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In this work we present a method for the deposition of periodically ordered, c-axis aligned ZnO

nanorod arrays. By using chemical bath deposited films in conjunction with silica templating through

nanosphere monolayers, masks suitable for high temperature deposition are created. A vapour phase

transport technique is then used to deposit ordered arrays, quickly and inexpensively in a manner ideal

for low cost, scalable and reproducible growth on a diverse range of substrates.
Introduction

ZnO nanostructures are of considerable interest due to their

favorable properties for many potential device applications. Being

a relatively inexpensive wide band gap II–VI semiconductor with

a direct transition of 3.3 eV at room temperature,1 ZnO can be

considered an excellent candidate for optoelectronic,2,3 photo-

voltaic,4 gas sensing,5 catalytic,6 micro-energy generation,7 field

emission8 and many other applications. Many of these applica-

tions are enhanced when the ZnO is deposited as nanorods

vertically aligned with respect to the substrate, where the high

surface area and/or surface effects contribute to the device

performance.4,7,9,10 Consequently there have been numerous

reports detailing aligned nanorod growth techniques such as

chemical bath deposition (CBD),11 electro-deposition,12 vapour

phase transport (VPT),13–15 solid phase deposition16 and chemical

vapour deposition.17 More recently, it has been demonstrated that

CBD growth techniques can be combined with high temperature

VPT growth to deposit highly aligned ZnO nanorods.18–20 This

approach has the advantage of producing nanorods of excellent
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quality and a high degree of vertical alignment on a wide variety of

substrates (including non-epitaxially matched ones). Addition-

ally, for certain applications such as field emission and optoelec-

tronic applications, not only is it important to have nanorods of

high quality and alignment, it is also necessary to control the

nanorod density and/or position.8,15 Control of this nature has

previously been demonstrated for ZnO and other materials, using

approaches such as nanosphere lithography (NSL), laser inter-

ference lithography and carbonised photoresist lithography.8,21–27

Significant progress has been made in depositing ordered arrays

by low temperature techniques such as CBD in combination with

photoresists,26,27 but higher temperature techniques such as VPT

represent a greater challenge due to the high processing temper-

atures necessary for the deposition of high crystalline and optical

quality ordered arrays and their incompatibility with photoresist

materials. Consequently many of the reports dealing with ordered

and aligned high temperature deposited arrays use selective

positioning of catalysts such as gold to control the nanorod

positioning,8,22–24,28,29 while relying on epitaxial matching between

the substrate and the deposited material to achieve nanorod

alignment. This limits the choice of substrates to those that have

sufficiently close epitaxial matching to achieve alignment, while

the presence of a catalyst can lead to both nanowire contamina-

tion as well as changes in morphology which can be detrimental

for applications such as field emission where sharp facet edges may

be crucial to performance.30

In this work we report a high temperature growth technique

using nanosphere lithography which does not rely on either

epitaxially matched substrates or the use of catalysts. This

distinct advantage over catalytic methods means that the only

limitation on the choice of substrate is the processing tempera-

ture, while the potential for catalyst contamination is negated.

Previously our group and others have reported methods,

combining CBD with VPT, which produce very high quality

aligned nanorods. We show here that these methods, in combi-

nation with a modified NSL technique,31 serve as an ideal plat-

form for depositing ordered periodic arrays of aligned ZnO
Nanoscale, 2011, 3, 1675–1682 | 1675
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nanorods. We call this method catalyst-free inverse nanosphere

lithography (CF-INSL). This method is both easily implemented

and produces ordered arrays of well aligned nanorods with

excellent optical quality. In addition, the technique is low cost

and fully suitable for non-epitaxially matched substrates.
Experimental

Step 1: ZnO buffer layer

Silicon substrates with (111) orientation and a native oxide layer

were coated with a ZnO seed layer by drop coating a 5 mM

solution of zinc acetate in absolute ethanol.32 4 ml of zinc acetate

solution per cm2 of silicon was applied to the substrate surface

for 20 seconds before being rinsed with absolute ethanol and

dried with a nitrogen stream. This process was repeated 4–5 times

after which the substrates were annealed at 350 �C for 30 minutes

to yield a thin ZnO seed layer. The seed layers were grown into

a thicker ZnO buffer layer, by submerging them in a 25 mM zinc

acetate in DI-H2O solution at 60–70 �C for two hours. The ZnO

buffer layers were cleaned by sonication in fresh DI-H2O and

dried under a nitrogen stream.
Step 2: silica mask

The ZnO buffer layers were first coated with an ordered array of

polystyrene nanospheres by a method reported elsewhere.33,34 To

improve adhesion and contact between the buffer layers and the

spheres, the samples were mounted vertically on a spin coater

with the nanosphere coating facing the axis of rotation and spun

at 2000 rpm for 30 seconds, followed by annealing at 110 �C for

40 seconds. A silica sol was prepared by mixing 1 ml of TEOS

with 1 ml of 0.1 M HCl in 20 ml of absolute ethanol for three

hours. Immediately before use this solution was diluted with an

equal volume of ethanol. Each sample was then drop coated with

20 ml of sol, which was allowed to evaporate for a short period

before the excess was removed by spinning at 2500 rpm for 30

seconds. The silica masks were further dried for 10 minutes by

heating at 90 �C. The polystyrene spheres were removed by

dissolution in toluene, then in acetone. Finally the silica template

was densified, by heating at 510 �C at a temperature ramp rate of

20 �C min�1 and held at the final temperature for 15 minutes.
Step 3: VPT deposition and sample characterisation

Equal masses of graphite and ZnO (0.06 g) were thoroughly

mixed and transferred into an alumina boat. The substrates were

placed over the mixture with the seeded/templated side facing the

graphite/ZnO powder. The boat was heated at 900 �C in the

centre of a single zone horizontal tube furnace, with a 90 sccm

flow of argon for 1 hour, before being allowed to cool to room

temperature.

The morphologies and crystal structures of the deposits were

examined using SEM (Karl-Zeiss EVO series) and XRD (Bruker

AXS D8 Advance Texture Diffractometer). The photo-

luminescence spectra were acquired using the 325 nm line of

He–Cd laser with a Bomem, Hartmann & Braun DA8 FT

spectrometer with the samples in a closed cycle cryostat (Janis

Research Co. Inc.).
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Results and discussion

The CF-INSL deposition method is composed of three facile

steps, the first of which is to deposit a thin ZnO buffer layer on

the substrate. This provides both the nucleation sites and align-

ment necessary for later steps. Once deposited, the second step is

to cap this thin buffer layer with an ordered silica nanohole

template. This nanohole template provides the positional control

during the final stage of the process, a high temperature VPT

deposition. The alignment of the underlying ZnO film ensures

that any nanorod growth that takes place during the VPT stage is

also aligned with respect to the substrate, while the silica

template ensures that the nanorods only grow in the locations

where the nanospheres were in contact with the CBD deposited

film. We now consider each of the three steps in more detail.

ZnO buffer layer

The first step of this process involves the deposition of a ZnO film

by a chemical bath method. Frequently, the decomposition of

HMT in solutions of zinc salts has been used to deposit high quality

aligned ZnO nanostructures. For reasons that will be discussed in

more detail later, this method was less suitable for our process.

Instead ZnO films were grown by submerging the seeded

substrates in a 25 mM solution of zinc acetate at�65 �C for various

reaction times, without the addition of any sources of hydroxide or

amine species. While CBD deposition is synonymous with the

growth of nanorods, by extending the deposition times and in the

absence of any lateral facet capping agents, the nanorods form

a near continuous columnar film with little or no inter-column

spaces evident. Examples of such films grown from varying reac-

tion precursors are shown in the (ESI†) (Fig. S1). In both cases

shown in Fig. S1†, a thin dense columnar film is deposited, which is

suitable for the deposition of aligned nanowires by VPT. For

reasons discussed later it was found that the zinc acetate precursor

yielded better results for ordered array VPT deposition.

The continuous films deposited directly from decomposing

zinc acetate are well textured with respect to the substrate as

demonstrated by XRD analysis shown in Fig. 1(a)(iii) and

(b)(vi). Only peaks ascribed to the ZnO (002) (�34.4�) plane and

silicon (111) and (222) (�28.4� and �59�) planes were detected.

Rocking curve analysis of the ZnO (002) peak at 34.4� suggests

that the as-deposited films are well textured with respect to the

surface normal with a FWHM of �9.8�. While there are many

reports of high quality aligned ZnO films/nanostructures grown

by CBD or hydrothermal methods, few report the rocking curve

FWHM for polycrystalline films on non-epitaxially matched

substrates, making a direct comparison difficult. However,

a FWHM of �9.8� is in broad agreement with results published

by Wang et al. and Yang et al.35,36 The remaining XRD data in

Fig. 1(a and b) are discussed later.

Silica template

We consider now the necessary conditions for formation of

suitable silica templates in the second step of the CF-INSL

process. To achieve a large uniform silica template, coating the

self-assembled nanosphere monolayer onto the CBD buffer layer

is a critical step. For this work we used a self-assembly on the

surface of water technique reported by Rybczynski et al.33,34 By
This journal is ª The Royal Society of Chemistry 2011



Fig. 1 XRD 2q/u scan of (a) (i) VPT grown patterned array on CBD

buffer layer, (ii) VPT grown patterned array on two CBD growths buffer

layer and (iii) ZnO buffer layer derived from zinc acetate. XRD rocking

curve of the ZnO (002) peak for (b) (iv) VPT grown patterned array on

CBD buffer layer, (v) VPT grown patterned array on two CBD growths

buffer layer and (vi) ZnO buffer layer derived from zinc acetate.

Fig. 2 SEM images of a typical silica template deposited on top of

a CBD ZnO buffer layer.
carefully lifting the substrate through a colloidal crystal assem-

bled on the surface of water, the nanosphere monolayer can be

transferred to the substrate/CBD surface. For clean flat

substrates such as Si wafers, the monolayers appear to make

good contact with the substrate. For catalytic approaches, where

gold is to be deposited through the apertures created by the

spheres, it is in any case debatable if the degree of contact

between the spheres and the substrate is a significant factor. For

silica templating, however, it is essential that the spheres are in

good contact with the underlying ZnO, so as to prevent the silica

sol seeping under the spheres and completely masking the CBD

buffer layer. This problem is compounded by variations in the

buffer layer thickness deposited by CBD. This can lead to patchy

growth during the VPT stage, a schematic and an example of

which are shown in the ESI† (Fig. S2). Difficulties with the

contact between buffer layer and spheres can be partially offset

by using centripetal force to drive the spheres close to the ZnO

buffer layer without significantly disturbing the HCP pattern.

This is achieved by spinning the sample at �2000 rpm with the

nanosphere coated surface facing the axis of rotation. The

substrate is then annealed gently to improve the adhesion of the

polystyrene nanosphere monolayer.

The surface roughness of the buffer layer also plays a key role

during templating. As seen in the ESI† (Fig. S3), another
This journal is ª The Royal Society of Chemistry 2011
problem can arise if the surface of the buffer layer is excessively

rough, whereby the nanospheres may not contact the buffer layer

at just one location along the central axis of the sphere perpen-

dicular to the substrate. Post-silica deposition, this roughness

may lead to multiple VPT nucleation sites being formed per

sphere, distorting the HCP pattern. This lies behind the choice of

zinc acetate for the deposition of the buffer layer. Despite the

reduced quality of the ZnO deposited as compared to other CBD

techniques, empirical results suggest that the films formed by zinc

acetate at low temperatures, i.e. at a slow rate of deposition, tend

to be smoother than those formed by the faster decomposition of

HMT methods. While it is unclear why this is the case, we

speculate that the reduced growth rate allows for a more thor-

ough mixing of the reaction solution leading to more uniform

deposition. By reducing the surface roughness, we have found

that the nanospheres make better contact with the ZnO buffer

layer leading to a reduction in the number of faults in the silica

template.

The choice of catalyst used to form the silica sol from TEOS

was also examined to see if this had any impact on the process.

Despite the sensitivity of ZnO to acids, sols prepared from HCl

or H2SO4 were found to perform better than those prepared from

NaOH. The templates prepared in this manner show a high

degree of uniformity, a typical example of which is shown in

Fig. 2. While defects are visible in many HCP patterns (see

regions indicated by arrows in Fig. S4 in the ESI†), it is clear in

all cases that these defects are the result of imperfections in the

nanosphere monolayer dispersed on the surface of the water.

These defects include domain boundaries, voids and bi-layers

caused by rogue nanospheres trapped under the monolayer.
VPT deposition

Two strategies for the final deposition of the ordered nanorod

array were examined. Firstly, nanorods were grown by VPT

using a method reported in more detail elsewhere,19,20 directly

through the silica template. The second method involved

a second zinc acetate chemical bath deposition to initiate ordered

nanorod growth, followed by VPT to deposit the ordered

nanorod array. The success of this direct VPT deposition process
Nanoscale, 2011, 3, 1675–1682 | 1677



through the silica mask for producing ordered well aligned

nanorod arrays is evident in Fig. 3.

Two nanosphere sizes, 1 mm and 500 nm, were tested and in

both cases the nanorods deposited were predominantly confined

to the locations where the nanospheres were in contact with the

underlying CBD buffer layer. When 500 nm spheres were used,

the majority of nanorods were 2.5–3 mm in length with a diam-

eter of 140–170 nm. When 1 mm spheres were used the average

length reduced to 1.5–2 mm with diameters 200–260 nm. Inter-

estingly, this represented a reduction in aspect ratio
Fig. 3 SEM images of a 1 mm spaced VPT grown ordered array in plan view

views for a 500 nm spaced array.
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approximately inversely equal to the reduction in sphere size,

which suggests that the pore size in the silica template not only

influences the nanorod position but also its morphology, which

has been observed previously.27 In both sample sets, two addi-

tional nanorod morphologies were observed, examples of which

are shown in the ESI† (Fig. S5). The first additional

morphology consisted of nanorods with substantially higher

aspect ratios; typically these rods had lengths ranging from 3

mm to 15 mm with diameters centred around 100 nm. They have

been observed to nucleate from the tips of shorter nanorods,
(a), 45� view (b) and 90� view (c). Parts (d) to (f) show the corresponding

This journal is ª The Royal Society of Chemistry 2011



from the holes in the silica template in conjunction with

a ‘‘regular’’ sized nanorod and from small cracks that have

developed in the silica template during the growth process. The

second morphology consists of two nanorods nucleating from

the same location and apparently sharing the same base. Often

these twinned crystals have an angle of approximately 60�

between them. In both cases it is difficult to ascertain the precise

origin or cause of these variations. Previously it has been

reported that the ZnO buffer layers play a very important role

during VPT deposition of non-templated ZnO nanorods.37 For

non-templated substrates nanorod nucleation takes place on the
Fig. 4 SEM images of a 1 mm spaced VPT grown ordered array, grown on a s

growth, in plan view (a), 45� view (b) and 90� view (c). Parts (d) to (f) show

This journal is ª The Royal Society of Chemistry 2011
buffer layer at sites that are favorable by virtue of their orien-

tation, morphology, energetics or crystalline quality. For tem-

plated substrates, the choice of nucleation site is severely

constrained by the presence of the silica mask, forcing nucle-

ation to take place at specific points irrespective of the under-

lying morphology of the buffer layer. As seen in Fig. S1†,

despite care being taken in the preparation of the buffer layer,

grain boundaries, cracks and surface roughness will still be

present. We therefore believe that these underlying defects

contribute significantly to the origin of the additional

morphologies observed.
ubstrate where a second CBD step was performed to initiate the nanorod

the corresponding views for a 500 nm spaced array.

Nanoscale, 2011, 3, 1675–1682 | 1679



We now describe the second method used for the final depo-

sition of ordered arrays. In this case, a second short chemical

bath deposition was performed, after the silica template was

densified. This initiated nanorod aligned growth prior to the VPT

step. As can be seen in Fig. 4, by performing a second CBD, in

combination with a decrease in the VPT temperature ramp rate

(to discourage secondary nucleation of thin rods on shorter

rods), the long high aspect ratio nanorods, seen in the sample

deposited directly through the silica template, were completely

eliminated. In addition, there was less evidence of multiple rods

per nucleation site and crystal twinning. While some twinning

did occur, these rods merged at the approximate location where

the tip of the nanorods deposited during the second CBD was

located. This again strongly suggests that the additional

morphologies observed were due to the surface of the acetate

deposited ZnO rather than the VPT deposition process itself.

Substrates templated with 1 mm nanospheres had average rod

lengths of �2.8 mm with a diameter of 300 nm to 500 nm. For

samples templated with 500 nm nanospheres the average rod

length reduced to 1.8 mm with a diameter in the range of 250–400

nm. The inverse relationship observed between the rod spacing

and aspect ratio was not observed for the second method. This

may be due to the second CBD step altering the VPT nucleation

process, creating a more homogenously sized nucleation site

between spheres of different sizes. While some variation is

observed in the nanorod morphology, this method allows the

nanorod spacing/density to be controlled while keeping the rod

dimensions within the same order of magnitude.

XRD analysis of the ordered nanorod arrays, as shown above

in Fig. 1(a)((i) and (ii)), is similar to those of the underlying

buffer layers (Fig. 1(a)(iii)) with only the ZnO (002) and (004)

peaks being detected, indicating a high degree of nanorod

alignment normal to the substrate surface. The FWHM of the

rocking curves for the ZnO (002) peak (Fig. 1(b)(iv) and (v)) is

rather broad at �7.5�, showing only minor improvements over

the CBD buffer layer. This would indicate that the material

deposited during the VPT steps does not display a significantly

higher degree of texture than that of the buffer layer, as expected.

This remains the case whether one or two CBD growth steps are

used prior to the final VPT growth step. Use of more complex

buffer layer deposition methods such as pulsed laser deposition

(PLD) could improve the buffer layer texture and thus that of the

nanostructures deposited thereon.38,39

Finally, we note that the CF-INSL growth method described

in detail above and optimised in our work for growth on Si

substrates with a native oxide also works for a range of other

substrates such as quartz and a-plane sapphire as shown in the

ESI† (Fig. S6). These data clearly demonstrate that CF-INSL is

compatible with a diverse range of substrates (including crys-

talline and non-crystalline substrates) and the nature of the

technique, not relying on epitaxial matching, suggests its wider

potential versatility.
Optical quality

Evidence that the CF-INSL deposited nanorods are of excellent

optical quality comes from the photoluminescence spectra, with

strong emission and very narrow bound exciton linewidths at low

temperature as shown in Fig. 5. A range of spectral features can
1680 | Nanoscale, 2011, 3, 1675–1682
be clearly resolved in the spectra from the various samples, the

brightest of which include I2/SX, I6 and I9 lines.40 The I6 line

centred around 3.361 eV is common to all our samples grown by

CF-INSL and its presence is ascribed to Al impurities.40 The

presence of Al is easily understood as the substrate and reaction

mixture are contained within an alumina boat during the depo-

sition process. The average FWHM of this peak is 0.49 meV

indicating that the material is of high optical quality. The I9 line

is found in the majority of our CF-INSL grown samples and is

ascribed to the presence of indium.41 While the precise origin of

the indium is uncertain, it is a common impurity found in ZnO

and may originate in the source powder used in our VPT system

or from cumulative equipment contamination from previous

experiments including some involving indium doping. A strong

emission around 3.367 eV is also detected in some samples,

corresponding to the so-called surface exciton (SX) line, which is

closely associated with surface adsorbed impurities on nano-

structured ZnO, leading to a surface bound exciton recombina-

tion.42 PL over a broader spectral range for all samples shows

evidence of visible broadband emission due to defects, with

varying intensities relative to the UV bandedge emission.

However, the wide range of factors which influence the UV to

visible intensity ratio in nanostructures makes judgement of

optical quality based on this ratio unreliable, and we have

concentrated mainly on the low temperature bound exciton

linewidths as the main indicator of optical quality in our

samples.43 PL data over both the UV and visible spectral ranges

are shown in the ESI† (Fig. S7) for one sample, and evidence is

seen of the structured green band, normally attributed to Cu

defects in ZnO.44

In order to determine the PL contribution from the underlying

buffer layer, samples were prepared without the final VPT

deposition. The PL spectra of these samples were measured

before and after a thermal cycle identical to that of the final VPT

deposition process. From this it was found that PL contribution

from the underlying CBD buffer layer, as shown in Fig. 5(e), is

extremely weak. After the thermal annealing cycle identical to

the VPT growth process, some improvement in the buffer layer

PL signal was observed as seen in Fig. 5(f), however, the signal

intensity is approximately 100 times weaker than its VPT

equivalent. Interestingly prior to the annealing step the only peak

detected is a broad peak at �3.368 eV. Post-annealing this peak

has been replaced with a feature close to the I9 peak energy,

suggesting that the origin of the I9 peak in the VPT grown

samples may be due to the equipment contamination referred to

previously.
Conclusions

We have demonstrated a general, low cost method (CF-INSL) to

grow high quality c-axis aligned ZnO nanorods on non-epitaxi-

ally matched substrates while maintaining control over the

nanorod density/inter-rod spacing. This process uses only simple

equipment and techniques which can be easily adapted and is

compatible with both chemical solution based and higher

temperature VPT growth methods. XRD and PL investigations

confirm that not only are the nanorods well aligned, but they are

also of excellent optical quality, very suitable for optoelectronic

applications.
This journal is ª The Royal Society of Chemistry 2011



Fig. 5 Low temperature PL (�18 to 20 K) of: (a) VPT grown 1 mm patterned nanorod array corresponding to the sample shown in Fig. 3a; (b) 500 nm

patterned array corresponding to Fig. 3b; (c) 1 mm patterned array corresponding to Fig. 4a; (d) 500 nm patterned array corresponding to Fig. 4b; (e)

CBD buffer layer deposited from a zinc acetate solution; (f) CBD buffer layer deposited from a zinc acetate solution annealed using the same

temperature profile as that used for the VPT deposition. All spectra were averaged over 2000 scans.
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