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Abstract

Zinc oxide films derived from drop-coating solutions of zinc acetate in ethanol followed by chemical
bath deposition were examined for their suitability as buffer layers for high temperature vapour phase
deposition of large area, aligned, zinc oxide nanorod arrays. An XPS analysis of substrates drop coated
with zinc acetate solutions clarifies the chemistry of the deposition mechanism of the initial acetate-
derived ZnO seeds. SEM, AFM and white light profilometry studies show that while zinc acetate-
derived buffer layers are suitable for chemical bath deposition of aligned zinc oxide nanorod arrays,
during high temperature vapour phase depositions these buffer layers undergo substantial changes
leading to a loss of nanorod alignment and poor substrate coverage. We present a method to deposit
aligned zinc oxide nanorod arrays uniformly over large area substrates, which combines zinc acetate
drop coating, chemical bath deposition of buffer layers and vapour phase transport deposition of

nanorods.



1. Introduction

ZnO has attracted considerable attention in the last decade, as a potential material for optoelectronic
and other device applications. Its wide direct bandgap of 3.3eV at 300K and exciton binding energy of
~60 meV' has fueled interest in this material for electronic and optoelectronic devices, such as field
emitters, UV lasers/LEDs and photovoltaic cells®* The surface reactivity of ZnO has also attracted
interest for applications such as solid state gas sensors’®, while theoretical predictions suggest that
transition metal doped ZnO may be ferromagnetic and suitable for room temperature spintronic
applications.” Other novel ZnO applications have been developed, such as nano-electrical generators
based on the piezoelectric properties of quasi 1D nanorod arrays.® ZnO also has other notable material
advantages in that it is biocompatible’, available in high purity at low cost and compatible with many
aspects of conventional silicon processing technology.”

A wide variety of ZnO nanostructures has been developed, such as thin films, walls, rods, belts,
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springs and hemispheres.

Aligned ZnO nanorod arrays are an interesting subset of these
morphologies. The large surface area of nanorod arrays makes them ideal for applications such as gas
sensors, substantially increasing their sensitivity.® It has been shown that dense nanorod arrays can be
used to increase dye loading in solar cells while maintaining efficient carrier collection, improving the
performance of these cells.'” ZnO nanorod arrays have been investigated for use as field emitters, where
their high aspect ratio, good chemical and mechanical stability are expected to yield high current
densities and stable performance.'’

The range of techniques used to grow ZnO nanorod arrays is quite diverse, with techniques such as
low temperature chemical bath depositions (CBD) of various types, hydrothermal depositionlz'B’ 18-19
and higher temperature techniques such as vapour phase transport (VPT) and chemical vapour
deposition.20’21 CBD is of particular interest due to its low cost, ease of implementation on diverse
substrates and scalability. In general, CBD relies on the reaction of a zinc salt with hydroxide species in

solution to form a zinc hydroxide intermediate, which subsequently decomposes to form ZnO.

Alternatively, depending on the reaction conditions, the reaction of Zn** jons with hydroxide ions forms
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ZnO directly without the intermediate hydroxide.”* The growth of ZnO nanorods via CBD is improved
if the substrate has been pre-seeded with ZnO crystallites.lz'B’ 19.2324 The presence of ZnO seeds on the
substrate provides nucleation sites for the subsequent growth of the ZnO nanorods. Earlier work,
utilising ZnO seeded substrates clearly showed the scalability of this technique, as samples the size of
full silicon (Si) wafer slices were easily produced.?* Despite the ease in implementing CBD techniques,
the optical quality (as determined by bound exciton linewidths at low temperatures) of ZnO nanorods
deposited in this manner is generally significantly poorer than nanorods grown by other techniques such
as VPT.*° In addition, CBD is a relatively slow technique, with deposition times up to 50 hours being
reported.'> During such long deposition times, to prevent nanorods agglomerating into a thin film, it is
necessary to use surfactants to cap the lateral facets of the ZnO crystals.'> '**’

In contrast, vapour phase techniques such as carbothermal reduction VPT are relatively fast and clean,
depositing higher optical quality nanorods, with reasonable lengths (1-3 pm) in growth times of
approximately 1 hour. However, the factors affecting vapour phase deposition are more complex, which
makes reproducible nanorod growth more difficult to achieve. This can be considered a critical factor if
ZnO is to be incorporated into industrial applications in a scaleable manner. In order to deposit aligned
Zn0O nanorods using VPT growth methods it is generally necessary to use an epitaxially matched
substrate in combination with a suitable catalyst such as copper or gold. More recently, ZnO pre-seeded
substrates have been used to initiate growth, providing nucleation sites for ZnO nanorods. Seeded
substrates have been prepared in a variety of ways including drop coating of Zn salt solutions, pulsed
layer deposition, direct-current reactive magnetron sputtering and radio frequency magnetron
sputtering.zg'29 Previous studies have shown that the VPT techniques are sensitive to the substrate
temperature, the texture and thickness of the ZnO buffer layer.'> ***° Despite the many factors affecting
nanorod growth on ZnO buffer layers, this technique offers distinct advantages over traditional catalyst-
based methods, in that, the range of substrates is not limited to those that are epitaxially matched to ZnO

and the potential for unintentional doping of the nanorods by the catalyst is negated.



We now consider the issue of scalability. While excellent results, in terms of nanorod alignment and
material quality, have been reported using buffer layers prepared in a variety ways, many of these
techniques rely on complex equipment setups which would present significant challenges if they were to
be incorporated into an industrial scale process. In contrast purely solution-based growth methods are
significantly easier to scale up but lack the high material quality desired for advanced applications.
Therefore, combining solution-based deposition to create ZnO buffer layers which act as nucleation sites
for subsequent carbothermal reduction-based VPT deposition may be a promising technique to
overcome the shortcomings in both CBD and VPT techniques. The scalability of solution-based
methods facilitates the deposition of large area short nanorod arrays quickly on a wide variety of
substrates, using facile equipment setups, which can then be used as buffer layers to deposit high
material quality nanorod arrays using VPT techniques, maximising the potential for scaling up VPT
growth systems by using large area (~1-2 cm?) buffer layers. Despite the potential advantages in
combining solution-derived buffer layers with VPT deposition, there have been few reports on this
subject.’*!

The method developed by Greene et. al., using solutions of zinc acetate in ethanol to generate thin
Zn0O seed layers for CBD, has become an invaluable tool, widely used by many research groups to
initiate aligned ZnO nanorod growth in solution, and is compatible with a range of substrates, including
non-crystalline ones, such as glass.13 However uncertainty surrounds these seed layers, as conflicting
reports as to their chemical origin and deposition mechanism exist.' ** In this work we examine in
detail the chemical origins and deposition mechanism of acetate-derived ZnO seed layers as this is a
critical component in generating large area, well-aligned CBD nanorod arrays as buffer layers for VPT.
We also examine the effect of using acetate-derived seed layers and thicker CBD-derived buffer layers
on VPT deposition and present a method to deposit high quality ZnO nanorod arrays which is
reproducible, easily implemented on diverse substrates (due to the compatability of the seeding and

CBD steps) and potentially scalable for industrial applications.



2. Experimental

2.1 Seed layer preparation

Silicon (111) wafers were cleaved into rectangles typically 1-4 cm? in area, cleaned by sonication in
acetone followed by ethanol and dried in a nitrogen stream. No attempt was made to remove the Si
native oxide layer. A thin seed layer was deposited by drop coating 3.5 - 4 uL of a 0.005 molar zinc
acetate in absolute ethanol solution per cm” of substrate. The ethanol solution was allowed to remain on
the substrate surface for 20 seconds before being rinsed off with copious quantities of fresh ethanol and
dried with a gentle stream of nitrogen. The drop coating procedure was repeated a further four times,
after which the substrate was annealed at 350°C in air for 30 minutes. This process leaves a thin film of
textured/aligned ZnO crystallites which act as nucleation sites during subsequent ZnO growth, as per the

report of Greene et. al..”

2.2 Chemical bath deposition

ZnO nanorods were deposited on acetate-derived seeds by two different CBD techniques. In the first,
pre-seeded substrates were submerged in a 25mM equi-molar solution of zinc nitrate and
hexamethyltetramine at room temperature. The solution was heated to 85-90°C and maintained at this
temperature for 30 minutes, with gentle stirring. After this time the substrates were removed from the
reaction solution, washed with DI-H,O and dried with nitrogen. In the second technique, 20 ml of a 0.02
molar zinc nitrate solution was slowly added to 20 ml of a 0.8 molar NaOH solution with vigorous
stirring. This mixture was heated to 70°C before pre-seeded substrates were submerged into the reaction
solution mixture. The solution was maintained at 70°C with stirring for 25 minutes before the substrates

were removed, washed with DI-H,O and dried with nitrogen.

2.3 Carbothermal reduction VPT deposition



Equal masses (0.06 g) of ZnO and graphite were carefully mixed to create a homogenous powder,
which was distributed evenly across a 2 cm length of an alumina boat. Pre-seeded substrates or
substrates which had chemical bath-deposited nanorods were placed directly above the ZnO/graphite
powder mixture resting on the side walls of the alumina boat or on thin Si supporting strips (depending
on the substrate size) . The substrate and boat were loaded in to a horizontal single zone tube furnace
fitted with a quartz tube (Ilength: 1.15 m; inner diameter: 37 mm). The boat was then heated to 925°C
with a 90 sccm flow of argon through the furnace. The boat was maintained at this temperature for 1

hour before being cooled to room temperature and removed.

2.4 Characterisation

The morphologies of the deposits were examined using scanning electron microscopy (SEM; Karl-
Zeiss EVO series). Surface morphology was examined by atomic force microscopy (AFM; Veeco
Nanoscope Dimension 3100) operating in tapping mode using aluminium-coated silicon AFM probes,
with a resonant frequence of 300kHz. Surface profiles of samples were investigated using white light
profilometry (WLP; Veeco Wyko NT1100). Material surface composition was studied using a Vacuum
Generators X-ray photoelectron spectrometer (XPS) at base pressures in the preparation and analysis
chambers of 2x10°® and 1x10™ mbar, respectively, using an Al Ka (hy =1486.6 eV) x-ray source. The
pass energy of the analyser was set at 20 eV yielding a resolution of approximately 1.0 eV. The XPS
peaks were fitted with mixed ratio of Gaussian and Lorentzian line shapes and a Shirley background
function. The calibration of the binding energy scale was performed with the Cls line (285 eV) from the
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adventitious carbon contamination layer.



3. Results and discussion

3.1 Chemical pathway for acetate-derived seeds

Originally it was reported that drop coating solutions of zinc acetate in ethanol resulted in a thin
residual layer of zinc acetate remaining on substrate surface, which is subsequently decomposed during
the 350°C annealing step.'® Later reports suggested that this was not the case and that the origin of the
seed layer was due to a more complex process whereby atmospheric water diffused into the alcoholic
solution and hydrolysed the acetate, forming an insoluble zinc hydroxide precipitate which remains on
the substrate surface.> As the initial buffer layer preparation is a critical factor in depositing well-
aligned nanorod arrays in solution, it is important to identify the precise origin of the seed layer. To
clarify the chemical pathway, XPS analysis was performed on substrates after drop-coating solutions of
zinc acetate in ethanol prior to and after annealing. Coated substrates were annealed in air at 350°C and
under vacuum in the XPS chamber at 300°C and 450°C respectively.

The C 1s region of the spectrum shows similar features for samples before and after annealing,
including C-C (285 eV) and C=0 (286.5 eV) contributions, as shown in figure 1. A slight variation is
observed between the first unannealed substrate which has a HO-C=0 (289.7 eV) peak, while the
remainder of the samples have an O-C=0 (289.1 eV) contribution. After annealing all the samples have
a similar distribution of chemical environments. Little variation is observed in the C-C peak intensity
before and after annealing, suggesting that this peak is primarily due to adventitious carbon and not due
to the C-C bond from the acetate group. While residual acetate and its decomposition products may
contribute to the carboxyl signals at 286.5 eV 289.7 eV and 289.1 eV, it is likely that parts of these
signals are due to surface adsorbed carbonates and hydrogen carbonates. It well established that both CO
and CO, are readily adsorbed onto the surface of ZnO.**~° Previous XPS analysis on thin film samples
prepared directly from ZnO by sputtering, without the use of acetate salts, show similar peaks in this
region, which were attributed to surface carbonates or hydrocarbonates.”” While the higher binding

energy peak position sheds little information as to the origin of the carbonates, some further insight can
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be gained from the relative peak intensity. In figure 1 it can be seen that the higher binding energy
contribution prior to annealing is small in comparison to dominant adventitious carbon peak, similar to
the results obtained for acetate-free ZnO by Saw et. al..*” In direct decomposition studies of acetate salts
(zinc and nickel), very strong higher binding energy contributions are seen which diminish rapidly with
annealing below 300°C.***" In our case, no significant reduction in the higher binding energy signal at
289.1eV is observed until the annealing temperature is raised to 450°C, 100°C higher than the
temperature generally employed to decompose the substrate coating and ~200°C over the melting

13,41

temperature of zinc acetate. The resistance of the higher binding energy peak to annealing at 350°C

is inconsistent with the behaviour of acetates, as a significant decrease in such signals is expected when

3940 These data

acetate salts are annealed at temperatures as low as 250°C, as mentioned above.
therefore suggest that the origin of the signal is primarily due to strongly chemisorbed atmospheric

carbonates.
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Figure 1: XPS Spectra showing carbon region of the spectrum, before and after annealing in air, and

before and after annealing under vacuum at 300°C and 450°C.

In the oxygen Ols region of the spectrum, shown in figure 2, the dominant spectral component in both
samples prior to annealing is Zn-OH around 532.5 eV*™* with a smaller ZnO contribution at 530.5 eV.
While the precise origin of the ZnO component prior to annealing is unknown, it may be due to a partial
photo-induced decomposition of zinc hydroxide.* The strong emission peak at ~536.6 eV associated
with zinc acetate observed by other groups40 was not detected in any samples either before or after
annealing, and would be easily resolved in our experiment if it was present. The complete absence of
this peak in any of the samples, strongly suggests that the thin film formed at the substrate surface is not
due to a residual acetate film and that the chemical pathway proceeds via the zinc hydroxide
intermediate. The sample held in air prior to annealing had an additional carbonate component at 532
eV, which was not detected in the sample held in vacuum. However this carbon-derived signal is
substantially weaker than the zinc hydroxide component. A small carbon-derived signal at ~533.8 eV is
detected in the samples held in vacuum both before and after annealing. After annealing both in air and
in vacuum the ZnO peak at 530.5 eV increases substantially while the zinc hydroxide component is

attenuated, as shown in figures 2.
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Figure 2: XPS Spectra showing oxygen region of the spectrum, before and after annealing in air, and

before and after annealing under vacuum at 300°C and 450°C.

Overall the photoemission results indicate that prior to annealing the dominant component of the
substrate coating is zinc hydroxide which transforms to ZnO after annealing. As XPS is a surface
characterisation technique with a shallow sampling depth, the presence of both oxide and hydroxide
species in the XPS spectra is symptomatic of the surface reactivity of ZnO and therefore very difficult to
avoid. The smaller quantities of carboxyl/acetate-based compounds do not appear to play a significant
role in the formation of the ZnO seed layer. The complete absence of the higher binding energy
contribution in the O1S region associated with zinc acetate™”, suggests that it is either completely absent
or present in such small quantities as to be beyond the limit of detection of our XPS system. These
results are supported by XPS data from the Zn2P3/2 spectral region (data not shown).

The conclusions above concerning the chemical pathway for acetate-derived seed growth are in full
agreement with the mechanism proposed by Lee er. al.*, specifically that the diffusion of atmospheric
water into the zinc acetate solution leads to the precipitation of zinc hydroxide. From this one can
conclude that the controlling factors during acetate-derived seed layer preparation include the relative
humidity during drop coating, which provides the driving force for the diffusion of water across the air-
fluid interface, and the fluid thickness which must be sufficiently thin to allow the precipitate to reach

and deposit on the substrate surface before the solution is washed off.

3.2 Comparison of VPT growth using one-stage and two-stage buffer layers

Following the seed layer preparation, short nanorods were grown on the substrates by two different
CBD techniques as described in the experimental section and references.'” ** Figure 3 shows plan and
cross-sectional views of typical results obtained for these processes, with both techniques yielding
aligned nanorod arrays ~300-500nm in length with diameters of ~80-180 nm. The factors affecting

chemical bath depositions are not examined in this work as this has been studied extensively elsewhere.
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Hereafter layers prepared by drop coating zinc acetate solutions and those prepared by drop coating zinc

acetate solutions followed by CBD are referred to as one-stage and two-stage buffer layers respectively.

Date :16 May 2000
Photo No = 3478 Time 93208

# o . v B F
EHT = 10.01 kv Date :28 Sep 2009
WO =100 mm Time :10:43.04

Figure 3: SEM images showing (a) plan view and (insert) cross-sectional view of the nanorod array
deposited using the hexamine-based method and (b) plan view and (insert) cross-sectional view of the

nanorod array deposited using the NaOH-based method.

After the preparation of one-stage and two-stage buffer layers, VPT growth was performed on both
sets of substrates. The VPT technique used during this step differed slightly from many previously
reported methods, as no inner tube was used in the furnace and the substrates were placed directly above
the ZnO-graphite mix, thereby maintaining the substrate and source powder at the same temperature.
Striking differences can be observed between the depositions on each sample set. Figure 4 shows the
plan views(a,b), 45° views(c) and cross-sectional views(d) of nanorods deposited on a one-stage buffer

layer. Here it can be seen that the bulk of nanorod growth took place at the substrate edges. Dense,
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poorly-aligned, nanorod growth extends out form the edge of the substrate. Beyond approximately
300um from the substrate edge, the density of nanowires rapidly decreases and small clusters / single
nanorods appear to nucleate from small separated islands. These nucleation points at the base of the
nanorods can be clearly seen in figure 4(d). In the lower density regions the nanorods are straight with
the poor alignment with respect to the substrate being caused by the nucleation site misalignment. In the
higher density regions the misalignment is a combination of nanorod bending and nucleation site
misalignment. The nanorods in both high density and low density regions have an interesting
morphology. The bases of the rods have a wide diameter of approximately 2-3 um. After approximately
7-8 um the diameters of the rods reduces significantly to 800-900 nm at a specific point, which creates a
sharp step along the length of the rod, similar to the stepped rod bases previously reported.***” The total
lengths of the rods, including the rod bases, vary substantially from 20 pm up to 50 um. By increasing
the number of drop coats used for the one-stage buffer layer deposition prior to VPT deposition, the

density of nanorod growth across the substrate increases.

EHT= 09w Sigeal A = SEY Date :17 Apr 2000
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Figure 4 Carbothermal reduction growth on a thin (5 drop coat) one-stage buffer layer at 925°C with a
90sccm argon flow for lhour (a) Wide plan view of the substrate edge (b) Higher magnification plan
view close to the substrate edge (c) 45° view approximately 200um from the substrate edge (d) 90° view

approximately 200um from the substrate edge.

The SEM images shown in figure 5 are of a substrate that was drop-coated 30 times prior to
carbothermal deposition. The entire substrate surface was covered with a dense array of poorly-aligned
nanorods, similar to the deposition observed at the edges of thin buffer layered substrates (<5 drop-
coats). The unusual step in rod diameter is not as evident as on the samples grown on thin one-stage
buffer layers but some rods do have smaller thinner rods emerging from their tips. As with the thinner (5
drop coat) one-stage buffer layers, the misalignment appears to stem from a combination of nucleation
site misalignment and rod bending. There is also some indication of rods coalescing into unified
structures at random points along their various growth axes. The diameters of the rods vary substantially
from 100 nm to 600nm. A precise measurement of the rod lengths is difficult to determine due to rod
bending and coalescence. Despite the increase in substrate coverage with increasing number of drop
coats, at the high VPT deposition temperatures the rods grown by VPT on one-stage buffer layers lose

their alignment in all samples we have observed.
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Figure 5: SEM images of VPT growth on a thick (30 drop coat) one-stage buffer. (a) Wide plan view (b)

Higher magnification plan view close to the centre of the sample

In marked contrast to the nanorod growth on one-stage buffer layer, growth on two- stage buffer layers
as shown in figure 6 shows excellent alignment with respect to the substrate. In addition coverage across
the substrate was uniform, with a high density of nanorods of uniform length. Nanorod growth on both
the hexamine and NaOH-derived two-stage buffer layers showed no significant differences. Samples as
large as 4 cm’ area have been deposited, with a high degree of uniformity in nanorod length and
diameter across the entire substrate area, an example of which can be seen in the supporting information
(figure S1). As stated in the introduction, nanorods deposited in this manner are of significantly higher
quality, as determined by the low temperature PL bound exciton linewidths, than those deposited by
CBD techniques. Evidence of this can be seen in the supporting information (figures S2(a) & (b)), where
nanorods grown by VPT on two-stage buffer layers have strong and spectrally narrow PL emissions at

18K (~ 3.6 meV full width at half maximum), while nanorods deposited from hexamethyltetramine in
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solution have much wider emission linewidths and much lower peak emission intensities (~ 159 meV
full width at half maximum and at least an order of magnitude smaller peak intensities).

Variations in nanorod diameter have been observed between samples depending on VPT growth
conditions. When the substrate is placed closer to the source powder (~7 mm), using a smaller alumina
boat, the nanorod diameter decreases to approximately 80 nm. Using a larger alumina boat where the
substrate is further from the source powder leads to an increase in the nanorod diameter. Similar
variations in nanorod diameter have also been observed by varying the deposition temperature. At lower
temperatures (850°C) thicker nanorods are deposited while at higher temperatures (925°C) thinner
nanorods are deposited. These variations in diameter would suggest that the growth process may be
sensitive to the Zn vapour concentration. At lower temperatures one would expect the rate of Zn vapour
production to be reduced compared to the rate at higher temperatures. When the substrate is placed
further above the source powder the volume of space between the source powder and substrate is
increased, thereby reducing the concentration of Zn vapour. In both cases an increase in nanorod
diameter is observed. To test this theory, VPT growth was performed on a substrate placed close to the
source powder (~7 mm). The source powder was compressed into the alumina, reducing the porosity of
the material. A firm white crust formed on the upper surface of the source powder after growth where
the Zn vapour was unable to escape. Reducing the Zn vapour escaping the powder in this manner leads
to a corresponding increase in the nanorod diameter to approximately 220 nm as shown in the
supporting information (figure S3). This provisional confirmation of the sensitivity of the nanorod
diameter to the Zn vapour concentration also suggests that mixing during preparation and the final
porosity of the source powder can lead to variations in the final morphology of the VPT-grown

nanorods.
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Figure 6: SEM images of VPT growth using two-stage buffer. (a) Plan view (b) 45° view (c) 90° view

or nanorod array deposited on hexamine-derived buffer layer. (d) Plan view (e) 45° view (f) 90° view of

nanorod array deposited on NaOH-derived buffer layer.

3.2.1 Investigation of one-stage buffer layers

The one-stage buffer layers were further investigated in an attempt to understand why growth was
misaligned and only took place at the edges of the substrate during VPT growth, despite there being

sufficient nucleation sites for growth to take place across the sample, as demonstrated by CBD growth
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runs. Figure 7 shows AFM images of the one-stage buffer layer (5 drop coats) which has been etched on
one side with a dilute (1mg/ml) H,SO4 solution. The bulk of the substrate is covered with a thin layer of
ZnO, composed of millions of small crystallites as shown in figure 7(a). Cross sectional analysis
indicate that the crystallites have diameters of 10-20nm and thickness ranging from 2 to 4nm. A
substantial variation in the film thickness and composition is observed as the substrate edge is
approached. In the region where VPT nanorod growth takes place (figure 7(b)) the film becomes less
uniform, being composed of both small crystallites and larger, bulkier crystals, up to 100nm thick.
White light profilometry of a sample drop-coated 15 times, as shown in figure 8, clearly demonstrates
the variation in thickness across the substrate. A ridge up to 250nm thicker than the bulk of the substrate

is observed at the edges of the substrate, where VPT growth takes place.
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Etchedregion

Figure 7: AFM images of (a) one-stage buffer (5 drop coats) layer close to the centre of the substrate (b)
one-stage buffer layer close to the edge of the substrate. In both (a) and (b) half of the buffer layer was
removed by etching in a dilute H,SOy solution.(c) A schematic representation of the regions analysed in

(a) and (b).
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Figure 8: White light surface profile of a substrate with a one-stage buffer layer (15 drop coats)

The one-stage buffer layers were re-analysed after treating them to an identical thermal cycle as the
VPT deposition, without the addition of any graphite/ZnO powder. During the heat treatment cycle all
reaction parameters, such as argon flow (90 sccm), substrate positioning, and anneal temperature
(925°C) and duration were kept the same as during an actual VPT deposition run.

Annealing at a nominal furnace temperature of 925°C has a dramatic effect on the thin one-stage
buffer layers, as shown in figure 9. The small individual crystallites are no longer detected and have
been replaced by larger structures, reducing the density of seeds dramatically. Similar growth in crystal
grain size has been previously reported. It has been observed that annealing ZnO at high temperature
causes neighbouring crystals to merge.***° Zhi er. al. have suggested this phenomenon is due to defect
sites at crystal grain interfaces being favourable sites for crystal coalescence. At the surface of each
crystal there are many defects such as dangling bonds, which increase chemical potential, leading to a
higher reactivity at the surface.”® At the substrate edges, the larger crystals also undergo grain growth,
leading to random ridged structures. While studying residual stress relaxation in ZnO thin films Ozen et.
al. have observed strong structural changes in thin ZnO film annealed at high temperature, including
stress induced diffusive crystal growth.”® The thermal energy provided by the annealing promotes pore
growth and mass transport though ZnO films accompanying stress relief. In addition, other effects such

as plastic deformations, film cracking and delamination were observed.”® The thin one-stage buffer
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layers, composed of random crystallites are likely to have a substantial number of pores in the film.
Upon annealing a combination of effects may be leading to the failure of the film including pore
coalescence causing film cracking and delamination, diffusive crystal growth and crystal grain growth.
The edges of the substrates, being thicker and more robust, are less likely to undergo deformation
leading to delamination but the grain growth with annealing destroys the seed alignment.

Two-stage buffer layers, being substantially thicker, undergo fewer deformations. The CBD nanorods
in the two-stage buffer layers are significantly longer/thicker than the small thin crystallites in the one-
stage buffer layers. During high temperature deposition the hexagonal cylinder nanorods are spatially
confined by the presence of neighbouring nanorods, limiting the amount of thermally induced
deformations and preserving c-axis alignment. Both AFM and SEM (available in the supporting
information, figures S4 & S5) analysis of two-stage buffer layers annealed at 925°C show signs of
crystal grain growth, but there are no apparent signs of diffusive crystal growth, crack formation or
delamination. At present TEM investigations of the one and two-stage buffer layers are underway, to
determine the structure of the nanorods at the substrate interface and to shed further information on the

crystal growth process.
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Figure 9: AFM images of (a) one-stage buffer layer close to the centre of the substrate which has been
annealed at 925°C using identical parameters as the VPT growth (b) one-stage buffer layer close to the

edge of the substrate which has been annealed at 925°C using identical parameters as the VPT growth.

4. Conclusions

XPS analysis of buffers layers generated from drop coating zinc acetate solutions have revealed that
the intermediate surface coating is comprised mainly of zinc hydroxide, with a negligible contribution
from acetate/carbonate species. Our results are fully consistent with mechanism put forward by Lee et.
al., whereby atmospheric water diffuses into the alcohol solution leading to a precipitate of insoluble
zinc hydroxide crystals, which are subsequently decomposed during annealing to yield an aligned ZnO
buffer layer. While these one-stage buffer layers are suitably robust to withstand CBD growth, high
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temperature VPT growth results in poor substrate coverage and/or loss of nanorod alignment. AFM
analysis indicates that while the acetate-derived one-stage buffer layers are uniform across most of the
substrate, a thicker, more robust, ridge is formed at the substrate edges. During higher temperature VPT
deposition the one-stage buffer layer undergoes substantial morphological changes, leading to a severe
reduction in the number of available nucleation sites at the sample centre, resulting in the bulk of
nanorod growth taking place on the thicker ridges found at the substrates edges, and a loss of alignment
of the VPT-grown nanorods. A catalyst-free technique to grow aligned nanorods has been demonstrated
using two-stage buffer layers, using acetate-derived seeds and low temperature CBD-grown short
nanorods, combined with high temperature VPT nanorod deposition, which results in well-aligned
nanorod arrays with excellent, uniform, substrate coverage over large areas. This method offers distinct
advantages over other techniques in that it is, reproducible, compatible with a variety of substrate types

and potentially scalable for industrial applications.
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