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Au-coated ZnO nanostructures for surface enhanced Raman

spectroscopy applications *

A.Og. Dikovska, N.N. Nedyalkov, S.E. Imamova, G.B. Atanasova, P.A. Atanasov

Abstract. Thin ZnO nanostructured films were produced by pulsed
laser deposition (PLD) for surface enhanced Raman spectroscopy
(SERS) studies. The experimental conditions used for preparation
of the samples were chosen to obtain different types of ZnO nano-
structures. The Raman spectra of rhodamine 6G (R6G) were mea-
sured at an excitation wavelength of 785 nm after coating the ZnO
nanostructures with a thin Au layer. The influence of the surface
morphology on the Raman signal obtained from the samples was
investigated. High SERS signal enhancement was observed from
all Au-coated ZnO nanostructures.

Keywords: ZnO nanostructured films, surface enhanced Raman
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1. Introduction

Surface enhanced Raman spectroscopy (SERS) can ensure a
breakthrough in the sensitivity of chemical, biological and
environmental sensing devices due to a considerable increase
in Raman signals although the Raman cross section is inher-
ently very small. The advantages offered by nanotechnologies
have additionally attracted the attention of the scientific
researchers to SERS effects in various nanostructures, such as
Au nanoparticles [1, 2], Au nanoporous structures [3], flower-
like Au nanostructures [4], etc. In addition, different oxide
nanostructures covered by Au or Ag have also been investi-
gated as suitable substrates for SERS analyses. For example,
Sakano et al. [5] observed a high SERS enhancement factor
from Au-coated ZnO nanorods.

ZnO nanostructures have attracted enormous interest due
to their potential application in nanoscale electronics and
photonics [6—8]. Among the various synthesis methods,
pulsed laser deposition (PLD) has been proven to be a simple
and effective catalyst-free method for preparation of
nanoscale materials [9-12]. Several studies have been
reported dealing with ZnO nanostructures grown by PLD
and exploring a wide range of such experimental parameters
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as choice of substrate, substrate temperature, background
oxygen pressure, etc. [10, 12, 13]. The use of a buffer ZnO
layer as a possible way of supplying growth nuclei for the sub-
sequent growth of ZnO nanostructures has also attracted cur-
rent interest [10, 14]. It was demonstrated in [10, 14] that, once
a buffer layer is introduced, the subsequent ZnO nanostruc-
tures growth can exhibit different morphologies. Our previ-
ous investigations also showed that the use of a buffer layer
creates a new possibility to form a variety of morphologies
and nanostructures [15].

In the present paper we report a study on nanostructured
ZnO film fabrication by PLD and the measurements of the
SERS characteristics of these samples after Au-coating.
Rodamine-6G (R6G) was used as a SERS active molecule
pumped at 785 nm. The influence of the surface morphology
on the Raman response of the samples at a fixed R6G concen-
tration was investigated.

2. Experimental

Thin ZnO films were prepared on an amorphous SiO, sub-
strate by PLD. The third harmonic of a 355-nm Nd:YAG
laser with a FWHM pulse duration of 18 ns and a repetition
rate of 10 Hz was used for ablation of a ZnO ceramic target.
The target-to-substrate distance was fixed at 40 mm in a stan-
dard on-axis configuration. All the experiments were per-
formed in oxygen atmosphere. The substrate temperature was
kept at 300 °C during deposition.

The nanostructured films were fabricated via a two step
process. As a first step, a thin ZnO film was prepared at a high
oxygen pressure in order to form growth nuclei. Oxygen pres-
sures of 20, 50, and 100 Pa were used for preparation of three
different types of nuclei. The laser fluence was kept constant
at 2 J cm™2. The second step consisted in the deposition of a
ZnO film on the created nuclei. At this stage, the oxygen pres-
sure was decreased to 5 Pa and kept constant to the end of
the experiment. During the second step, laser fluence was
3.5Jcm™.

A smooth ZnO film was also prepared as a reference for
SERS analysis. The smooth ZnO surface with a root-mean-
square (RMS) value of a few nanometers was deposited at an
oxygen pressure of 5 Pa as described elsewhere [16].

The surface morphology of the ZnO nanostructured sam-
ple was analysed using a JEOL JSM-5510 scanning electron
microscope (SEM). Atomic force microscopy (AFM) mea-
surements (Agilent 5500) were also performed in order to
characterise the grain size of the samples [17]. The deposited
samples were coated with a thin Au layer produced by cath-
ode sputtering in order to prepare the samples for SERS anal-
ysis. The SERS spectra of the Au-coated ZnO nanostructures
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were investigated using a DeltaNu Raman spectrometer with
an attached microscope (NuScope). The 60-mW Raman
apparatus operating at an excitation wavelength of 785 nm
had a laser spot with diameter of 100 um.

For the R6G measurements, 12 mg of rhodamin-6G was
dissolved in 300 mL of ethanol in a plastic bottle in order to
obtain a concentration of 10°® M. The total number of R6G
molecules in one drop (20 L) placed on the Au-coated nano-
structures was approximately ~1 x 10'3. The molecules were
distributed on an area of 1 cm?. Each spot with an area of
1 um? contained about ~1 x 10° R6G molecules.

3. Results and discussion

The surface morphology is a very important parameter affect-
ing the formation of nanostructures. The rough crystal sur-
face plays the role of nuclei for nanostructured film growth
[18]. Therefore, our first step during the nanostructure prepa-
ration was formation of a thin ZnO layer with a clearly pro-
nounced rough surface. As is well known, the films prepared
at a higher oxygen pressure exhibit a rough surface with a
high peak-to-valley ratio [16]. Thus, layers with thickness
lower than 50 nm were deposited at three different oxygen
pressures in order to create different types of growth nuclei.
In the second step, ZnO was deposited on the created nuclei.
The ZnO growth follows the nuclei during PLD and then a
nanostructured film is formed.

The AFM images of the deposited ZnO nanostructures
are presented in Fig. 1. The surface morphology of the sample
presented in Fig. 1a contains grains (the mean grain size in the
range 60—110 nm) with clearly pronounced spherical mor-
phology. The grains are packed closely and well-distributed
on the substrate with RMS surface roughness of about 10 nm.
The scale bar in the AFM image (Fig. 1a) indicates a high
peak-to-valley ratio. This value is higher compared with the
value obtained for the film deposited when the oxygen pres-
sure of 20 Pa was kept constant during the entire deposition
process [16]. It is worth pointing out that the ZnO buffer layer
deposited at 20-Pa oxygen pressure has the crystal structure
reported in our previous investigations [16]. The growth of
the ZnO nanostructure follows the crystal nuclei. The surface
morphology of the sample prepared by a ZnO buffer layer
deposited at 50 Pa is presented in Fig. 1b. The increase in the
oxygen pressure applied during the buffer layer deposition
leads to a change in the surface morphology. It consists of a
nonuniform structure with a larger grain size (100—200 nm),
in contrast with the sample shown in Fig. 1a. Additionally,
the increase in the oxygen pressure worsens the crystal struc-
ture of the buffer layer. The further increase in the oxygen
pressure applied during the buffer layer deposition (100 Pa)
preserves the nonuniform structure of the surface morphol-
ogy (Fig. 1¢). In this case, the sample grain size ranges from
100 to 200 nm. Furthermore, the prepared buffer layer is
almost amorphous at this high oxygen pressure.

The SEM images of the Au-coated ZnO nanostrucures
are presented in Fig. 2. The sample presented in Fig. 2a shows
a uniform densely packed structure with small grains, which
confirms the results obtained by AFM imaging. Moreover,
no significant difference is observed in the surface morphol-
ogy of the samples prepared at higher oxygen pressures (50
and 100 Pa) after Au-coating (Figs 2b and c).

High SERS enhancement factor practically means spatial
inhomogeneity. The enormous SERS effects usually occur in
the so-called ‘hot sites’, i.e., very small volumes in the cavities
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Figure 1. AFM images of ZnO nanostructured films prepared on the
basis of different nuclei at oxygen pressures of (a) 20 Pa, (b) 50 Pa, and
(c) 100 Pa during deposition.

between metal nanoparticles [19-21]. Theoretical studies
show that the local electromagnetic field near metal nanopar-
ticles is strongly confined to the ‘hot sites’ by the surface plas-
mon resonance resulting in an inhomogeneous electromag-
netic energy distribution [22]. Since metallic nanoparticle
arrays supply a high density of nanocavities between parti-
cles, i.e., SERS ‘hot sites’, they seem to be the perfect sub-
strates for SERS. To this end, the ZnO nanostructures after
Au-coating were additionally tested to study their suitability
as substrates for SERS measurements taking into account
their morphology shown in Fig. 2.

The SERS spectra of Au-coated ZnO samples are pre-
sented in Fig. 3. Strong peaks at 610, 772, 1182, 1303, 1360,
and 1505 cm™! were attributed to the Raman spectrum of the
R6G molecules. The intensity of the Raman signals was com-
pared with the reference signal obtained from Au-coated
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Figure 2. SEM images of the Au-coated ZnO nanostructured films pre-
pared on the basis of different nuclei at oxygen pressures of (a) 20 Pa,
(b) 50 Pa, and (c) 100 Pa during deposition.

smooth ZnO film with R6G. As expected, no signal was reg-
istered from the Au-coated smooth surface (see Fig. 3), which
proves that Au-coated nanostructures are suitable for SERS
applications. The highest signal intensity was obtained from
the sample prepared with a buffer layer deposited at 20-Pa
oxygen pressure [Fig. 3, curve (/)]. This result is the conse-
quence of the small grain-size structure of the sample (see
Fig. la). The use of Au-coated ZnO nanostructures with
larger grains, such as the samples shown in Figs 1b and c, led
to registration of Raman peaks with lower intensity. It is
worth noting that the tendency of decreasing the intensity of
the Raman peaks is preserved as the grain size is increased.
This result is in good agreement with previous reports [23].
The dependence observed is related to the higher density of
the spatial inhomogeneities realised in the film with the small-
est grain size. In addition, the evanescent nature of the near
field ensures strong intensity enhancement in gaps with sizes
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Figure 3. SERS spectra of Au-coated ZnO nanostructured samples pre-
pared at oxygen pressures of (/) 20 Pa, (2) 50 Pa, and (3) 100 Pa used
for formation of the growth nucei. The reference signal (4) was ob-
tained from Au-coated smooth ZnO film.

of only few nanometres. The intensity drops rapidly with
increasing gap distance.

The Raman spectra of the Au-coated ZnO nanostructures
with R6G were compared with the bulk R6G Raman spec-
trum in order to estimate the enhancement factor (EF). The
normal Raman signal of R6G molecules is presented in Fig. 4.
Only the peaks at 610 and 1360 cm™' were attributed to the
R6G molecules. All other peaks in the figure belong to
ethanol. Therefore, the weak peaks only observed at 610 and
1360 cm™! in the normal Raman spectrum allowed the evalu-
ation of the EF. For EF evaluation the following equation
was used:

Lsers Nouik
EF = Jsenstlbulk 1
Ibulsters ( )

where I and I,y are the peak intensities of the SERS and
bulk spectra; Ny, and Ny are the number of molecules used
in Ny, and bulk measurements, respectively. The value of
Ng.rs Was calculated to be approximately 7 x 108 for laser spot
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Figure 4. Normal Raman spectra of rodamin-6G molecules, dissolved
in ethanol, excited at 785 nm.
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of diameter 100 um and Ny ~8 X 10'2. The ratio Nyy/Neers
was equal to ~1 x 104, The intensities /., and I, normalised
to the incident laser photon flux were determined using the
Raman spectra presented in Figs 3 and 4. The ratio between
the maximum and the minimum for the highest peaks changed
by a factor of 3 to 5 in the SERS spectra, as is shown in Fig.
3, while for the normal Raman spectrum this ratio was about
one. Finally, the EF calculated using Eqn (1) for the Au-coated
ZnO nanostructures was approximately 10° —107, i.e., the
SERS sensitivity of the gold nanostructured films is quite
high. However, it should be noted that in our experiment the
Raman scattering by R6G molecules is nonresonant. The
resonant Raman scattering which is at 530 nm for R6G mol-
ecules may increase the EF by more than 1000 times.

4. Conclusions

Nanostructured ZnO films were prepared for SERS applica-
tion. The Raman spectra of rhodamine 6G were measured at
an excitation wavelength of 785 nm after coating the ZnO
nanostructures with a thin Au layer. The highest Raman
intensity obtained from the sample prepared with a buffer
layer deposited at a 20-Pa oxygen pressure resulted from the
small grain-size structure obtained. The SERS spectra were
compared with the Raman spectra of an Au-coated smooth
ZnO film, as well as with the normal Raman spectra of R6G
molecules. An enhancement factor of approximately 10°—107
was evaluated for all Au-coated ZnO nanostructures with
R6G.
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