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Eight 1 cm? samples of self-organising ZnO nanopillar arrays with preferential vertical orientation
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were grown by pulsed laser deposition and then coated with 30 nm of Au using either thermal or
electron-beam evaporation. Each sample had a different set of ZnO and Au growth conditions.

The Au/ZnO nanoarrays were then tested for use in surface enhanced Raman scattering (SERS)
detection of thiophenol molecules. The ratio of lgggs/Iraman Was adopted as a measure of the
SERS sensitivity and was found to vary from 1.7 to 23.7 within the 8 samples. The impact of the
density, width, filling factor, orientation, homogeneity and shape of the nanostructures on the av-
erage SERS intensity and the within-wafer reproducibility of the SERS response were considered
for 9 paired comparisons based on fixing all but one of the growth parameters for each pairing.
Overall, smaller nanopillar width was found to correlate with stronger average SERS signal while
more vertically aligned arrays with higher filling factors showed better within-wafer reproducibility.

1 Introduction

At present, the simultaneous attainment of good reproducibil-
ity and high enhancement factors (EF) are key challenges in the
development of surface enhanced Raman scattering (SERS) sub-
strates for improved chemical and biological sensing. SERS sub-
strates are generally based on distributions of metallic nanopar-
ticles/structures with different shapes and architectures which
are prepared by either thermal dewetting, precipitation from col-
loidal suspensions 1 or advanced (e.g. deep UV or electron beam
(EBL)) lithographic techniques®®. Although such substrates can
exhibit large Raman enhancements, the former two techniques
(colloidal and thermal dewetting) give poor SERS reproducibil-
ity while deep UV and EBL are too expensive and/or complex for
mass production 1914, Other (potentially lower cost) approaches
such as Nanoimprint Lithography (NIL)!>~17 and NanoSphere
Lithography (NSL) 1820 can be employed to fabricate these SERS
substrates but they are plagued by poor nanostructure definition
on the relatively large scale of the surfaces that are required
for practical SERS substrates applications. Recently, arrays of
nanowires decorated with metallic nanoparticles have been pro-
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posed as SERS substrates with an improved detection limit21-24,

For example, silicon nanoarrays coated with silver nanoparticles
were studied by Galopin et al?>. In this case, regular arrays of
Si nanowires were realized through a high-temperature vapor—
liquid-solid (VLS) growth. Although a high SERS response was
observed, such a VLS approach is relatively expensive and Ag
nanoparticles are readily oxidised in air, so the functional life-
time of such substrates is rather limited. In this paper, SERS sub-
strates are formed by coating nanostructured ZnO templates with
a layer of gold and the performance is correlated with the nanoar-
ray scale, morphology, homogeneity, filling factor and orientation.
ZnO was selected for the study because of a propensity for nanos-
tructuration combined with a relatively high refractive index (~
2 in the visible spectrum), which confines the light and thus en-
hances the SERS effect. Capping layers of gold provided the
plasmonic activity to the ZnO nanostructures. Gold was selected
because of a combination of a suitable plasmonic resonance, a
favourable surface chemistry and a resistance to oxidation. Gold
also allows functionalizations which are suitable for various appli-
cations, including medical diagnosis and bioassays. Although sev-
eral groups have already worked on hybrid (metal/Zn0O) nanos-
tructures for SERS sensing26-30
the effects of the nanostructure scale, orientation and morphol-
ogy on the SERS performance. In this paper, the effects of the
form/orientation/scale/homogeneity/density of nanoarrays are
investigated through a series of Raman measurements in order
to better understand this nano-templated approach.

, there was little consideration of
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2 Experimental section

2.1 Fabrication of Au/ZnO nanostructures

Self organising arrays of ZnO nanostructures were grown on sil-
icon (111) and c-plane sapphire (c-Al,0O3) substrates by pulsed
laser deposition (PLD) from a 99.99% pure ZnO target using a
KrF excimer laser (248 nm), as described elsewhere31-33. A ZnO
thin film buffer layer was grown on the substrates in order to seed
the nanostructure growth. Substrate temperature was between
600°C and 700°C for all nanostructure growths. In this paper,
the samples fabricated on silicon and on c-sapphire are called Si
and Sa, respectively (see Table 1). A gold layer of 30 nm was de-
posited on all samples by either thermal evaporation (TE)3!, or
electron beam evaporation (EBE). The sample morphology was
studied using a Philips XL-30 SEMFEG.

2.2 Thiophenol functionalization on Au/ZnO nanostruc-
tures

In order to study the use of the Au/ZnO nanostructures for SERS
sensing, thiophenol was adopted as a probe molecule (selected
based on the known suitability for grafting onto a gold surface).
The functionalization protocol was as follows: (i) preparation of
a 1 mM solution of thiophenol in ethanol, (ii) immersion of the
sample in the solution for 24 h, (iii) rinsing thoroughly with pure
ethanol, (iv) drying with molecular nitrogen. For the Raman mea-
surements in solution (non-SERS reference measurements: thio-
phenol in ethanol) a thiophenol concentration of 1 M was used.

2.3 Optical characterization by Raman spectroscopy

A Labram spectrophotometer from Horiba Scientific with a spec-
! was employed for the Raman studies.
A He-Ne laser with an excitation wavelength A, of 633 nm and
a power of ~ 1 mW was used for all measurements. The laser
was focused on the substrate with a microscope objective (x 100,
N.A. = 0.9). The SERS signal from the Au/ZnO nanostructures
was collected using the same objective in a backscattering config-
uration. The same excitation wavelength and a macro-objective
with a focal length of 40 mm (N.A. = 0.18) were used for standard
(i.e. non-SERS reference) Raman measurements in solution. The
acquisition time was fixed at 20 s and all the spectra presented
here correspond to raw data without any background subtrac-
tion and were normalized for acquisition time and laser power
for comparison purposes. The average SERS intensities and Rela-
tive standard deviations (RSD) were calculated based on 20 SERS
spectra. The Iggrs/IRaman ratios were calculated based on average
values of SERS intensity.

tral resolution of 1 cm™

3 Results and discussion

Representative SEM images of the various Au/ZnO nanostructure
arrays are displayed in Figure 1. For all the samples, the nanoar-
rays show a regular nanopillar form and a preferential vertical
orientation. It should be noted that some within-wafer variation
of nanostructure scale, filling factor, form and orientation was
observed, however. This was most likely due to the inhomoge-
neous plasma plume used for the PLD deposition. Although the
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nanopillars appear to be rounded at the tips, it was found in pre-
vious studies that they are actually hexagonally faceted and the
rounded form is an illusion resulting from the transparency in-
duced by the elevated electron accelerating voltage in the SEM 34,
All the nanopillars grown on silicon substrates showed relatively
tight width distributions (from ~ 240 nm for Sil to ~ 340 nm
for Si4) while the filling factors varied more significantly (from
a very dense and oriented structure in Si3 to a much more open
and disoriented structure in Sil). For the Sil and Si2 samples the
nanopillar width is smaller than for samples Si3 and Si4, and the
nanostructures are not as preferentially aligned along the growth
direction. In previous studies, it was shown that the nanostruc-
ture pitch and orientation are dictated, respectively, by the grain
size34 and crystallographic orientation®® in the underlying ZnO
buffer layer which is used to seed vertically oriented arrays. Both
the smaller grain sizes and the increased dispersions in nanopil-
lar orientation for samples Sil/Si2 compared to samples Si3/Si4
may be due, therefore, to the buffer layer being thinner (as a
result of plasma plume variations). The logic is that there is a
critical buffer layer thickness required for the predominance of
grains with the wurtzite c-axis aligned along the growth direction
to emerge. The nanostructures grown on the sapphire substrates
also all show dense arrays with strong preferential orientation
along the growth direction but exhibit less regular form and a
broader range of nanopillar widths ranging from ~ 180 nm (for
sample Sa4) up to ~ 900 nm (for sample Sa3). This less regu-
lar form of nanostructures for growths on sapphire compared to
silicon was observed in previous studies3! and attributed to an
in-plane widening of the buffer-layer grains due to an epitaxial
relationship with the sapphire.

Figure 2 reveals the SERS spectra for Au/ZnO nanostructures
(after grafting of the thiophenol molecules) obtained with an ex-
citation wavelength of 633 nm. For all 8 sample types, strong Ra-
man peaks characteristic of thiophenol molecules30-37 were ob-
served at 1000 cm~!, 1025 ¢m~! and 1075 cm~!. They corre-
spond, respectively, to an out-of-plane C-C-C stretching vibration
mode, an out-of-plane C-H stretching vibration mode, and an in-
plane C-C-C stretching vibration mode along with a C-S stretching
vibration mode. In the following the SERS responses of 9 pairs of
samples with all but one growth parameter fixed are compared in
light of the various nanostructure morphologies in order to gain
insight on the factors impacting the average SERS intensity and
the reproducibility.

3.1 Paired Comparisons for Samples with Parameters Other
than Substrate Held Constant

Two paired comparisons were considered in which all other vari-
ables than the underlying substrate were held constant: (a)
600°C ZnO growth with EBE gold coating (samples Sil and Sal)
and (b) 700°C ZnO growth with TE gold coating (samples Si4
and Sa4). For paired comparison (a), average SERS intensity was
higher for the Sa substrate than for the Si substrate for all three
3 Raman peaks studied here (see Figure 3). For sample Sil, the
nanopillars were of similar width but not as preferentially aligned
as those for samples Sal. Hence, the nanopillar density and filling

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 SEM images for the Au/ZnO nanostructures grown on silicon (Sit, Si2, Si3, Si4) and sapphire substrates (Sa1, Sa2, Sa3, Sa4).
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Fig. 2 SERS spectra (acquired at different positions on 1 cm? substrates) for thiophenol molecules grafted on Au/ZnO nanostructure arrays on silicon
substrates: Si1, Si2, Si3, Si4, and sapphire substrates: Sa1, Sa2, Sa3 and Sa4.
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Name | Substrate | T (°C) | Dep. met. | density (NP/um?) | W (nm) f
Sil Silicon 600 EBE 4.12 240 0.19
Si2 Silicon 600 TE 4.92 260 0.26
Si3 Silicon 700 EBE 10.08 310 0.77
Si4 Silicon 700 TE 7.89 340 0.73
Sal Sapphire 600 EBE 10.32 280 0.63
Sa2 Sapphire 650 EBE 2.98 590 0.81
Sa3 Sapphire 650 TE 1.38 900 0.88
Sa4 Sapphire 700 TE 23.75 180 0.61

Table 1 Sample names with their parameters of fabrication: substrate, ZnO nanostructure growth temperature (T), Au deposition method (Dep. met.),

and the nanopillar (NP) density, average width W and filling factor f.
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section 3.1.
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factor were lower. Moreover, a significantly better within-wafer
reproducibility of the SERS signal was obtained for sample Sal
(see Figure 3). This may be related to the more regular arrange-
ment of nanopillars (Sal). For the Sa4/Si4 paired comparison
(b), the average SERS intensity was also higher for the Sa sub-
strate than for the Si substrate while a slightly better within-wafer
homogeneity of SERS signal was obtained for the growth on the
Si substrate (see Figure 3). In this case, the SEM images and
table 1 reveal that the main obvious differences in morphology
are the smaller width along with a higher density for the nanopil-
lars grown on sapphire. In summary, two paired comparisons
(with ZnO nanostructure growth temperature and gold deposi-
tion method held constant) were consistent with finer and more
oriented nanopillars giving a higher SERS response and better
within-wafer reproducibility.

3.2 Paired Comparisons for Samples with Parameters Other
than ZnO Nanostructure Growth Temperature Held Con-
stant

Four paired comparisons were considered in which direct vari-
ables other than ZnO nanostructure growth temperature were
held constant (see Figure 4). In case (a) the substrate was Si
and the Au coating was deposited using EBE (Sil and Si3). The
second case (b) involved Si substrates and TE coating with gold
(Si2 and Si4). The third case (c) concerned sapphire substrates
and EBE coating with gold (Sal and Sa2). The last case (d) con-
sidered sapphire substrates and TE coating with gold (Sa3 and
Sa4).

For the Sil/Si3 paired comparison (a), the higher ZnO nanos-
tructure growth temperature correlated with a slightly higher av-
erage SERS intensity and a much better within-wafer signal re-
producibility (see Figure 4). Based on the SEM images and ta-
ble 1, the increase in SERS intensity correlates with a higher
density, stronger alignment and a higher filling factor. The im-
proved within-wafer reproducibility for Si3 may again be a result
of the more regular arrangement of the aligned nanopillars, as
discussed in 3.1(a) above. Paired comparison (b) shows a higher
average SERS intensity for the less oriented nanopillars with a
smaller width grown at lower temperature. The within-wafer
reproducibility is better for the higher temperature ZnO deposi-
tion which again correlates with more regular and aligned arrays
with a higher filling factor, as in 3.1(a) and 3.2(a). In paired

Journal Name, [year], [vol.], 1-8 |5
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comparison (c) the samples showed similar reproducibility and
the lower growth temperature sample (Sal) gave higher average
SERS intensities. SEM images (figure 1) show that although there
is a similar strong vertical orientation for both samples, there are
much smaller widths for the nanostructures grown at lower tem-
perature, a higher density (see Table 1) and a better homogeneity
of form. For the last paired comparison (d) much higher values of
average SERS intensity are observed for the more elevated ZnO
nanostructure growth temperature. For this sample (Sa4), the
average nanopillar width is much smaller than for the lower tem-
perature sample (Sa3), and the density is higher (see Table 1).
However, a better reproducibility is obtained for the lowest tem-
perature of ZnO nanostructure growth. In summary, the paired
comparisons for different growth temperatures do not show a
clear correlation between growth temperature and average SERS
intensity but they are coherent with the findings in section 3.1
that narrower nanopillars give stronger SERS signals while more
aligned nanopillars give better reproducibility. They are also co-
herent with the potential correlation of increased SERS intensity
with nanopillar orientation that was evoked in section 3.1.

3.3 Paired Comparison for Samples with Parameters Other
Than Gold Deposition Method Held Constant

Three paired comparisons were considered in which direct vari-
ables other than the gold deposition method were held constant
(see Table 1).
was Si and the growth temperature was 600°C (Samples: Sil and
Si2). The second case (b) also considered Si substrates but with
a growth temperature of 700°C (Samples: Si3 and Si4). The fi-
nal paired comparison (c) investigated Sa substrates for a fixed
growth temperature of 650°C (Samples: Sa2 and Sa3).

In the first paired comparison (a) the substrate

For paired comparison (a) (see Figure 5) the average SERS in-
tensity was relatively similar for the layer coated with the two
techniques. However, a significantly better reproducibility of
SERS signal was obtained for the TE technique (sample Si2).
While the density, width and filling factor are similar for the two
samples the SEM images in Figure 1 show that sample Si2 has
more preferential vertical orientation of nanostructures. For case
(b) the SERS intensity is significantly higher for the Si3 sam-
ple with EBE gold deposition. This could be due to the smaller
nanopillar width, the higher density and the slightly higher fill-
ing factor for sample Si3. The reproducibility is similar for sam-
ples Si3 and Si4. For paired comparison (c), higher values of
SERS intensity are obtained for sample Sa2 than sample Sa3 and
this again correlates with a higher density and a smaller width.
However, a much better reproducibility is obtained with the TE
method for sample Sa3. This may be related to the slightly
higher filling factor. In summary, paired comparisons based on
fixing all parameters except the gold deposition method are co-
herent with the hypotheses developed in sections 3.1 and 3.2
that smaller nanopillar widths correlate with stronger SERS sig-
nal while denser and more aligned arrays give better within-wafer
reproducibility.

This journal is © The Royal Society of Chemistry [year]
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3.4 Calculation of the ratio Iszrs/Iraman

In order to evaluate the SERS sensitivity, the enhancement factor
(EF) is usually calculated. EF is given by the general equation:

I
EF — SERS XNRamun (1)

TRaman NSERS

where Isgrs, IRaman TePresent the SERS and Raman intensities,
respectively. Nsgrs, Nraman are the number of excited molecules
in SERS and Raman experiments (thiophenol in ethanol), respec-
tively. However, as demonstrated by Le Ru et al. 38, this general
formula is limited by major constraints when there is a complex
morphology such as in our nanostructures. Indeed, Ngggs is dif-
ficult to evaluate in our case. Hence, the ratio Isgrs/Iraman Was
taken as an estimate of the sensitivity for our Au/ZnO nanostruc-
tures. The values of Ig,u., are equal to 58, 23, 39 for the Ra-
man peaks at 1000 cm~!,1025 em~! and 1075 cm ™!, respectively.
These values are extracted from the Raman spectrum available in
reference?!.

From Figure 6, it was observed that the samples Sal and Si3
had the highest values of Iggrs/Iraman for the 1000 cm—1, 1025
cm~! and 1075 ¢m~! Raman peaks. The figure shows no clear
correlation between substrate type and Isgrs/Iraman- Although it
may be incidental, it can also be seen from Figure 6 (with ref-
erence to Table 1) that the values of Isgrs/Iraman are generally
higher when the Au deposition was done by EBE.

4 Conclusion

In this paper, eight 1 cm? samples of self-organising ZnO nanopil-
lar arrays with preferential vertical orientation were grown by
pulsed laser deposition and then coated with 30 nm of Au using
either thermal or electron-beam evaporation. Each sample had
a different set of ZnO and Au growth conditions. The Au/ZnO
nanoarrays were then tested for use in SERS detection of thio-
phenol molecules. The ratio of Isgrs/Iraman Was adopted as a
measure of the SERS sensitivity and was found to vary from 1.7
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to 23.7 within the 8 samples. The impact of the width, filling fac-
tor, orientation, homogeneity and shape of the nanostructures on
the average SERS intensity and the within-wafer reproducibility
of the SERS response were considered for 9 paired comparisons
based on fixing all but one of the growth parameters for each
pairing. Overall, smaller nanopillar width with a high density
was found to correlate with stronger average SERS signal while
more vertically aligned arrays with higher filling factors showed
better within-wafer reproducibility. Based on these findings, op-
timisation can now be conducted in order to produce Au/ZnO
nanostructures which could serve as relatively inexpensive and
high performance self-forming SERS sensing platforms with im-
proved reproducibility compared to existing technologies.
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