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Noble metal nanorough surfaces that support strong surface-enhanced Raman scattering (SERS) is widely applied
in the practical detection of organic molecules. A low-cost, large-area, and environment-friendly SERS-active substrate
was acquired by sputtering inexpensive copper (Cu) on natural dragonfly wing (DW) with an easily controlled way of
magnetron sputtering. By controlling the sputtering time of the fabrication of Cu on the DW, the performance of the
SERS substrates was greatly improved. The SERS-active substrates, obtained at the optimal sputtering time (50 min),
showed a low detection limit (107°M ) to 4-aminothiophenol (4-ATP), a high average enhancement factor (EF, 1.98 x 104),
excellent signal uniformity, and good reproducibility. In addition, the results of the 3D finite-difference time-domain (3D-
FDTD) simulation illustrated that the SERS-active substrates provided high-density “hot spots”, leading to a large SERS

enhancement.

Keywords: surface-enhanced Raman scattering, dragonfly wing, copper, magnetron sputtering
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1. Introduction

Surface-enhanced Raman scattering (SERS) is a very ac-
tive area of research, that overcomes the general shortcom-
ings of weak Raman scattering signals!!! and has been im-
plemented in practical applications in environmental science
studies,[2’3] trace detection, [+ medical biology, [6-91 and food
safety testing.!'0-161 SERS is a phenomenon whereby Raman
scattering signals are strongly enhanced when molecules are
absorbed onto a nanorough metal surface. It has also been con-
firmed that a relatively stronger SERS effect of SERS-active
substrates is due to the strong coupling of local surface plasma
resonances (LSPR) at metal nanorough surfaces causing local
electromagnetic enhancement (“hot spot” areas).!!’-'°) This
mechanism demonstrates electromagnetic (EM) enhancement,
which is a main way of enhancement compared to change
transfer (CT) enhancement. The LSPR of noble metals such
as gold (Au), silver (Ag), and copper (Cu) cover most of
the visible and near infrared wavelength range;[19‘21] thus,
these metals are often used for fabricating SERS substrates.
Among these, Cu is not only the cheapest but also its SERS
spectrum intensity can remain constant in time when probing

e.[20-22] Therefore,

molecules are adsorbed onto the Cu surfac
we choose Cu as the metal material for our low-cost and high-
performance SERS substrates.

Conventional methods for fabricating SERS-active sub-

strates are based on the aggregation of colloidal nanoparti-
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cles, where these “hot spots” are random in quantity, dimen-
sion, and location.!'”! To avoid this drawback, several other
approaches have been proposed, such as self-assembly!>3]

24

and lithography techniques.>*l However, these substrates have

modest SERS sensitivities.!'” The three-dimensional nanos-

tructure arrays such as, silicon nanowire/nanopillar, ?°

I carbon
nanotube, %% and glass nanopillar,[?’! dramatically increase
the binding sites for probing molecules and the density of “hot

» 171 Despite these advantages, the process of fabricating

spots
these templates is usually complicated. Moreover, the rigorous
experimental conditions and expensive production costs also
limit the practical applications of these SERS technologies. [*%]
The natural dragonfly wing (DW) is an excellent substrate ma-
terial with an epicuticular layer composed of multi-column
nanopillars, providing more binding sites for the absorption
of probing molecules. Meanwhile, the surfaces of DWs are
super hydrophobic,?°! making trace detection possible.

Many methods can be adopted to fabricate Cu nanois-
lands to the DW template. Magnetron sputtering, a physical
deposition method with high speed, low temperature, and low

1301 Compared with tradi-

damage, was developed in the 1970s.
tional chemical deposition, the magnetron sputtering method
has many outstanding merits in improving the fabrication ef-
ficiency and increasing the performance of SERS substrates.
On the one hand, the Cu nanostructure obtained by magnetron

sputtering is very uniform and the Cu coatings have high ho-
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mogeneities and minimal impurities. 3!l On the other hand, the
adhesion of Cu to DWs is very strong and the properties of the
Cu are not affected. Meanwhile, it is easy to operate the mag-
netron sputtering apparatus and the parameters in the process
are controllable. 31733

In this paper, we deposited Cu nanoislands on natu-
ral DWs with magnetron sputtering to fabricate a low-cost,
environment-friendly, and suitable for large-scale production
SERS-active substrate.
distributions of Raman peaks of rhodamine 6G (R6G) are
well known as these have been thoroughly discussed in pre-
vious papers.**73¢! Therefore, R6G was chosen for the prob-
ing molecules to screen out the substrates with optimal per-

The vibrational characteristics and

formance. In addition, the 4-ATP was a bifunctional molecule
in which the -SH group was easily cleaved to form a metal-S
bond when absorbed onto a metal surface, and the protonated -
NH; group could absorb on the metal surface through the elec-
trostatic force.!3’! By controlling the experimental conditions,
it was possible for 4-ATP to form a single molecular layer on
the metal surface.[3”] Therefore, it was also selected as prob-
ing molecules to test the performance of our SERS substrates.
Based on the analysis of massive experiment data, when the
sputtering time of metal Cu was controlled at 50 min, the
SERS substrates (Cu/DW substrates) achieved the strongest
enhancement effect. Selecting random sets of experimental
data to test the activity of SERS-active substrates with differ-
ent concentrations of the 4-ATP solution, the value of detec-
tion limit (10~° M) to 4-ATP was obtained. Additionally, the
highest average EF reached 1.98 x 10* when the SERS sub-
strates were used to detect 10~# M 4-ATP.

2. Experimental
2.1. Materials and instruments

The DWs were purchased from Beijing Jiaying Grand
Life Sciences Co., Ltd. The Cu (99.99%) target material was
obtained from Nanchang Material Technology Co., Ltd. Both
R6G and 4-ATP were procured from J&K Scientific LTD.
Deionized water was acquired from Key Laboratory for Mi-
crostructural Material Physics of Hebei Province and was used
throughout the experiment. The microstructures of the Cu/DW
substrates and DWs were observed using a scanning electron
microscope (Hitachi-3400) and the SERS spectra were ob-
tained by a (inVia) Raman system. The DWs were decorated
by Cu nanoislands with a radio frequency (RF) magnetron
sputtering apparatus (DHRM-3).

2.2. Sample preparation

All the DWs were cleaned in acetone, ethanol, and deion-
ized water for 20 min to get rid of the stain, followed by nat-
ural drying. Before sputtering, the preprocessed substrates
were fixed on glass slides. Then the Cu nanoislands were de-
posited onto the DWs and the prepared SERS-active substrates

were stored in a vacuum chamber soon afterwards to avoid
surface oxidation. The procedure of forming different metal
nanostructures on templates by magnetron sputtering system
has the following steps. In the initial stage, atoms continu-
ally increase on the surface of the template forming groups.
Gradually, these atom groups grow into “nuclei”. After con-
stantly absorbing new atoms, they grow to become a number
of “islands”. The uniting of one “island” with another “island”
forms a network structure. Afterwards, the gaps on the net-
work structure are gradually filled by subsequent atoms and
thus the film is created. Figure 1 shows the top-view SEM
image of a part of the DW whose epicuticular layer was com-
posed of multi-column sloping pillars with average heights of
~200 nm. The approximate distance between the adjacent two
pillars was 180£30 nm, and the diameter of these round tops
was 804+20 nm. Based on the size parameters and the dis-
tribution of the pillars, as well as by controlling the sputter-
ing time, Cu nanoislands were formed on the surface of the
DW. Meanwhile, the Cu/DW substrates were fabricated and
the distribution information of the Cu nanoislands on the pil-
lars from Fig. 1, in which three types of “hot spots” were dis-
played. The adjacent Cu nanoislands on two neighboring pil-
lars could produce “hot spots” (I). Adjacent Cu nanoislands
on the same pillar could also form “hot spots™ (II). The reso-
nances of surface local plasma of Cu nanoislands themselves
could form “hot spots” (IIT). Among them, the “hot spots” be-
tween the two adjacent nanoislands at the top of the pillars
played a most important role in enhancing Raman intensities.
In the experiment, while considering a variety of factors, the
sputtering time of metal Cu was controlled at 30, 40, 50, 60,
and 70 min, and in the following discussion the corresponding
substrates are referred to as DW30, DW40, DW50, DW60,
and DW70, respectively. During the deposition process, the
sputtering rate was ~5 nm/min and the sputtering voltage was
controlled at 90 V, with a current of 170 mA. The vacuum
was 3.5 x 1073 Pa, and the experiment was performed at room
temperature.

@ dragonfly wing

Fig. 1. (color online) Process of decorating Cu on DW. Top-view SEM
image of a part of the DW shows that the surface of a DW is composed of
multi-column sloping pillars.
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2.3. SERS measurements

The surface information of the DWs with and without Cu
nanoislands was examined using a scanning microscope. To
screen out the optimal substrates from the prepared substrates
with different Cu sputtering times, 10> M R6G droplets
were added to these substrates and naturally evaporated. Af-
ter screening, a few optimal substrates were immersed in 4-
ATP ethanol solution with different concentrations for approx-
imately 24 hours and then rinsed with pure ethanol to remove
unbound 4-ATP. After that, the processed substrates were dried
with nitrogen to ensure that a complete single molecule layer
was formed on the surface of SERS substrate. Then, the activ-
ity of the optimal substrates could be tested. All of the Raman
signals were acquired at room temperature in the Raman sys-
tem with the 633 nm laser for excitation. By using the 633 nm
laser the fluorescent interference was reduced and damage to
the substrate avoided, enabling the preferred SERS enhance-
ment. The diameter of the light spot area was ~1 um and
the spectral resolution was 1 cm~!. In order to obtain reliable
results, all data were acquired by selecting 20 random mea-
surement results.

3. Results and discussion
3.1. Characterization

As in the SEM images (Fig. 2) of DWs with different Cu
surface morpha, the top of the nanopillars became more reg-
ular after the Cu nanoislands were sputtered on them. Fig-
ures 2(a)-2(d) show the top-views of DW30, DW40, DW50,
and DW70, with corresponding top diameters of the measured
decorated pillars of 160420 nm, 200420 nm, 240+20 nm,
and 280420 nm, respectively. Because most of the DWs
pillars were tilted, irregular in distribution, and even cross-
distributed, almost all of the Cu nanoislands used the top of the
pillars as base points to grow. As shown in Fig. 2(e), at the top
of the pillars, not only were the Cu nanoislands large in size
but also very regular in distribution, while the Cu nanoislands
at the lower end of the pillars were small in size with irregu-
lar distributions. This is why the “hot spots” between the two
neighboring nanoislands at the top of the pillars were the main
“hot spots”. For an increase in the sputtering time, the top
diameter of the decorated nanopillars increased and the dis-
tance between adjacent decorated nanopillars decreased. With
a large sputtering time of 70 min, the nanogaps were almost
filled with Cu, leading to a sharp decline of the “hot spot”
density between neighboring pillars. At the same time, the
enhancement also reduced dramatically.

3.2. SERS performances and EF calculation

The SERS spectra of R6G on different SERS-active sub-
strates (DW30, DW40, DW50, DW60, and DW70) were
shown in Fig. 3(a) with the change of the Cu sputtering time,

DWS50, and DW70, respectively. (e) Side-view SEM image of the DW50
substrate.

the intensities of SERS spectra changed significantly. It is
obvious from Fig. 3(b) that compared with other SERS sub-
strates, the DW50 substrate achieved the greatest enhance-
ment effect. The several Raman characteristic peaks of the
R6G molecules at 611, 772, and 1127 cm~! were associated
with C—C—C ring in-plane, out-to-plane bending, and C-H
in-plane bending vibrations, respectively. The other charac-
teristic peaks of 1190, 1360, 1509, 1572, and 1649 cm™!
were assigned to the stretching modes of aromatic C—C in-
plane.?838] The SERS spectrum of 107> M 4-ATP on the
DW50 substrate (A) and Raman spectrum of solid 4-ATP (B)
are shown in Fig. 3(c). Compared with the Raman spectrum
obtained in the solid, part of the Raman characteristic peaks
of the SERS spectrum obtained in the Cu/DW substrate had a
significant frequency shift. The Raman peak of 1087 cm™! in
Fig. 3(c) (B) was moved to 1080 cm~!in Fig. 3(c) (A), sim-
ilarly, 1593 cm~! was shifted to 1576 cm™'. These were the
results of the reaction between the Cu surface and -SH group in
the 4-ATP.13%! The shifted Raman characteristic peaks at 1005,
1080, 1191, 1474, and 1576 cm ™! correspond to the a; vibra-
tion mode, while the other characteristic peaks of 1149, 1309,
1380, and 1423 cm™! correspond to the b, vibration mode
as displayed in Table 1.14°) As shown in Fig. 3(d), the SERS
spectrum intensity changed with the variation of 4-ATP con-
centration (from 102 t0 107° M), maintaining obvious char-
acteristic peaks of 4-ATP even at the concentration of 107° M.
The fact that the Cu/DW substrate could reach such a detec-
tion limit was due to the super hydrophobicity of the surface of

Table 1. The vibration modes and relative standard deviation (RSD)
corresponding to the different Raman characteristic peaks of 4-ATP.

Position of Raman peaks/cm™" Vibration modes RSD
1005 a 8.27%
1080 ap 6.71%
1149 by 6.85%
1191 a; 6.19%
1309 by 6.06%
1380 by 7.72%
1423 by 7.08%
1474 aj 5.63%
1576 aj 5.92%
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the DWs to a certain extent.[*!l The Raman signal intensities
of 4-ATP at 25 randomly selected positions from 5 different
DWS50 substrates are shown in Fig. 3(e) which illustrates the
reproducibility of our SERS-active substrates. The point-by-
point SERS mapping using a randomly selected 5 x 5 um?
area with a step size of 1 um is shown in Fig. 3(f), in which
each brightness of the grid represents the intensity of the SERS
signal. The relatively uniform color distribution indicated that
the signal intensities of the testing area were more uniform,
further illustrating the homogeneity over the entire area of our
DW50 substrates. In addition, each relative standard deviation
(RSD) of the signal intensity of 107> M 4-ATP correspond-
ing to the different Raman characteristic peaks was calculated
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below 10% and exhibited in Table 1. These results show an ex-
cellent repeatability and uniformity for the DW50 substrates.
For calculating the SERS EF of the DWS50 substrate, we

used the following formula: !

EF = (Isurf/lbulk) X (Nbulk/Nsurf)7 (1)

where Iy, and Iy are the intensity of the Raman peak in
the SERS and Raman spectra, respectively. We choose the
peak centered at 1080 cm™! for the a; vibration mode. Ny
and Ny are the numbers of the 4-ATP molecules in the bulk
solid sample and surface of DW50 substrates, respectively.
The value of Iy (~ 1.15 x 10°) is obtained after 4-ATP

wn
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Fig. 3. (color online) (a) SERS spectra of 10~3 M R6G on different SERS substrates (DW30, DW40, DW50, DW60, and DW70). (b) A comparison of the
intensity of Raman characteristic peak in image (a) at 1649 cm~! between different SERS-active substrates. (c) SERS spectrum of 10™* M 4-ATP on the
DWS50 substrate (A) and Raman spectrum of solid 4-ATP (B). (d) SERS spectra of 4-ATP for different concentrations on the substrate of DW50. (e) SERS
spectra of 4-ATP at the concentration of 103 M on 25 randomly selected positions of the DW50 substrates. (f) SERS mapping (5x5 pum?, 1 um step size)

of the characteristic peak of 4-ATP at 1380 cm™! on the DW50 substrates.
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molecules form a monolayer on the DW50 substrate. The cor-
responding Iy, (calculated from the solid 4-ATP sample) is
~ 5.46 x 10*. Therefore, the ratio Lure/Touik 18 equal to ~2.11
(1.15 x 10° /5.46 x 10%). For the solid 4-ATP sample, Nyqix
can be determined by*"!

Nouik = VPNA /M, ()

where p (1.18 g/cm?®) and M (125.19 g/mol) represent the
density and molecular weight of 4-ATP, respectively, and N
(~ 6.022 x 10?®) is Avogadro’s number. V is the collection
volume of the solid sample monitor in which the diameter of
the illumination focus is about 1 wm and the penetration depth
of the 633 nm laser beam is ~ 10 pm in our Raman setup.
Therefore, the calculated values of V and Ny are ~ 7.85 pm?
and ~ 4.46 x 10'°, respectively. When we calculate Ny, the
4-ATP molecules adsorbed onto the surface of SERS substrate
are considered to be a single layer. In addition, the surface area
of one 4-ATP molecule is ~0.2 nm”.37! Considering the sur-
face morpha of the topmost Cu nanoislands on the substrates,
the illumination area is calculated as ~1.57 p.rnz. Therefore,
the obtained value of Ny is 7.85 x 10°. We obtain a ratio
Noulk/Nert of 5.68 x 10° (4.46 x 10'°/7.85 x 10°). According
to formula (1), the EF of the DW50 substrate is 1.98 x 10%.

3.3. 3D finite-different time-domain simulation

The 3D finite-different time-domain (3D-FDTD) simula-
tion is a well-known simulation method that can be used to
analyze the spatial distribution of local electric fields ampli-
fying the Raman signal on noble metal nanorough surfaces.
Figure 4(a) shows the structural model of the DW50 substrate,
where Cu nanoislands are decorated on the pillars and the cal-
culated planes are exhibited in Fig. 4(b). Moreover, the upper
diameter of every decorated pillar is 240 nm. A rectangular-
shaped continuous wave laser with a wavelength of 633 nm is
shot along the K direction toward the structure and the polar-
ization direction of the laser is in the E direction. Figures 4(c)
and 4(d) display the spatial distribution of the electric field
intensity for the x—y and x—z planes, respectively, defined in
Fig. 4(b). Clearly, the main‘“hot spots” (“hot spots” I) are gen-
erated between the adjacent Cu nanoislands at the top of the
pillars and “hot spots” II and III are modest in terms of the
electric field intensity. Meanwhile, we focused on the surface
morpha, structure and size of the Cu nanoislands decorated
on the SERS substrates in the simulation to emphatically re-
flect the EM enhancement effect.[*?! Furthermore, according
to the relationship of the Raman enhancement scales and local
field, 3] we get

GSERS ~ [Eloc(wexc)/Einc(wexc)}4~ (3)

The parameters Elo(@exc) and Ejpe(@exe) are E and
Ey in the FDTD calculation, respectively. In our simula-

tion, the maximum value of the calculated electric field is

~11.34 V.m~!. Therefore, the theoretical EF (1.65 x 10*) ob-
tained is close to our experimental value. Moreover, the sub-
strate structure is the main object of study in the simulation,
and the probing molecules are not considered.

(d)

Fig. 4. (color online) (a) The FDTD model of the DW50 substrate. (b)
The calculated planes. (c) and (d) Spatial distributions of the electric field
intensity for the x—y and x—z planes, respectively, defined in (b).

4. Conclusion

A low-cost, large-area, and environment-friendly SERS-
active substrate of Cu/DW with EF (1.98 x 10%) and detec-
tion limit (10°¢ M) for 4-ATP was fabricated by decorat-
ing Cu nanoislands on the natural DW. The high-density “hot
spots” between neighboring Cu nanoislands at the top of pil-
lars greatly improved the activity of our DW50 substrate, also
supported by the 3D-FDTD simulation. Cu was used in our
experiment, not only because it is the cheapest compared to
other noble metals, but its SERS intensity remained constant in
time when probing molecules were adsorbed onto the Cu sur-
face. Meanwhile, DWs is an environment-friendly biological
material which could be easily obtained from nature. There-
fore, the SERS-active substrate of Cu/DW has prominent ad-
vantages in being widely applied in the practical detection of
organic molecules.
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