped ZnO [179, 180], MoO3 [181], NiO [182],
their use is rather limited due to either difficulty in synthesis or high temperature
processes involved or a short life time. Admittedly, p-type doping of ZnO remains a great
challenge due to several reasons, including the deep donor level, low solubility of the
dopants and the inducing of self-compensating processes on doping. Several researchers,
however, have shown the possibility of producing p-type ZnO by pulsed laser deposition
with varying annealing gas conditions to force dopants such as nitrogen and phosphorous
into the lattice [180, 183]. Adapting pulsed laser annealing in varying annealing
environment offers a promising route towards solving the aforementioned long-standing
issues to spearhead numerous applications in the field of optoelectronic devices.

Laser-assisted large area imprinting method has substantial potential for
applications in solar cells. Submicron structures including mesh, line and nanopillar
arrays can be applied for the surface texturing of solar cell components [184-186].
Imprinting semiconductor nanomaterials such as ZnO, ITO, TiO, and Si NPs can
generate structured light trapping TCO layer or absorbing layer that will increase the
device efficiency. Furthermore, nanoimprinting of metals such as Ag, Au, Al and Cu can
be applied to realize plasmonic solar cell structures [187]. Due to the additive nature of
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nanoimprinting, the process is not limited to the thickness, composition or chemical
characteristics of as-deposited films and can be applied to ultra-thin films that cannot be
textured by etching processes. Furthermore, it can be used to construct, texture and
functionalize multi-layers composed of different materials. The resolution of the
imprinted nanostructure would be enhanced by further optimization of optical and
chemical components. Another possible pathway is taking advantage of nonlinear multi-
photon ultrafast laser processing to fabricate a mold for nanoimprinting. Sub-100 nm
scale feature resolution using femtosecond laser could be delivered via far field optics
[144]. Recently, it has been reported that the morphology and orientation of organic thin
films have been significantly altered through nanoimprinted grooves of around 100 nm
spacing [188]. In organic solar cells, the electrical and optical properties of the polymer
semiconducting materials are often not isotropic since these properties are directly
dependent on the molecular orientations of the polymer chains [188]. By optimizing the
orientation and crystalline properties of conducting polymers, significant improvement in
organic solar cell performance is expected. Inorganic-organic hybrid structures are
another possible applications of the NP nanoimprinting method. Inorganic-organic hybrid
structures have been reported to achieve enhanced performance [189]. With the
advantage of laser assisted nanoimprinting method, scaled-up devices containing various
hybrid structures can be developed.

High-density, long branched tree-like multi generation hierarchical crystalline
photoanodes can be implemented for structuring TiO, NW photoanodes. Recently, it has
been reported in several research papers [190, 191] that hierarchical TiO, photoanodes
could improve the solar cell conversion efficiency. However, real tree-like TiO2
nanostructures featuring long braches have not been successfully demonstrated and there
is still plenty of room for improvement. Besides optimizing the selective hierarchical
growth, directed patterning of the seed layers and the 3-D structuring of the electrodes by
successive nanoimprinting will provide another possibility for attaining highly efficient
photoanodes.
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