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nO nanoscale materials, such as

nanowires, have received increasing

attention over the past few years be-
cause of their exciting potential applica-
tions in optoelectronic devices,' sensors,?
highly efficient photonic devices,® near-UV
lasers,* nanogenerators,” antireflection
coatings (ARCs),® and electrochromic dis-
plays,” etc. Traditionally, patterned and
aligned nanowires can be fabricated by pat-
terning metal catalytic particles, often gold,
on lattice-matching substrates through
vapor—liquid—solid (VLS) growth, although
this growth strategy involves tedious lift-
off processes for patterning metal
catalysts>*>® and may lead to serious con-
tamination in complementary metal oxide
semiconductor processing.”'® There have
been some reports on the use of nongold
particles'? or seeding the growth of ZnO
nanowires by solvent methods,®'' ' but
the products have poor crystallization due
to the low growth temperature with the risk
of introducing impure ions. The substrates
required for epitaxial growth of ZnO
nanowires are often expensive, including
sapphire,>> GaN,>"* and SiC,"® etc. The mass
production of high-quality patterned and
highly aligned ZnO nanowires at low cost
is still a challenge for nanotechnologists.
Here, we present a novel route to fabricat-
ing high-quality ZnO nanowire arrays with
controlled morphology and nanowire den-
sity directly from carbonized photoresist
(PR) nano/micro-patterns followed by
chemical-vapor deposition (CVD).

RESULTS AND DISCUSSION

On a PR-coated Si substrate, large-area
and uniformly aligned ZnO nanowire ar-
rays were fabricated by a normal CVD
method (Figure 1a,b). To fabricate pat-
terned ZnO nanowires, we first prepared
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ABSTRACT We report a simple and effective method for fabricating and patterning high-quality Zn0 nanowire

arrays using carbonized photoresists to control the nucleation site, density, and growth direction of the nanowires.

The Zn0 nanowires fabricated using this method show excellent alignment, crystal quality, and optical properties

that are independent of the substrates. The carbonized photoresists provide perfect nucleation sites for the growth

of aligned Zn0 nanowires and they also perfectly connect to the nanowires to form ideal electrodes that can be

used in many applications of Zn0 nanomaterials.

KEYWORDS: zinc oxide - nanowire
array - pattern - photoresist - antireflection - graphite

various sizes (from several hundreds of
nanometers to several micrometers) and
shapes (dot arrays, lines, and networks) of
PR patterns on various substrates by photo-
lithography (Figure 1c), and, under a
vacuum, these patterns were then annealed
and converted to carbonaceous structures
that acted as the sites for selective growth
of ZnO nanowires (Figure 1d). The sizes,
shapes, and numbers of ZnO nanowires
formed on one PR pattern can be adjusted
by changing the growth conditions. Con-
trolled growth of an individual nanowire at
a specific site was demonstrated.

As shown in the optical image in Figure
2a, ZnO nanowire arrays grown on a silicon
substrate coated with carbonized PR (1.5
cm X 1.5 cm) had strong absorption of vis-
ible light. The high density of ZnO nanow-
ires and their excellent vertical alignment
are illustrated in the scanning electron mi-
croscope (SEM) image in Figure 2b. These
images are very similar to those of high-
quality carbon nanotube'” and nanowire®
arrays from metal catalytic processes. The
nanowires were 20~200 nm in diameter
and 5~12 pm in length under the growth
conditions in this study (see Materials and
Methods section) and the size increased
with the growth time. In the experiment de-
scribed here, the PR acted as a buffer layer
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diffraction peaks at (1-100), (1-101) and (1-102) appear
in addition to the (0002) diffraction peak. With the assis-
tance of the PR buffer layer, similar high-quality ZnO
nanowire arrays have been obtained on other sub-
strates, such as quartz, Si;N,, polycrystalline Al,O,, SiC,
“ ““ etc. According to our results, the substrates suitable for

1 1 I 1
‘ “‘H"l“h “‘"\Ill“"}l'”“" “” the present method should be stable at 900 °C and
||| ||| H| I" I" ”l/f/ should not react with PR. The simplicity of this method
—/ makes it ideal for fast, low-cost and large-area fabrica-

tion of high-quality ZnO nanowire arrays.
Figure 3a is a transmission electron microscope

. L . (TEM) image showing the typical morphology of
Figure 1. Fabrication process of ZnO nanostructure arrays directly . | he [0001] di ion. Wh
from PR: (a,c) Si substrates coated by PR patterns; (b,d) the resulting nanowires grown along the [ ] direction. en
nanowire arrays. viewed along the [1-100] direction, the thickness con-

trast profile (see the inset in Figure 3a) indicates the
hexagonal shape of the nanowire. The corresponding
convergent beam electron diffraction (CBED) pattern
high quality and excellent alignment of the nanowire (Figure 3b) confirms that the Zn-terminated (0001)
arrays in a large area is clearly revealed by X-ray diffrac-  pjanes are the fast growth front. The crystallinity of the
tion (XRD) images (see Figure 2d). Since the c-axes of  panowires is shown in the high- resolution transmission
all ZnO hexagonal nanowires (JCPDS 65-3411) were electron microscope (HRTEM) image in Figure 3c. Our
perpendicular to the substrate, only one strong (0002)  TEM investigation revealed that the fabricated ZnO
diffraction peak was present (Figure 2d, the red curve).  nanowires contained few defects and were very pure
Figure 2c shows typical ZnO nanowires grown with the  with no impurities detected within the limit of the
assistance of Au catalysts on a Si substrate under the energy-dispersive X-ray spectrometer (EDX) (Figure
same growth conditions with diameter and length dis-  3d). Although point defects, for example, oxygen vacan-
tributions similar to those with PR. In comparison with  cies and impure atoms, have been long suggested to af-
the ZnO nanowires fabricated from PR, the poor align- ~ fect the photoluminance (PL) of ZnO nanocrystals, such
ment of the nanowires is clearly reflected by the XRD defects were not detected by electron microscopy in

image as shown in Figure 2d (the green curve) in which  this study. No good way to determine the defect types
and the density qualitatively in nanostructured materi-

als has been established.'® With a near-field optical mi-
croscope (NSOM), we investigated the PL properties of
individual ZnO nanowires and found that ZnO nanow-
ires with small diameters (<30 nm) had strong UV emis-
sions without any defect emissions (Figure 3eA), while
nanowires with large diameters (>300 nm) always had
weak and broad peaks from defect emissions (Figure
3eB). A UV emission at about 380 nm corresponds to
the near-band-edge free excitonic emission, while a
green-band emission (the defect emission) from
500—550 nm is commonly referred to as a deep-level
or trap-state emission.'® The origin of the deep-level
emission is not yet clearly identified, but is generally at-
tributed to point defects such as singly ionized oxy-

&9 P (=74 &7 Carbonized photoresist [m] Nanowires

between the substrate and the nanowire nuclei to en-
hance the growth of the aligned ZnO nanowires. The

o & gen'? vacancies and extrinsic impurities.® The UV emis-
g é sion peak positions measured from the as-grown ZnO
S 5 |g g g nanowires are diameter-dependent. The position of the
E Tz T < PL peaks shifts from 375 (Figure 3eA) to 383 nm (Fig-
9 e = = ure 3eB) as the diameter increases from 30 to 300 nm.
= "~ . The PL spectrum obtained from a large area of the
20 J %0 : 20 % g o0 nanowire arrays shows an intense UV emission at 381
2theta (0) nm with a narrow full width at half-maximum (fwhm) of
Figure 2. The optical (a) and SEM (b) images of ZnO nanowire ar- about 15 nm and a weak and broad green emission
rays grown on a PR-coated silicon substrate; (c) ZnO nanowires peak at about 520 nm. These results suggest that the as-

formed on an Au-coated silicon substrate; (d) XRD data recorded . h hiah Il l
from the samples shown in panels b (the top curve) and c (the bot- grown ZnO nanowires have high crystalline quality.
tom curve). We believe that the high-quality nanowires are fabri-
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cated by the growth process described here since no
metal catalysts are involved. In addition, we have found
that the as-grown samples show excellent antireflec-
tion properties, which may have potential applications
such as in dielectric antireflection coatings to enhance
the efficiency of photovoltaic devices by increasing
light coupling in the active region of the devices.® We
have observed that Si substrates covered by ZnO nano-
wire arrays have lower reflectance spectra in the range
of 350—1100 nm (Figure 3fl and Il) and weighted reflec-
tance (R,,) values?' (11.8% for | and 19.8% for Il) com-
pared with random piled ZnO nanowires (Figure 3fV, R,,
= 82.5%) and polished Si substrate (Figure 3fVI, R, =
43.8%). Our samples also show better antireflection re-
sponse than ZnO nanowire arrays grown from Au cata-
lysts (Figure 3fll). Strong alignment and uniform distri-
bution of ZnO nanowires can enhance the ARCs by
effectively trapping light and leading to a broadband
suppression in reflection.®?? Since the carbonized PR
underneath the ZnO nanowires also contributes to the
antireflection properties because of its absorption of
visible light, we measured the R,, value of the Si sub-
strate coated with the carbonized PR after removing the
ZnO nanowires with 10% HNO; solution. We measured
alow R, of 26.4% (Figure 3flll), suggesting that the
good ARCs in our samples are the result of the special
structure of the aligned ZnO nanowire arrays formed on
the carbonized PR.

Compared to other carbon materials, carbonized
PRs have remarkable advantages since they can be eas-
ily patterned by conventional photolithography. Fig-
ure 4 panels a—d illustrate several patterned ZnO nano-
wire arrays fabricated by our strategy, such as dot arrays
(Figures 4a,b), line arrays (Figure 4c), and networks (Fig-
ure 4d). The sizes, lengths, and shapes of the ZnO
nanowires and their densities in one PR unit can be
modified by the growth conditions. As shown in Fig-
ure 4e, other morphologies such as ZnO nanopin ar-
rays can be fabricated at a high temperature of 900 °C.
Most importantly, our approach has the potential capa-
bility to control the number of ZnO nanowires on each
PR unit. As demonstrated in Figure 5, we find that the
number of ZnO nanowires formed on one pattern de-
creases as the size of the PR pattern decreases. When
the size of the PR pattern is about one micrometer, only
a few ZnO nanowires form (see the insets at the bot-
tom of Figure 5a). In Figure 5b, we demonstrate our
control of single nanowire growth on a small PR pat-
tern. This growth is achieved by decreasing the evapo-
ration temperature of the ZnO powder to provide a
relatively low concentration of Zn to inhibit the exces-
sive nucleation and growth of ZnO nanowires. Notably,
these single nanowires are positioned at the corners of
the square PR patterns (the dark contrast as marked by
the arrows). The formation of one ZnO nucleus on each
small PR pattern might be due to the high mobility of
the initial Zn catalytic atoms deposited on the PR pat-
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Figure 3. (a) The TEM image of an as-prepared ZnO nanowire and
(b) the corresponding CBED patterns viewed along the [1-100] di-
rection (the left one is the experimental result and the right one
simulated by JEMS software). (c) An HRTEM image of a ZnO nano-
wire. The inset is the corresponding Fourier transform pattern.
(d) The EDX spectrum recorded from the nanowire shown in panel
c. The copper peaks come from the sample supporting the grid.
(e) PL spectra from (A) a ZnO nanowire with a diameter of 30 nm;
(B) a ZnO nanowire with a diameter of 300 nm and (C) ZnO nano-
wire arrays. (f) Reflectance spectra of ZnO nanowire arrays grown
on (I) PR (Figure 2b), (Il) Au-coated silicon substrate (Figure 2c), (lll)
Si substrate with the remaining carbonized PR after removing
the ZnO nanowires with a 10% HNO; solution, (IV) naked Si sub-
strate, and (V) random piled ZnO nanowires.

tern. Since corners or edges of a patterned structure
are often the preferred nucleation sites for material
deposition, the catalytic atoms may diffuse preferen-
tially to the corner to form a ZnO nucleus. The density
of ZnO nanowire nuclei on the carbonized PR is mainly
determined by the substrate temperature, vacuum con-
dition, and source vapor concentration. Once these fac-
tors are fixed, the density of the ZnO nanowire nuclei
(i.e., the number of ZnO nanowires per unit area) is
fixed. Here, when the size of the carbonized PR is small
enough, only one ZnO nanowire is formed on each
small PR square pattern (Figure 5b).

To understand the formation mechanism of ZnO
nanowires grown on patterned PR, we used Raman
scattering to study the structural changes of the PR lay-
ers during the fabrication process. The pristine PR was
composed of a photoactive compound called diaz-
onaphthoquinone and novolak. The Raman spectrum
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Figure 4. Various ZnO nanostructure arrays from PR patterns: (a) square
dot arrays, (b) hexagonal dot arrays, (c) line arrays, (d) hexagonal net-
works, and (e) ZnO nanopin arrays; on the right side are the correspond-
ing enlarged images.
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Figure 5. (a) ZnO nanowires grown on different sizes of PR patterns. Insets
are enlarged pictures of the ZnO nanowires formed on the patterns. (b) One
ZnO nanowire nucleated and grown at the corner of each small PR pattern.
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Figure 6. (a) Raman spectra of the photoresists before (the
bottom curve) and after annealing (the top curve); (b) nucle-
ation and growth mechanisms of ZnO nanowires on the pho-
toresist patterns.

of the pristine PR showed a uniform background (the
bottom curve in Figure 6a) indicating that the pristine
PR might contain structures similar to hydrogenated
amorphous carbon (a-C:H). After annealing at 800 °C for
30 min, apparent D and G peaks appeared (Figure 6,
the top curve). The positions of the D and G peaks were
at about 1340 and 1600 cm ™', respectively, which
means that carbonaceous materials similar to graphitic
structures were formed.?>2° In the nucleation of ZnO
nanowires on carbonized PR, we believed that the car-
bon plays a critical role since the zinc oxide vapor phase
evaporated from the solid source could easily react
with carbon?” at a high temperature, and Zn could be
extracted to form Zn droplets by the following reactions
(Figure 6b):

27n0(g) + C(s) <> 2Zn(l) + CO,(9) (1)
or
2Zn0,(g) + xC(s) <> 2Zn(l) + xCO,(g) (2)

Since the melting temperature of Zn is much lower
than that of ZnO, Zn droplets form preferentially on
the carbonized PR layer and act as catalysts for ZnO
nanowire growth as suggested in refs 28 and 29. That
reactions 1 and 2 require a high temperature and Zn va-
porizes above 907 °C means that our growth tempera-
ture is in the range 700~900 °C. Although the presence
of impure nanoparticles or capped Zn particles at the
tips of nanowires has been regarded as one of the char-
acteristics of VLS growth, our HRTEM investigation (Fig-
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Figure 7. (a) TEM images of the tips of ZnO nanowire; (b,c)
HRTEM images of the tips; (d) cross-section TEM image of the
interface between the root of the ZnO nanowire and the
PR.

ure 7a—c) reveals that there are no capped nanoparti-
cles at the tips of the as-synthesized ZnO nanowires.
The interface between the root of a ZnO nanowire
and the PR was investigated by cross-sectional HRTEM
imaging (see Figure 7d). The carbonized PR is an
amorphous-like structure and the ZnO crystal is found
to nucleate on this flat PR layer with its (0001) planes
parallel to the PR surface. The formation mechanism of
the oriented ZnO nanowire nuclei on the PR layer re-
mains unknown. However, the present results show a
similarity with some recent theoretical and experimen-
tal works®®3°3" that the (0001)-oriented ZnO films or
nanowire arrays (evolved from an initial hexagonal BN-
like nucleating layer) are preferentially formed on flat

MATERIALS AND METHODS

Preparation of PR patterns: Si substrates (1.5 cm X 1.5 cm)
were coated with a thin layer of PR (photoresist AZ1518, HPR204,
or SPR6112) by spin coating at a speed of 4000 rpm for 30 s
and then treated by hard-baking at 120 °C for 60 s. The pat-
terned PRs were made using an ABM contact aligner. The expo-
sure time was set to 4.3 s and the developing time was 60 s.

Growth of ZnO nanowire arrays: An alumina boat containing
3 g of ZnO powder was placed in the center of a tube furnace.
Si substrates with PR patterns were placed downstream for the
nucleation and growth of ZnO nanowires. The furnace was
heated to 1300 °C and kept for half an hour under vacuum con-
ditions (~10~2 Torr). ZnO nanowires were found to grow on the
substrates when the temperature was about 700~900 °C. For
the growth of the nanowires shown in Figure 5b, the growth
temperature was decreased to 1200 °C to provide a relatively low
concentration of Zn in order to inhibit the excessive nucleation
and growth of the ZnO nanowires.

The as-grown nanowires were characterized by a Philips
scanning electron microscope (SEM, XL-30) and a JEOL high-
resolution transmission electron microscope (HRTEM, 2010F)
equipped with an energy-dispersive X-ray spectrometer (EDX).
Convergent-beam electron diffraction (CBED) measurement was
carried out on a Philips TEM (CM120) at 80 kV for optimal con-
trast. Photoluminescence (PL) measurement of individual
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substrates such as silicon and Ag by pulsed laser depo-
sition methods. In this case, there is no orientation rela-
tionship between ZnO crystals and the substrates ex-
cept that the ZnO (0001) planes are parallel to the
substrate surface. The ZnO nanowire arrays formed on
the PR layers have a very similar growth behavior. Un-
der the present growth conditions, carbonized PR not
only provides perfect nucleation sites for the growth of
aligned ZnO nanowires, but it also forms excellent elec-
trodes that connect to the nanowires. After further an-
nealing, the resistivity of the PR patterns was deter-
mined to be about 1 X 1072 Q- cm, which is
comparable to that of indium tin oxide (10~3—10"2
Q- cm).?? These electrodes have excellent biocompati-
bility, chemical inertness, good thermal conductivity,
and thermal and mechanical stability and therefore are
ideal for many nanomaterial applications.?* Moreover,
the high-quality ZnO nanowire arrays with desired pat-
terns fabricated by this simple and low-cost method
also have great potential applications in two-
dimensional photonic crystals,>®* nano-optoelectronics,
nanosensors arrays,>* and UV photovoltaic cells,* etc.

CONCLUSIONS

We have demonstrated a simple and effective
method for fabricating and patterning high-quality
ZnO nanowire arrays with controlled nucleation sites
and densities on carbonized PRs. ZnO nanowires nucle-
ate preferentially on the carbonized PR patterns, which
are also excellent electrodes for connecting to ZnO
nanostructures. ZnO nanowires grown directly from
PRs show excellent crystal quality, stability, strong UV
emissions, and excellent antireflection performance to
visible light with a low R,

nanowires was conducted using a near-field optical microscope
(NSOM, Nanonics Cryoview2000) equipped with a He—Cd laser
(325 nm). The Raman spectra were measured at room tempera-
ture using a Jobin Yvon-T64000 micro-Raman spectrometer (Ar
laser excitation at 514.5 nm).
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