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Abstract

A novel gold coated tungsten nanofuzz array (TNFA) substrate has been prepared
by irradiating polycrystalline tungsten using radio frequency plasma, followed by gold
sputter coating. The surface morphology of the tungsten can be modified by tuning the
irradiation parameters. The surface-enhanced Raman scattering (SERS) effect of the as
prepared substrates has been tested using different molecule probes, namely,
Rhodamine B (RHB), brilliant blue (X-BR) and reactive brilliant red (X-3B). Results
show that the TNFA substrate exhibit the highest dye detection sensitivity (as low as <
10 ppb) and excellent repeatability. A simple room temperature atmospheric pressure
plasma treatment can be used to clean the substrate for re-use purpose through complete
oxidization/degradation of the dye species. Systematic study reveals that the SERS
enhancement effect is strongly dependent on the substrate surface morphologies and
the laser excitation wavelength used. In addition, the SERS activity achieved by our

novel substrate can be applied to a variety of dye molecules, demonstrating its potential



to be generalized for a wider range of applications.
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1. Introduction

For centuries, dyes have been used by human being to beautify the world. However,
since the discovery of the first synthetic dye in the late 19" century [1], the large-scale
production and extensive applications of synthetic dyes have brought about
considerable impacts to the earth ecology, leading to serious concerns in environmental
pollution and water safety [2-4]. There is an urgent need to effectively eliminate dyes
from their production waste [5,6], however, the detection and identification on traces
of dye components is extremely challenging. The weak spectral and chemical signals
can be hardly detected by any conventional chromatographic and spectroscopic tools
that require sizable amount of samples [7,8]. Some non-destructive characterization
techniques such as Fourier-Transform Infrared (FTIR) and Raman/FTIR also suffer

from weak signals or low sensitivity towards sub-nanogram samples [9].

The discovery of surface-enhanced Raman scattering (SERS) effect in 1974 [10]
and the subsequent development of such technology has allowed researchers to
successfully detect and identify traces of dyes with high sensitivity and molecular
specificity at the lowest reported detection concentration limits in the range of 10
1'M~1012M [11,12]. Single-molecule fingerprint-vibration information has been
obtained for ultra-low concentration analyte (chemical and biological) molecules [6-8,
13-16]. As such, the use of SERS has attracted increasing attention from the scientific
community and the advancement of this technology is expected to deliver significant
impact to fundamental science as well as analytical applications. Electromagnetic
mechanism (EM) and chemical mechanism (CM) were considered as the two main

mechanisms of SERS [17,18]. It is widely accepted that the EM enhancement is the



main origin and the primary contributing factor to the SERS effect [19]. The
enhancement results from the amplification of the light by the excitation of localized
surface plasmon resonances and the light concentration occurs preferentially in the gaps,
crevices, or sharp features of plasmonic materials (e.g., Au, Ag, and Cu) with nanoscale

features [20].

The traditional metal nanoparticle aggregates within colloidal solutions have been
reported to offer high SERS sensitivity, however, such system has limited stability and
is not suitable for practical applications. For an efficient SERS-active chip, robust
metallic nanostructures on solid substrates with open morphology is a more feasible
option, as they can offer large specific surface area for analytes adsorption and provide
a large density of hot spots within the laser-illumination area [20]. For instance,
Shanmukh,et al., fabricated Ag nanorod SERS array substrate using the oblique angle
deposition (OAD) method, and their substrate demostrated enhancement factors of
greater than 108, [13]. Vertically stacked 3D cross-point plasmonic nanostructures by
nanotranfer printing technique have also been proposed. Depending on structural and
material parameters, excellent enhancement of Raman signals from probed molecules
with an average enhancement factor of 4.1 X 107 can be achieved [14]. Zheng et al.,
fabricated Au nanotriangle or nanohole based arrays fabricated by nanosphere
lithography [21]. Ultrathin silver-coated gold nanoparticles were attempted as a
substrate for SERS by Luca ef a/, which show high sensitivities on various probe
molecules [22]. Some non-metallic materials have also been used as template for
producing nanoarray structures. Vijayarangamuthu et al.[23] and Fan et al. [24] have
investigated the SERS effect of porous silicon and Si nanorod array coated with gold
film, respectively. Ag coated monolayer array of SiO> spheres were also used as SERS
substrate for organic dye detection.[25] These substrates showed high sensitivity and
uniformity. Despite the rapid development in the fabrication of various nanoarray
structures for SERS applications, the reported methods mostly involve
complicated/time consuming and costly fabrication processes. In addition, maintaining

detection stability and achieving reutilization of SERS substrates still remain challenges.



In this work, we developed a simple and low cost method to fabricate a robust and
re-usable SERS substrates with high sensitivity and reliability. A radio-frequency (RF)
plasma was used to irradiate tungsten substrate to produce a novel tungsten nanofuzz
array structure (TNFA), which was then coated with gold film through sputter coating.
These gold coated-TNFAS were then used as SERS substrates for dye detection using
various dye molecules. A gentle atmospheric pressure plasma treatment at room

temperature can be used to effectively clean the post-detection substrate for re-use

purpose.

Fig. 1 Schematic illustration of the fabrication and re-use of the GC-TNFAs substrate.

Gold ions evaporation

Tungsten nanofuzz array

Soaking in dye
Tungsten bulk 9 Y
solution for 1 min

SERS detection
Recycling use of

SERS substrate

Plasma treatment for 5 min

2. Experimental methods
2.1 Fabrication of SERS substrate

Polycrystalline tungsten specimens (99.99 % purity) were purchased from Honglu
Corporation, China. The as-purchased tungsten specimens were mechanically polished
to a mirror-finish (Rq < 0.1 um). The polished specimens were then annealed in a
vacuum oven (1373 K, 107 Pa) for 2 hrs to relieve the residual stress and reduce the

surface defects.



W was selected as an ideal rock-bottom SERS substrate, due to its high hardness,
good thermal properties, high chemical stability, etc. However, these properties make
it difficult to etch its surface to obtain nanostructure. And the bombardments of W by
the high-flux and low-energy ions lead to the serious irradiation damages. In this work,
an in-house RF plasma system operating with helium or hydrogen as operating gas has
been deployed to irradiate the polished tungsten specimens. By selecting different gas
and adjusting the selected gas ion fluxes, tungsten specimens with different nano-
structured surface morphologies can be produced. The irradiation parameters deployed
in this study can be found in Table 1. More details regarding the equipment used can be

found from our previous publications [26,27].

Surface Plasma Ion Energy Ion Ion Flux Surface
Morphologies Species (eV) Fluence (ions/m? -s) Temperature
(ions/m)

K)

Nanofuzzes | Helium ions 200 5.0<10% | 1.0x10% 1590

Nanostripes | Helium ions 200 5.0x10%° | 5.0x10%! 1130

Nanoridges Hydrogen 200 5.0x10%° | 6.0x10%! 1080
ions

Nanowrinkles | Hydrogen 200 5.0x10%° | 2.0x10*! 1020
ions

Table 1. Plasma irradiation conditions for creating different tungsten surface

nanostructures

An ion sputter coater (Hitachi, e-1010) was used to deposit a thin layer of gold onto
the plasma irradiated tungsten substrates for 90 seconds. The microstructures of
specimens have been observed using a scanning electron microscope (SEM, Hitachi S-
4800) and the crystalline structures of the specimens were studied using X-ray

diffraction (XRD, Rigaku D/max- RA), using CuKal radiation with A= 0.15406 nm.




2.2 SERS experiment

A Renishaw inVia Reflex Raman spectrometer with 532 nm laser was used for the
acquisition of Raman spectra from dye molecules adsorbed on different substrates. A
LabRam HR Evolution system with different laser wavelengths (473 nm, 532 nm and
785 nm) has been deployed to identify the optimized excitation wavelength for the

SERS substrates. All the SERS spectra were collected at room temperature.

All samples, namely, gold coated as-polished tungsten (polished, no plasma
irradiation, gold-coated), TNFAs (polished and plasma irradiated) and GC-TNFAs
(polished, plasma irradiated and gold-coated) were first rinsed in deionized water and
dried, then immersed in the RHB aqueous solution (concentration = 10 ppm) for 1 min,
and dried under ambient conditions prior to the spectrum acquisition. A 532 nm laser
was used to acquire the Raman spectra from the traced dye adsorbed on the different
substrates and elucidate the effect of different surface morphology on the SERS signals.
Two other typical dyes commonly used in the industry, namely X-BR and X-3B, were

also characterized following the same procedures.

The influence of dye concentration was investigated for the GC-TNFAs substrates
using the 532 nm laser after the substrates have been immersed in different RHB
aqueous solutions (10 ppm, 1 ppm, 100 ppb and 10 ppb, respectively, immersion time

=1 min).

A typical sample (GC-TNFAs immersed in the 10 ppm solution) was cleaned by
exposing the sample in an atmospheric pressure helium (He) plasma for 5 min, and the
SERS characterization was repeated to verify the dye sensing repeatability of the

substrate.

Finally, to further understand the wavelength dependence of the SERS effect, lasers
with wavelengths of 473 nm, 532 nm and 785 nm were employed to investigate the

Raman spectra of RHB on the GC-TNFAs substrates.



3. Results and discussions

Fig 2 shows the surface morphology and structure comparison between gold-coated as-
polished tungsten surface and the GC-TNFAS. It can be seen that the gold-coated as-
polished bulk tungsten, Fig. 2(a), has a relatively smooth surface, whereas the GC-
TNFAS, (Fig.2 (b)), exhibits fuzz-like morphology, with the fuzz orientation
perpendicular to the bulk surface. The average distance between the neighboring fuzzes
1s about 100 nm, and the GC-TNFAS have a uniform diameter of about 50 nm. From
the insert of Fig.2 (b), we can we can clearly see that thin films with unique thickness
of ~10 nm were coated on the nanofuzzes. Furthermore, a cross-sectional image of
GC-TNFAS, Fig. 2 (c), clearly shows that the warped nanofuzzes have a length of about
1.5 pm.

XRD analysis has been carried out to investigate the crystalline structure of GC-
TNFAS, see Fig. 2 (d). Seven characteristic peaks with indices (110), (200), (211), (220),
(310), (222) and (321), typical of tungsten BCC lattice, have been observed for both
pristine tungsten and the TNFAs. This indicates the plasma irradiation induced TNFAs

formation has led to any alteration to the tungsten BCC lattice and the lattice cell has

dimension a = 0.314 nm [28].
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Fig. 2 SEM images of (a) gold-coated as-polished tungsten surface, (b) top view and (c)
cross-sectional view of GC-TNFAS. (d) XRD patterns of gold coated as-polished
tungsten surface (red) and TNFAs (blue).

A close comparison between the XRD patterns reveals the difference in the relative
intensities of the diffraction peaks. For the as-polished tungsten (red), the strongest peak
was from the (110) diffraction plane. However, in the case of TNFAs, the relative
intensities of (110) and (220) peaks decreased significantly, and the strongest diffraction
peak is from the (321) plane. This indicates that the atom packing density in (110) type
planes has been reduced greatly. Our recent work on tungsten [26] suggested that
tungsten atom layers between the (110) type planes strip during the plasma irradiation,
due to the seeping of He atoms into the {101} crystal planes. In this work, the
decreasing of (110) diffraction peaks intensities suggests that the tungsten atoms on
these planes were most susceptible to the plasma bombardment and removal, which is

consistent with the previous findings [26].

To confirm the presence of gold films on the tungsten surfaces, a zoomed in new
of the XRD patterns has been presented in Fig. 2 (d) inset. Three additional peaks with
relatively weak intensity with indices (111), (220) and (311) have been observed for
both samples. This is consistent with FCC gold with a lattice parameter a= 0.235 nm
[29], indicating that gold film has been successfully deposited on both tungsten
substrates. To evaluate the Raman-enhancing capability of the GC-TNFAs, a RHB
aqueous solution with a very low concentration (10 ppm) was used. RHB is chosen as
it is very commonly found in organic dye pollutants and is known to give reliable SERS
signals [30, 31]. As shown in Fig. 3(b), no obvious Raman signals can be detected for
the TNFAs (no gold coating) substrate. In contrast, distinct peaks at 621 cm™!, 934 cm™
11199 cm™, 1280 cm™, 1358 ecm™', 1433 cm™', 1507 ecm™, 1530 cm™, 1563 cm! and
1648 cm™!, have been observed for the GC-TNFAS substrate shown in Fig. 3(a). All of
these peaks were characteristic of RHB [32,33], indicating GC-TNFAS substrate is

highly sensitive towards probing the dye molecular signature.
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Fig. 3 Raman spectra of RHB on the (a) GC-TNFAs and (b) TNFA substrates

The influence of surface morphology on the SERS sensitivity of gold coated
tungsten has been investigated using the 532 nm laser with the power of 0.2 mW. Fig.
4 shows the Raman spectra of RHB on tungsten substrates with different surface
morphologies, including gold coated TNFAs, nanostripe array, nanoridge array,
nanowrinkle and smooth bulk substrates. Raman spectra show characteristic peaks of
RHB on most substrates. However, the intensity of Raman peaks varies considerably,
depending on the the substrate surface microstructures. The corresponding SEM images
of each substrate can be found on the left of Fig. 4. The intensities of Raman peaks is
the strongest for the GC-TNFAs substrate, followed by nanostripe array, nanoridge
array, nanowrinkle and the as-polished substrate. The RHB Raman intensity of the GC-
TNFAs substrate is about 100 times greater than that of the as-polished substrate. This
maybe be partly due to the nanofuzz structure has the greatest surface
roughness/specific surface area, which facilitate greater analyte absorption and hence
notably enhances the Raman signals. However, we could not test the surface roughness
of the nanofuzz array substrate, due to the small diameters of the nanofuzzes which
were equal to the tips of the AFM probe. But obviously, such nanostructured substrate
has the highest surface roughness, according to the cross-sectional view SEM image
shown in Fig. 2 c. Therefore, it is reasonable to conclude that the SERS activities

depend on the substrate surface roughness.
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Fig. 4 Raman spectra of RHB on gold-coated tungsten with different surface
morphologies: (a) nanofuzz array, (b) nanostripe array, (c) nanoridge array, (d)
nanowrinkle and (e) as-polished tungsten substrate. The Raman intensities of b, ¢, d and

e shown in the insert have been all multiplied by 10.

Fig 4 suggests that GC-TNFAs substrate is the best performing substrate comparing
to other substrates with different surface morphology. Therefore, it is further tested
using different concentrations of RHB (ranging from 10 ppm to 10 ppb)) to explore its
detection limit. As can be seen from Fig. 5, the Raman intensities gradually decrease

with decreasing RHB concentrations and the lowest detection limit for RHB is ~10 ppb.

To investigate whether the GC-TNFAS substrate could be reused, the substrate
(rinsed in deionized water and dried, followed by 10 min immersion in 10 ppm RHB)
was subjected to an atmospheric pressure plasma (He with gas flow rate of 1 SLM and
at an alternating voltage of 20 kV) at room temperature for 5 minutes. The Raman
spectra for GC-TNFAS substrate before (black) and after (red) the plasma cleaning
treatment are shown in Fig. 6 (a). It can be clearly seen that all characteristic peaks
signifying RHB diminished completely after the plasma treatment, indicating that the
dye molecules absorbed on the GC-TNFAS surface have been decomposed/removed

completely during atmospheric pressure plasma treatment. The plasma treated GC-



TNFAS substrate was re-tested during the subsequent plasma cleaning and re-
immersion cycles, and strong and consistent SERS signals can be obtained even after
multiple cycles, indicating the competency of GC-TNFAs for re-utilization.
Furthermore, the SEM image of the plasma treated GC-TNFAS substrate (Fig 6 (b))
shows that the morphology of the substrate remains unchanged after multiple plasma
cleaning cycles, indicating the plasma treatment used was a gentle process which does

not alter/ destroy the substrate structure.

— 10 ppm
— 1 ppm
— 100 ppb
—— 10 ppb

Intensity (a.u.)

= R -
e Aot N st AN i, X 10

T T T T T T ¥ T Y T ¥ T ¥ T
400 600 800 1000 1200 1400 1600 1800

Raman shift (cm™)
Fig. 5 Raman spectra of GC-TNFAS immersed in RHB with different concentrations.

The intensity for the 10 ppb sample has been multiplied by 10.
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Fig. 6 (a) RHB Raman spectra collected during five plasma cleaning/re-immersion

cycles. (b) SEM image of GC-TNFAS substrate after the plasma cleaning treatment.



A typical emission spectrum collected during the atmospheric pressure plasma
cleaning process has been collected, see Fig.7. The major emission lines are from N>
(C—B), N2" (B—X), He*, and O* [34,35]. In particular, several sharp lines
corresponding to UV radiation (318, 338, 358, 382 and 392 nm) have been observed. It
is known that O radicals play an active role in the oxidation of organic molecules
[35,36]. UV radiation can also lead to dye degradation [37]. The cleaning power of the
atmospheric pressure plasma can be attributed to the combined effect of the plasma-
generated O radicals as well as the strong UV radiation. On the other hand, the substrate

materials (gold and tungsten) both remain stable when subjected to O radicals and UV

radiation.
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Fig 7. Typical emission spectrum of the atmospheric pressure plasma used for substrate

cleaning.

The capability of different tungsten substrates in detecting other analysts has also
been explored. Fig. 8 shows the Raman spectra of X-BR and X-3B (10 ppm) adsorbed
on the GC-TNFAs (red), gold-coated as-polished tungsten (blue), and (c) as polished
pristine tungsten (black) substrates under 532 nm laser excitation wavelength. The
molecular structure of each dye has been given in the figure inset. Compared to the as-
polished pristine and gold-coated pristine tungsten substrates, the GC-TNFAs substrate

demonstrated greatly enhanced SERS signal for both types of dye molecules tested.



This is evidenced by the intensive characteristic peaks shown for X-BR (177, 301, 725,
1098, 1339, 1448, 1526, 1545 and 1618 cm™") and for X-3B (145, 396, 511, 593, 638,
681, 747, 839, 951, 1038, 1137, 1340, 1451, 1526 and 1593 cm™!).
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Fig. 8 Raman spectra of different tungsten substrates immersed in 10 ppm (a) X-BR
and (b) X-3B. Red line: GC-TNFAs blue line: gold-coated as-polished bulk tungsten

surface and black line: as-polished pristine tungsten substrates.

To further explore the role of laser wavelength on the SERS effect and develop
more in-depth understanding of the mechanisms involved, Raman spectra have been
collected for different laser excitation wavelengths (473 nm, 532 nm and 785 nm) with
the standard Raman probe RHB (shown in Fig 9 (a)(b)(c)). In line with the previous
discussions, for wavelengths 532 nm, see Fig. 9 (b), the GC-TNFAs substrate
demonstrated a much greater sensitivity compared to the other two as-polished bulk
substrates (with or without gold coating). However, when the 785 nm laser was applied,
the SERS effect of GC-TNFAS was less distinct. For the 473 nm laser, the SERS effect
of GC-TNFAs substrate is similar to that of gold-coated as-polished tungsten substrate,

showing only slightly enhanced signals compared to the as-polished pristine tungsten.
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Fig. 9 Raman spectra of RHB on GC-TNFAs under different laser wavelengths (a) 473
nm, (b) 532 nm and (c) 785 nm. Red line: GC-TNFAs, blue line: gold-coated as-
polished pristine tungsten, black line: as-polished (no gold coating) tungsten substrates.

(d) UV-vis spectra of 10 ppm RHB (pink), X-3B (red) and X-BR (blue) solution.

It is known that the surface plasmon resonance of gold plays a major role in the
enhancement of the sensitivity of Raman scattering when it undergoes resonance with
special wavelength of Raman reporters under special excitation laser source [38-40].
The SERS effect of gold is closely related to the material surface structure (e.g.,
geometry, morphology, etc.) [41]. As previous mentioned, the dimension of our GC-
TNFA is about 50 nm. According to previous reports, for gold nanoparticles with
diameters in the range of 10-100nm, the surface plasmon absorption band maxima was
found in the region of 518 nm to 556 nm, and peak center positions was particle size
dependent [41]. The 532 nm excitation laser used in the present study, falls in the center
of the reported wavelength region, indicating the plasmon resonance experienced by

our GC-TNFAs, or more specifically, the gold films deposited on the tungsten



nanofuzzes. The defined localized surface plasmon resonance of gold film on the
TNFAs generated “hot spots” around the nanofuzz tips, resulting in highly sensitive

SERS signals under the 532 nm laser.

According to the UV-vis spectrum in Fig 9(d), the absorption peak of RHB is 553
nm, which is very close to that of the laser excitation wavelength 532 nm. Since
resonance enhancement does not begin at a sharply defined wavelength but can be
observed when the exciting laser is within a few 100 wavenumbers below the electronic
transition of a molecule [42]. A pre-resonance Raman effect can be expected occurred
in detection of RHB samples, which further enhance the observed Raman spectra.
Furthermore, the absorption peaks of X-3B and X-BR are observed at 538 and 636,
respectively, which were not far from the laser excitation wavelength 532 nm. Pre-
resonance Raman effect can thus occur on these dye molecules. It is worth mentioning
that, the TNFA produced in this work is not an ordered periodic structure and as a result,
the sizes of surface Au nanostructures and gap in between are not homogeneous.
However, given that the spot-size of the excitation beam (~ 2um ) is much larger than
the size of the nanofuzz tips (~50 nm), the spatial averaging of hotspots on a
macroscopic scale can make sure the efficiency of our TNFAs substrate in providing

uniform SERS sensitivity over the large-surface area.

Conclusions

A highly sensitive SERS substrate with a novel gold-coated tungsten nanofuzz array
structure has been developed and characterized in this study. The substrate exhibited
strong SERS activity in detecting model RHB dye, with detection limit down to 10 ppb.
Comparative studies indicated that the SERS activity of the SERS substrate is surface
morphology dependent, which can be closely associated to the roughness and the
specific surface area of the substrate. In addition, the SERS activity is found to be
dependent on the laser excitation wavelength, with 532 nm laser showing the strongest

efficiency in dye detection. The GC-TNFAS substrate has also been successfully



deployed for the detection of other dye molecules commonly used in the industry.
Finally, the SERS substrate could be reutilized after a simple plasma cleaning process.
The design and development of our novel SERS substrate provides a simple and cost-

effective solution for the detection of environmental pollutants.
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