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Abstract

A method for the patterned growth of ZnO nanorods with better field emission properties is presented that combines nanoimprinting,
electroplated Zn seeds and aqueous solution growth of ZnO. A patterned Zn layer over large area was prepared using the poly(dimethylsiloxane)
(PDMS) template to pattern PMMA masking layer without residual layer. ZnO nanorods were selectively deposited on the Zn seeds instead of
growing on the bare ITO regions due to the preferred growth on Zn seeds/ITO substrate. The diameter of ZnO nanorods was decided by the
concentration of reactants of zinc nitrate and hexamethyltetramine (C¢H;oNy4) (0.025-0.1 M) at low temperature. This approach provides the
capability of creating patterned 1D ZnO micro/nanopatterns at low temperature, ambient condition, and low cost with large area on flexible

devices.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Field emission (FE) of zinc oxide (ZnO) nanostructures has
received a great attention due to its potential applications in
vacuum microelectronic devices such as field emission displays,
X-ray sources, microwave devices, etc. Zinc oxide, a wide band
gap (E, = 3.37 eV) semiconductor with a large exciton binding
energy (60 meV) is important in electronic applications. ZnO is a
typical n-type wide band gap semiconductor, playing an
important role in many fields ranging from optoelectronics to
energy conversion, photocatalysis, photodectors, and nanosen-
sors [1-7]. One-dimensional (1D) nanostructures have been
intensively studied in the past years owing to their special
properties and potential applications in nanoscale electric and
optoelectronic devices. An important issue in this field is how to
realize the controllable growth of 1D nanostructures to obtain the
desired functionality. For the applications in nanodevices, it is
necessary to control the density and the exact growing positions
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of the ZnO nanorods on the substrate. In other words, instead of
randomly placing nanorods on a substrate a more effective
method is to selectively grow nanostructures directly onto
electrodes or other desirable areas of the substrate. Generally, the
technique utilized to achieve a site-specific growth of ZnO
nanorods or nanowires involves patterning and selective growth.
In conventional patterning of ceramic thin films, the processing
window is narrow and it is hard to find suitable etching conditions
to obtain patterned ZnO nanorods [8]. To solve this problem,
selective growth techniques is a more direct, effective and
feasible method. Besides, using this technique, ZnO nanorod
arrays with tunable spacing and diameter are achieved, which
also have uniform shape and length, and good crystal quality
aligned on the ITO substrates. For example, patterning ZnO
nanorod arrays defined by polystyrene (PS) microsphere [9] [10],
preparation of ZnO micropatterns using self-assembled mono-
layer [8] [11]; and determining growth positions of ZnO nanorod
arrays via coating the ZnO-C seed layer with patterned
photoresist prepared by conventional photolithography [12],
have been reported in the literature. However, these approaches
are limited by high temperature treatment, expensive substrate,
high vacuum system, lithography or complication of process
details. Thus, a new micro/nanopatterning technique conducted
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at low temperature is desirable. In this paper, the whole process,
starting from nanoimprint lithography (NIL) patterning of
electroplated seeds to guide the growth of nanorods, is thus
environment friendly, quick and feasible.

In this work, we electroplated Zn seeds and used the aqueous
solution growth method to grow ZnO NRs on indium tin oxide
(ITO) substrate. The patterned zinc seeds were transformed into
oxidized zinc species cluster in precursor solution before the
aqueous solution method growth stage. These oxidized zinc
species cluster provide a lattice-matched buffer layer for further
growth of oriented ZnO NRs in aqueous solution process.
Thus, selective growth of ZnO using a micro/nanopatterning
technique at low temperature and aqueous solution method is
applicable to transparent electrodes and the use of ZnO
nanorods in integrated device technology is greatly anticipated

(8].
2. Experimental details

The ITO/glass and ITO/PET substrates with a sheet
resistance of 15 and 50 € square”' were employed, respec-
tively. The ITO glass substrates used in our studies were
ultrasonic bath cleaned by acetone, isopropyl alcohol (IPA) and
deionized (DI) water each for 20 min, followed by N, gas
drying, immediately prior to use. The PDMS mold was
fabricated by spin-coating a 10:1 ratio mixture of Sylgard 184
(from Dow Corning) and curing agent on the anti-adhesion-
treated Si master mold, which has nano-dot and line array
patterns with a pitch of 550 nm and 830 nm, respectively. These
soft molds were cured for 1 h at room temperature and then for
4 h at 60 °C in the oven. Then the patterned PDMS molds were
immersed in the alcohol (95%) for 5 min before proceeding to
imprinting process. The resist material of poly-(methyl
methacrylate) (PMMA) (70,000 average molecular weight)
was dissolved in chlorobenzene, and was then spin coated on
the ITO substrate with the first step at 500 rpm for 10 s and
followed by the second step at 3000 rpm for 30s at the
thickness of about 60 nm. And these films were heated at 60 °C
for 20 min on hot plate, in order to remove the organic solvent.
The elastic PDMS mold was pressed on to the PMMA film with
a small applied pressure of 0.01 MPa at 60 °C for 20 min. After
cooling to room temperature, the patterns of PMMA on ITO
substrate were obtained by removing the PDMS mold.

Those patterned ITO substrates were electroplated with Zn
seeds on the exposed area of the ITO film. The electroplating
process was carried out in a three-electrode system, in which Pt
worked as the counter electrode, an Ag/AgCl (in saturated
NaCl) served as the reference electrode and the ITO substrate
was used as the working electrode. The zinc plating solution
contained 0.56 M ZnSO,-7H,0, 0.63 M Na,SOy, 0.51 M NaCl
and 0.32 M H3BOj; dissolved in deionized water. The bath
temperature was kept at room temperature. After applying a
current of 5 mA/cm? for 1 min, patterned Zn seeds were
obtained. These samples were rinsed with DI water and N, gas
drying immediately. Electrochemical experiments were carried
out with an EG&G Princeton Applied Research model 273A
potentiostat/galvanostat.

The zinc oxide nanorods were grown on patterned substrates
by the aqueous chemical growth method. Solutions of
equal molar concentration of zinc nitrate hexahydrate
(Zn(NOs3),-:6H,0) and hexamethyleneteramine (CgH;,Ny4)
were mixed. The concentrations of reaction solution were
0.025 and 0.1 M, respectively. The mixed solution was stirred at
room temperature for 10 min for well mixing and the deposition
was performed at 90 °C. The side with the seed layer was
adhered facing down in the solution. The concentrations were
0.025 and 0.1 M, respectively. And a deposition time of 3 h
was used to obtain the ZnO nanorod arrays. After the growth
was completed, the samples were cleaned by DI water and N,
gas drying immediately. As reported in the literature, the
following reactions are believed to take place in the formation
of ZnO nanorods [13].

(CH2)6N4 + 6H,0 — 6HCHO + 4NHj;
NH; +H,0 — NH,* 4+ OH™

20H™ +Zn*" — Zn(OH),

Zn(OH),~Zn0y) + H,0

The morphologies and structures of the deposited materials
were investigated by scanning electron microscopy (SEM)
using a Hitachi S4200 field-emission SEM, and X-ray
diffractometry (XRD) using a Rigaku D/max X-ray diffract-
ometer, respectively.

3. Result and discussion

Zn and ZnO crystals have identical hexagonal structures and
relatively small lattice mismatches of 4.9% and 18.0% along
the c- and a-axes, respectively. ZnO NRs thus tend to grow
epitaxially and well-aligned on seeded substrates [14] [15]. The
same growth conditions on ITO substrates without seeds will
produce sparse, random and large-diameter ZnO NRs. A
patterned Zn film is used to initiate and define regions of
nanostructure growth. The size and morphology of Zn seed
layers are greatly affected by the experimental parameters, such
as temperature, voltage, current density and reaction time
during seed electroplating. The nanoimprinting is performed to
pattern PMMA on ITO substrate. Since the nanoimprint process
can be tuned to be residual layer-free, electroplating of Zn
patterns can take place on the ITO substrate outside the PMMA
masking. Figs. 1-3 give examples of the micro/nanopatterns of
Zn seeds defined by the patterned PMMA under different
electroplating conditions. All of them demonstrate good
selectivity achieved using such an electroplating process. In
Fig. 1(a), the linear Zn seeds are distinct from Fig. 1(b), if the
current density is increased further to 20 mA/cm? (as Fig. 1(a)),
the growth of Zn lined pattern will be more irregular. The
phenomenon is caused by the high transient current to deposit
larger Zn grain, and the resulted in uneven edge of the lines.
Fig. 1 shows the difference between (c) and (d) is grain size, the
larger current density induces the larger grains. On the contrary,
the smaller current density will get the smaller grains. When the
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Fig. 1. SEM micrographs of the patterned Zn seeds fabricated with different electroplating current density of (a) 20, (b) 5, (¢c) 5 and (d) 1 mA/cm? for 1 min on the
ITO glass. Inserts are the high magnification SEM micrographs.
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Fig. 2. SEM micrographs of the patterned Zn seeds fabricated for the reaction time of (a) 1 and (b) 3 min on the ITO glass. The current density of electroplating was
5 mA/cm®. SEM micrographs of Zn nanopatterns were proceeded (c) without and (d) with annealing treatment at 300 °C for 30 min in air. Inserts are the high
magnification SEM micrographs, respectively.
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Fig. 3. (a) XRD patterns of ZnO nanorod arrays grown on (A) non-annealed and (B) annealed Zn-seeds on ITO glass substrate from 0.1 M Zn(NO3),-6H,0 and HMT
(CgH2Ny) aqueous solution at 90 °C for 3 h. (b) GIXRD patterns of (A’) Zn seeds/ITO glass and (B’) annealed Zn seeds/ITO glass. The symbol * indicates the

reflection from the Zn-seeds on ITO glass substrate.

current density is too high, the lines will be more irregular,
supposed to be due to the formation of pieces of zinc particles at
large transient currents.

From Fig. 2, the deposition time has a great influence on the
electroplated patterns of Zn seeds. Fig. 2(a) shows that when the
electroplating time is too short, the zinc seeds will be
incomplete on the sample of imprinted pattern on ITO
substrate. Conversely, Fig. 2(b) has a completely transferred
seeds on regions outside patterned PMMA on ITO substrate.
The parameters of electroplating process are controlled
properly that a complete pattern will be obtained. After the
electroplating process of Zn seeds, the patterned substrate is
heated at 300 °C (ITO/glass) for 30 min in air, as shown in
Fig. 2 (c) and (d). Through this annealing process, the Zn seeds
have partially transformed into ZnO nanoparticles (because the
larger grains of the annealed samples as shown from the XRD
data shown later) and those nanoparticles also can act as
nucleation seeds for ZnO nanostructure growth.

Fig. 3(a) shows the XRD spectra of ZnO nanorods grown on
electroplated Zn seeds/ITO glass substrate at 5 mA/cm?® for
1 min. The diffraction peaks can be indexed to those all of
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hexagonal ZnO with polycrystalline structures on substrate.
The intensity of the (0 0 2) diffraction is much stronger than
other peaks, indicating that the ZnO nanorods have a preferred
orientation along the [0 0 1] direction, especially in the ZnO
NRs grown on annealed Zn seeds. The XRD pattern of Fig. 3(b)
shows the Zn seeds/ITO glass (A’) and annealed Zn seeds/ITO
glass (B'), respectively. However, the XRD pattern shows the
polycrystalline nature of ZnO of Fig. 3(B’) and planes
corresponding to (1 0 0), (00 2) and (1 0 1). We suggest that
the preferred growth of ZnO NRs grown on annealed Zn seeds/
ITO glass is due to the preferred orientation of the annealed
seeds.

In Fig. 4, the schematic diagram is presented to describe the
patterned growth of ZnO nanorods. It consists of four steps: (1)
patterning of PMMA by solvent assist imprinting, (2)
deposition of patterned Zn seeds by electroplating, (3) polymer
stripping, and (4) ZnO nanorods grown on Zn seeds using the
aqueous solution method. A simple strip pattern is imprinted on
the ITO glass, followed by the preparation of Zn patterns using
varied electroplating currents and precursor concentrations to
study the effect of these conditions on the final dimensions of

- 1 Solvent Assist in Imp
= mmom = e DR ICSIdual layer)

_~Zn patterned seeds/
S Zn0 seeds

Fig. 4. Schematic diagram of the patterned growth of ZnO nanorods on the ITO substrate. Insert shows the optical images of the patterned Zn seeds on PET substrate

by this technique.
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Fig. 5. SEM micrographs of patterned ZnO nanowire arrays with various concentration of Zn(NOs), and C¢H;,N,. (a) Nanopattern of Zn seeds; and ZnO nanorods
grown from in the reaction solution with concentration of (b) 0.025 M, and (c) 0.1 M, respectively. Inserts are the high magnification SEM micrographs.

the ZnO nanorods obtained. An optimized condition for the
seeding process is selected for further experiments regarding
the patterned growth of ZnO nanorods. The patterned zinc is
then used as seeds to guide ZnO growth onto substrate. Insert in
Fig. 4 shows the optical image of the patterned Zn seeds on PET
substrate formed by this technique. The patterns are completely
transferred from the PDMS mold to the substrate and the
different colors represent different domains of the patterned
seeds. In general, conventional nanoimprinting requires an
additional oxygen plasma etching step to remove the residual
polymer layer in the imprinted regions, which increases process
time and complexity. Even though an ultrafast patterning
method is available, there still remains the problem of the
removal of a residual layer [16] [17]. However, the
nanoimprinting method used in the present study is effective
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Fig. 6. (a)Field emission characteristics in J-E and ln(J/Ez)—I/E (inset) plots of
the patterned and non-patterned ZnO field emitters. The straight line is a linear
fit to the In(J/E®)-1/E. (b) The diagram of aspect ratio and density of non-
patterned and patterned ZnO NWs.

in proceeding without residual layer, which favors to get
selective growth of Zn seeds and to obtain ZnO nanorods arrays
in the subsequent steps. In other words, we have succeeded in
the low temperature fabrication of Zn seeds to selectively grow
patterned ZnO nanorods on transparent conductive substrate.

Nanoimpritng of the PMMA pattern without residual layer
can facilitate the subsequent deposition of Zn seed layer by
selective electroplating. The next step, ZnO nanorods grown on
Zn seeds, uses aqueous solutions. When the patterned
substrates are immersed into a precursor solution with lower
concentration, the diameters of the as-synthesized nanorods
decreased significantly. Fig. 5(b and c) shows the SEM images
of nanorods synthesized on the selective positions after
immersing in solution with equimolar precursor concentration
of Zn(NOs),-6H,0 and hexamethylenetetramine at 90 °C for
3 h. The as-synthesized nanorods have diameters in the range of
60—400 nm. The growth of much thicker ZnO nanorods is due
to the increased precursor concentration. This growth
phenomenon is similar to aligned growth of ZnO nanorods
on blank substrates without patterns.

Fig. 6(a) gives the variation in the field emission
performance in patterned and non-patterned ZnO field emitters.
As shown in Fig. 6(a), the turn-on electric field is calculated to
be 1.66 V/pm and 1.39 V/pum (at current density 0.1 pA/cm?)
for non-patterned ZnO nanorods using precursor concentrations
of 0.1 and 0.025 M, respectively. The threshold field is 6.55 V/
pm and 6.19 V/um (at current density 10 pA/cm?) for
precursor concentrations of 0.1 and 0.025 M, respectively.
However, after the patterned-growth process with 200 nm
width Zn seeds, for 0.1 M and 0.025 M precursors, the turn-on
electric field decreases to 0.28 V/um and 0.97 V/pm,
respectively. Therefore, the field emission characteristic of
the ZnO cathode becomes much better emitter by patterned
process.

The inset of Fig. 6 (a) is the corresponding Fowler—
Nordheim (FN) plots, which shows that the field emission
behaviors of the ZnO field emitters can be well described by the
FN formula. The terms of the field enhancement factor (8) and
work function (¢) can be analyzed from FN plots. Since a linear
relation between In(J/E?) and 1/E is observed, the F-N formula
is expressed as [18]

J

ey

A,B2E2 <—B(p3/2)
= ex
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Table 1

The aspect ratio (A.R.), density, turn-on field and field enhancement factor (8) of the non-patterned ((a), (b)) and patterned ((a’), (b)) ZnO NWs by various

concentration.

Conc. of precursors of ZnO emitter A.R. Density (nanorods/cm?) Turn-on field (V/pum) B
0.1 pA/em?® 10 pA/cm?

(a) 0.1 M 6.18 1.86 x 10° 1.66 6.55 933

(b) 0.025M 11.84 1.54 % 10° 1.39 6.19 944

(a’) 0.1 M-P 4.05 4.87 x 10° 1.38 5.63 1178

(b') 0.025 M-P 8.02 2.16 x 10° 0.42 2.44 1537

where J is the current density in mA/cm?, E is the applied
field strength in V/pm, A and B are constants being
1.56 x 100 AV 2eVand 6.38 x 10° VeV ~"? um ™', respec-
tively. The ¢ is the work function of the emitter that is related to
the surface states, and f is the field enhancement factor that is
introduced to reflect the degree of the field emission enhance-
ment of any tip over a flat surface, i.e., 8 represents the true
value of the electric field at the tip compared to its average
macroscopic value. For nanostructured ZnO, the value of S is
related to the geometry, crystal structure, and nanostructure
density [19-21]. According to Eq. (1), the slope of FN plot can
be obtained after plotting In(J/E?) versus 1/E. From the FN plot,
it is expected that the larger the slope, the higher the electric
field factor (). After patterning process, the slope is steeper
and it means that enhancement factor is larger. Fig. 6(b)
presents the aspect ratio and density of non-patterned ((a
and b)) and patterned ((a’ and b)) ZnO nanorods. After
patterning process, the emitter density will decrease 1.25 times
in precursor solution of 0.025 M and the estimated field en-
hancement factor g is 1537.

It can be clearly seen that the electric field listed in the
Table 1 that (a) 0.1 M (6.55 V/pm) is higher than the (b)
0.025M (6.19 V/pm). In addition, (b) 0.025 M (6.19 V/pum)
is also significantly higher than (b’) 0.025 M-patterned
(2.44 V/pm). These results indicate that the electric field is
predominantly determined by the density of ZnO nanorods.
Because the as-grown ZnO nanorods are dense enough to cause
screen effect between ZnO nanorods, therefore, the highly
efficient field emission of the patterned arrays can be attributed
to the reduction of the screen effect. There are already many
reports about the methods to diminish the screen effect of the
ZnO nanorods [22-24]. After considering the cost and ease of
operation of the technique, the patterned growth process
described in this report is obviously an efficient method to
control emitter density to diminish the screen effect and get a
better FE performance.

4. Conclusion

In conclusion, the present work describes nanoimprinting
and Zn electroplating to define seed pattern and to guide the
selective growth of ZnO nanostructure through aqueous
solution methodology at a low temperature of 90 °C. The
structure analysis of the selectively grown ZnO nanorods shows
that these structures are grown along the c-axis. The field
emission from the ZnO nanorod arrays shows a high g value

(high field enhancement factor) and low turn-on field. In this
paper, we provide a way to fabricate high performance electron
emitters in which the methodology is fast, more controllable,
and less chemicals involved.
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