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ARTICLE INFO ABSTRACT

Keywords: Surface enhanced Raman scattering (SERS) has attracted great attention of scientists in the last few decades due
Gold nanoparticles to its wide range of applications, especially in detecting chemical compounds even at single molecular level. In
Sputter}ng this research, we combine sputtering and post annealing method to prepare gold nanoparticles with uniform
:gsl[e;‘(l;‘g distribution on cover glass substrates, which work as efficient SERS substrates. This work studies the effect of

gold thickness on the formation of nanoparticles during annealing process. The effect of size, inter-distance and
morphology of gold NPs on plasmon properties was studied by scanning electron microscope and absorption
spectroscopy. The enhancement capability of different morphologies was also verified by using Finite Different
Time Domain (FDTD) technique. The as-prepared gold nanoparticles arrays are efficient surface enhanced Raman
scattering substrates as demonstrated by the ability to detect methylene blue at concentration as low as 1010 M.
The facile, cost-effective fabrication process is convenient to scale up for mass production of high sensitivity

Surface enhanced Raman scattering

surface enhanced Raman substrates.

1. Introduction

Raman spectroscopy is an optical technique that analyzes inelastic
scattering light from materials. Thanks to the unique vibrational modes
of characterized chemical bonds in molecules, Raman spectra can pro-
vide “fingerprint-signal” for identification of substances. Low probabil-
ity of Raman scattering of only about 10~ prevents realizing practical
applications. Since its discovery, surface-enhanced Raman scattering
(SERS) is expected to provide a great tool to detect substances at very
low concentration, which is necessary for applications in various fields
such as chemical sensing, biology and medicine [1-4].

Typical SERS substrates are roughened thin films or self-assembled
arrays of noble metal nanoparticles (NPs). If the inter-distances be-
tween these NPs are in the nanometer scale, the strong interaction
among particles leads to localized surface plasmon resonance (LSPR) [5,
6]. LSPR effect can amplify Raman signal of organic molecules by
several orders of magnitude. Regarding enhancement of the
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electromagnetic field by the excitation of LSPR, the gaps between metal
NPs (or “nanogaps”) were believed to play a vital role [5,6]. SERS
substrates based on gold or silver nanoparticles were studied by many
groups using solution methods [7-12]. Self-assembled monolayers of
NPs developed from solution phase were reported to be good SERS
substrates of low cost and high enhancement ability. However, the main
limitations of these substrates are the high randomness of NPs distri-
bution during the synthetic process, difficulties in controlling particle
size and shapes. As hot-spots are mostly generated in the inter-particle
region, the uniform distribution of nanoparticles affects significantly
the distribution of “hot-spot” regions, which in turn, is crucial to the
repeatability of SERS substrates [5,6,13]. The high deviation of SERS
signal is an obstacle to quantitative analysis based on SERS.
Furthermore, surfactants, usually utilized in chemical approach,
might limit the chemical activity of nanoparticles and/or interfere to the
signals of Raman probe. In this paper, we report the results of growth of
gold nanoparticles arrays on cover glass by a facile, pure physical
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approach combining sputtering and thermal annealing processes. Effect
of sputtering time on morphology, surface plasmon resonance and
Raman enhancement capability of gold nanoparticles were studied in
details. The experimental data was also supported with simulation by
Finite Different Time Domain (FDTD) technique.

2. Experiment
2.1. Fabrication of Au- nanostructures on glass substrates

Cover glasses with the dimension of 22 x 22 mm, purchased from
Merck (Germany), were cleaned by ultrasonic bath in acetone, ethanol
and double distilled water sequentially in 2 min for each cycle. The glass
substrates were then dried by nitrogen blowing. A DC sputtering system
(JEOL JFC - 1200) was used to sputter gold films on the cleaned glass
substrates. A pure gold target in form of a round disk with diameter of 2
inches and thickness of 3 mm was used as supplied by Matsurf Tech-
nologies Inc, USA, without further purification. Sputtering current was
kept constant at 20 mA while different sputtering time from 10 to 70 s
(with a step of 10 s) was applied to prepare gold thin films of different
thicknesses. The thickness of gold films on glass substrates was esti-
mated by using the calibration data for gold target provided by the
sputtering system providers. The thickness was also further verified by
using crystal quark vibration method available in the system. The
thickness of films increases from 2 nm to 10 nm, correspondingly when
the sputtering time increases from 10 s to 70 s. The obtained thin films
were then annealed in a furnace at 300 °C in 2 h in ambient condition to
form nanoparticle array.

2.2. Sample characterization: SEM, UV-Vis and Raman spectroscopy

A field emission scanning electron microscope Nova Nano SEM FEI
450 was used to investigate the morphologies of samples. The surface
plasmon resonance properties of the as-synthesized nanostructures on
glass substrates were analyzed via absorption spectra collected on
UV-Vis Jasco V — 750 spectrometer. Prior to absorption measurement, a
baseline process was performed on bare substrate to guarantee that the
absorption of glass substrates was excluded and only absorption of gold
thin films was collected.

For Raman measurements, methylene blue (MB), received from
Sigma Aldrid, was used as a Raman probe. 10 pl of MB solutions of
different concentrations (1077 M, 1078 M, 107° M, 1071° M) were
absorbed on the surface of samples and naturally dried. Labram 800
from Horiba with excitation wavelength of 632.8 nm was utilized to
collect Raman spectra. Laser power at the surface sample was fixed at
0.5 mW for all measurement to minimize any heat effect interference.

3. Results and discussion

Morphology of the prepared samples was observed by Scanning
Electron Microscope. Fig. 1 presents SEM images of gold arrays prepared
with sputtering time of 10, 20, 30, 40, 50, 60 and 70 s with heat treat-
ment at 300 °C in 2 h. Sputtering time of 10 s is expected to the depo-
sition a 2 nm thick gold film. After being heated, gold layer was
transformed into nanoparticles with spherical shape. As the sputtering
time rose, corresponding to the increase of Au thickness, the size of
particles dramatically increased and thus, affected directly to the dis-
tribution of particles on substrates. However, it is likely that the film
deposited in 70 s was so thick that shrinkage of gold layer could not
occur to form particle structure after heating process.

Sputtering of less than 40 s offered products mainly of nanoparticles.
Size distribution of gold nanoparticles was estimated from SEM images
by using Image J software. Sputtering time of greater than 40 s leads to
formation of complex structures of irregular shapes, hence size distri-
bution is not available. It is obvious that sputtering time of 10 s offers
particles of smallest size. The particles are uniformly distributed on
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Fig. 1. SEM images of Au nanostructures obtained after heating gold thin films
prepared with different sputtering time: (a) 10 s; (b) 20 s; (¢) 30 s; (d) 40 s; (e)
50 s; (f) 60 s; (g) 70 s and the corresponding size distribution of samples pre-
pared with sputtering time of: (al) 10 s; (b1) 20 s; (c1) 30 s.

substrate at high density. The diameter of most particles is in the range
from 20 nm to 50 nm, with the average distance of 25 nm. The average
particle size grew rapidly to 60 and 150 nm and the inter-particle dis-
tances increased from 53 nm to 86 nm as the sputtering times increased
to 20 and 30 s, respectively. Besides, SEM image (Fig. 1d) also showed
that with sputtering time of 40 s, some complex structures rather than
separated particles were formed. These structures became bigger and
more dominant when further increasing sputtering times. As can be seen
from Fig. 1f, heat treatment was barely enough to shrink the films into
islands. Films prepared with sputtering time of longer than 70 s was too
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thick to be converted into nanostructures by heating at 300 °C.
Continuous film remained after heat treatment as presented in Fig. 1g.

Energy dispersive spectroscopy was used to verify the composition of
the nanostructures. Typical spectra for samples prepared with sputtering
time of 30 s and 40 s with and without annealing process are shown in
Fig. 2. As can be seen from Fig. 2, only signals of Si and Au can be
detected. Because Si peak belongs to the substrates, the data suggests
that the samples were pure and clean. To further confirm the nature of
the produced nano clusters, element mapping of the samples was stud-
ied. The mapping results by tracing the peak of gold at 2.14 keV are
shown in Fig. 3. The good matching between the SEM images and dis-
tribution of gold element elucidates that the nanoclusters in the SEM
images are gold.

LSPR of nanoparticles substantially depends on the size and shape of
NPs as well as the distance between them [14]. Therefore, controlling
morphology of NPs and their density is very important for enhancing
Raman signal. According to theory, when the incident laser wavelength
matches with the LSPR of metal NPs, the local electromagnetic field of
NPs will be amplified greatly [15]. Fig. 4 shows the absorption spectra of
all gold samples before and after heat treatment. The LSPR wavelengths
of NPs were determined by the absorption peaks of spectra. It is obvious
from Fig. 4a that no absorption peak was observed in spectra of all gold
films without heat treatment. An absorption edge at 530 nm was
observed for all thin films of gold. It is commonly accepted that this
absorption edge relates to the bulk absorption modes of gold materials
according to the dispersion equation for noble metal [16,17]. The
appearance of this absorption edge implies that the obtained products
are continuous flat films [18]. This explains for the independence of this
peak position upon increasing sputtering time. The formation of gold
NPs after heat treatment was reconfirmed by the appearance of clear
LSPR absorption peaks as shown in Fig. 4b.

The absorption peak was found to redshift from 540 nm to 652 nm as
sputtering time increases from 10 s to 40 s. The red-shift of absorbance
peak show agreement with the fact that Au NPs gets bigger at longer
sputtering time as shown by SEM images. At longer sputtering time,
these peaks shift to over 700 nm. This huge peak shift likely relates to the
formation of large Au structures instead of Au NPs [14,19]. Longer
sputtering time not only changes peak position but also broaden the
LSPR peaks. The change in absorption spectra is correlated to the
distinct morphology and size of gold clusters in samples prepared with
long sputtering time.

To maximize the strength of SERS signal, the LSPR wavelength of
NPs should be close to the wavelength of the incident light. In this
research, we used He Ne laser with wavelength of 632.8 nm to investi-
gate SERS effects. For that reason, samples with coating times range
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Fig. 2. Energy dispersive spectra of samples prepared with sputtering time of
30 s: a) before annealing; b) after annealing; and 40 s: c¢) before annealing; d)
after annealing.
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from 30 s to 50 s which have LSPR wavelengths at over 600 nm are
expected to show the highest Raman signal. To demonstrate that Au NPs
on cover glasses can work as effective SERS substrates, their surface
enhanced Raman activities were studied with MB as a Raman probe.

First, MB at a low concentration of 10~ M was used to investigate
the Raman enhancement of the prepared SERS substrates. Fig. 5a shows
Raman spectra of MB absorbed on gold nanoparticles samples prepared
with different sputtering time (ranging from 10 s to 70 s). It is obvious
that characterized peaks of MB can be detected clearly throughout the
region from 600 to 1600 cm ™ '. These peaks represent different type of
vibrations in MB molecule structure, namely, the peak at 1622 cm ™! can
be assigned to ring stretching of C-C while peak at 1298 cm ™ is due to
the in-plane ring deformation of C-H. The symmetrical stretching mode
of C-N can also be identified by 1390 cm™! peak, and peak at 769 cm ™
was resulted from in-plane bending of C-H [15]. These characteristic
peaks are observed in all spectra shown in Fig. 5a but the Raman in-
tensities strongly depended on the sputtering time. The Raman data
shows that the intensity increases significantly with increment of sput-
tering time from 10 s to 40 s. At sputtering time of 30 s and 40 s, the
intensity of the two main peaks at 1622 cm ™! and 1390 cm ™! are highest
when compared with those of other samples under same measurement
condition. Further increasing sputtering time to over 50 s results in a
dramatic drop of Raman signal.

To illustrate the dependence of Raman enhancement on sputtering
time, the plot of intensity of the two main peaks at 1622 cm ™" and 1390
em ! vs. sputtering time was shown in Fig. 5b. As can be seen from
Fig. 5b, the Raman intensities of these peaks are high when sputtering
time is from 30 to 50 s. Especially, sputtering time from 30 s to 40 s
shows the highest intensity of all characterized peaks. This result
matches closely with expected results from absorption spectra.

According to the experimental results, two simulation processes were
performed. Incident light was set at normal direction to the substrates.
The first simulation model was processed for spherical gold nano-
particles with radius of 60 nm and inter-spacing of 20 nm. The second
model represented the complex gold nanostructure obtained with
sputtering time of 40 s and is conceptualized as a spherical nanoparicle
of radius 100 nm locating at the center of a rod in the shape of a semi-
circle of radius 150 nm. The simulation results are presented in Fig. 6.
The simulation data suggests that hotspots formed between complex
structures are also effective in enhancing Raman signal. It should be
noted that the effective area in the second case is expanded much higher
rather than only concentrates in the small nanogap between the two
particles in the first case. From the experimental and theoretical data, it
can be concluded that optimum sputtering time is between 30 s and 40 s
and thus, these samples were further studied to determine their limit of
detection. Fig. 7 shows Raman spectra of MB at different concentrations
absorbed on Au nanoparticle array prepared with sputtering time of 30
and 40 s.

To investigate the limit of detection (LOD) of MB using the prepared
SERS substrates, MB at different concentrations were absorbed on gold
nanostructure arrays. As shown in Fig. 7, MB Raman signal declined
monotonically as the concentration decreased. When the MB concen-
tration decreased to 1071° M, the characteristic peaks could still be
observed. With the sample prepared with sputtering time of 30 s, Raman
spectrum were multiplied 10 times for better visual when being shown
with spectra of higher concentrations. It can be seen that Raman spectra
of MB at low concentration could be detected more clearly with nano-
structures obtained with sputtering time of 40 s. The results are in good
agreement with the absorption spectra and simulation data. The LOD of
10719 M achieved in this research is comparable with LODs of some
other 2D SERS substrates in literature (Table 1) [20-26]. It should be
noted that most of reported effective SERS substrates were prepared by
multi-step processes, where advanced techniques, organic compounds
or surfactants are required. Using of such compounds may degrade the
surface properties of the noble metal nanostructures and in turn affects
the enhancement capability of SERS substrates. In addition to
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Fig. 3. SEM images of the samples prepared with sputtering of: a) 30 s; b) 40 s; ¢) 50 s; d) 60 s after annealing and the corresponding gold elemental mapping e) 30 s;

f) 40 s; g) 50 s; h) 60 s.

enlightening the correlation between morphology of gold nano-
structures and SERS in detail, our study also proposes an alternative,
facile, scalable approach to fabricate SERS substrate based on gold
nanostructures of high purity and excellent surface properties for
analytical chemical applications.

4. Conclusion

Gold nanostructures of different morphologies were synthesized by
heat treatment process of sputtered gold thin films. Shape and inter-
spacing between neighbor nanostructures can be controlled conve-
niently by sputtering time. The results also showed that these parame-
ters are critical to enhancement capability of the as-prepared gold
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Fig. 4. (a) Absorption spectra of Au films with different sputtering time before annealing and (b) normalized absorption spectra of samples after heat treatment.
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Fig. 6. Simulation of SERS effect of: (a) Au nanoparticles, (b) Au complex nanostructures.

nanostructure arrays. The gold nanostructures obtained with sputtering
time of 40 s offer highest enhancement and allow detecting MB at low
concentration of 1071% M. The facile fabrication process and excellent
surface properties thanks to the absence of any surfactants in the prep-
aration make it an effective tool to trace substances at low concentration

for various practical applications.
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Fig. 7. Raman spectra of MB at various concentrations collected on Au nanoparticle array prepared with sputtering time of 30 s (a) and 40 s (b).

Table 1

Comparison of some nanomaterials used as SERS substrates.
Materials used Synthesis method Raman probe Lowest concentration reported ~ References
MoS; quantum dot/reduced graphene oxide  Solvothermal method Methylene blue 1078 M [20]
Ag nanoparticles Reduction silver salts Rhodamine 6G 108 M [22]
Ag; Ag/Cu thin films Sputtering + annealing Methylene blue 1077 M [23]
Ag loaded anodic Al;03 Anodization technique + Resistance heating vacuum evaporation Rhodamine B 10°1°M [24]
Ag/TiO, nanotubes Annodization+ Rhodamine B 107°M [25]

Resistance heating vacuum evaporation

ZnO/Au nanorods Hydrothermal + sputtering MB 107°M [26]
CuO/Ag nanowires Thermal oxidation + sputtering MB 1071°M [27]
Au nanostructures Sputtering + heat treatment MB 107°Mm This work
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