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ABSTRACT: Ordered array of Au semishells on TiO,
spheres with controlled size are prepared by combining the
nanosphere self-assembly and atomic layer deposition (ALD).
This ordered 2-D structure with designed array of metal
nanogaps can be used as an ultrasensitive surface-enhanced
Raman scattering (SERS) substrate with high reproducibility
and stability. More importantly, the SERS substrates are
recyclable, as enabled by their self-cleaning function due to the
TiO, photocatalytic degradation of the target molecules. The
high SERS sensitivity and recyclability are demonstrated by the
detection of Rhodamine 6G (R6G) and brilliant cresyl blue
(BCB) molecules. As both the nanosphere lithography and
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ALD are scalable processes, such 2-D ordered substrates may find applications in chemical sensing.
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1. INTRODUCTION

As a powerful spectroscopic technique, surface-enhanced
Raman scattering (SERS) has attracted much attention in the
past decade due to its wide applications in various fields,
including analytical chemistry, life science, and medical
science.'~® For practical application, not only strong enhance-
ment factors but also good stability and reproducibility are
required for an efficient SERS substrate.”® Furthermore, to
make SERS as a general analytical tool, the fabrication of the
SERS substrates should become much cheaper and more easily
handled.

The local electromagnetic field enhancement induced by the
excitation of the surface plasmon (SP) of the noble metal
surface is the major mechanism for SERS.® While a metallic
nanostructure is illuminated, it can create SERS “hot spots”.” At
these “hot spots”, due to the efficient coupling of such a
plasmon-induced near field with vibration modes of either
molecules adsorbed or crystals attached, the Raman scattering
cross section of the adsorbents can be amplified by several
orders of magnitude.'”""®> The optical response of a metallic
nanoparticle is a sensitive function of its shape, size, and
surrounding environment of the nanoparticle.'*'> Various
metallic nanostructures have been fabricated for SERS,
including nanoparticles, nanorods, nanocubes, nanotriangles,
and core—shell nanoparticles."®™*° In particular, since the
report of the strong SERS enhancement from semiconductor
nanostructures recently,”’ more semiconductor—noble metal
nanocomposites were fabricated, such as TiO,/Ag, ZnO/Ag,
ZnO/Au, TiO,/Au, and Si/Ag composites,zz_28 which show
evident enhancement.
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Aside from the enhancement, the application of SERS as a
general analytical tool requires stability or reproducibility. Thus,
much efforts have been put in fabricating SERS substrates with
better controllability, among which the periodic arrays of
metallic nanoparticles is the most common type.*”>°
Particularly, the ordered metallic semishell array possesses
favorable features for SERS because of merits as follows: a
controllable interparticle distance, a precise control of the
symmetry-broken geometry, and uniform orientation of the
created nanoapertures.”’ ~>> The Ag semishell array fabricated
by the nanosphere lithography (NSL) has been reported with a
strong SERS enhancement and a high reproducibility.**
However, considering the stability, Au is much more
oxidation-resistant than Ag and thus holds an excellent
application for SERS.* Finally, most of the traditional metal-
based SERS substrates cannot be easily reused, which is a
serious drawback when considering the preciousness of
transition metals. Thus, in recent years, the research has been
focused on developing renewable SERS substrates.> ™’
However, the so-far reported reusable SERS substrates are
based on either random metal particles®*>* or particles
supported by disordered arrays.>®* It is more desirable to
fabricate recyclable SERS substrates based on a uniform “Au
semishell on TiO, structure arrays” in a large-scale ordering,
which allows better control in enhancement and reproduci-

bility.
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Here, we report a recyclable SERS-active substrate
comprising 2-D ordered arrays of Au semishells on TiO,
spheres fabricated using all-scalable techniques including
nanosphere monolayer self-assembly, atomic layer deposition,
and metal evaporation. The Raman enhancement originates
from the ordered gold nanogaps, and the recyclability stems
from the UV-photocatalytic degradation of the target molecules
by the exposed surfaces of the TiO, spheres (i.., self-cleaning).
The size of the nanogaps is controlled by the sphere size and
ALD thickness (not by gold film thickness which would
otherwise block the TiO, surface and weakens the self-cleaning
function). Sensitivity, reproducibility, and recyclability are
demonstrated by Raman detection of three typical molecules.

2. EXPERIMENTAL SECTION

2.1. Fabrication of Au Semishell on TiO, Sphere Array. The
fabrication process for the ordered array of Au semishell on hollow
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Figure 1. Schematics of the fabrication process of the Au semishell on
TiO, nanosphere array: (a) deposition of the monolayer PS sphere;
(b) shrink of the PS sphere by using RIE; (c) deposition of TiO, by
ALD and thermal annealing; (d) evaporation of Au on the hollow
TiO, sphere array.

TiO, sphere is illustrated in Figure 1. First, an ordered monolayer of
polystyrene (PS) nanospheres (purchased from Polysciences, Inc.) was
deposited on a glass substrate using the Langmuir—Blodgett technique
as described in the literature.*>*" The concentration of the PS is 2.61%
(w/w), and the size distribution of the PS is 465 + 10 nm. Second, the
as-deposited PS monolayers were etched to a reduced size with a
proper interparticle distance using a March PX-250 plasma etching
system. A pressure of 70 mtorr, a RF power of 100 W, an O, flow rate
of S0 sccm (cubic cm per min), and an etching time of 300 s were
applied for the reactive ion etching (RIE). After RIE, about 20 nm of
TiO, were coated on the PS mask by ALD. The ALD was performed
on a Beneq TFS-200 system using TiCl, and deionized water as the Ti
and oxygen precursor, respectively.*” High purity N, was the process
gas in our experiment. During the deposition, the reaction chamber
was maintained at 1.0 mbar with a steady N, steam at 200 sccm. Each
ALD cycle consisted of a 250 ms precursor pulse and 2 s purging time
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with N,. The deposition temperature was chosen as 80 °C to avoid
damage of the PS spheres.*> The growth rate is about 0.06 nm pre
cycle, which is inconsistent with the previous report. Subsequently, the
substrates were annealed in air ambient at 450 °C to remove the PS
sphere and at the meantime to crystallize the TiO, layer. Finally, a ~30
nm thick Au layer was deposited on the hollow TiO, array by an
Edward electron-beam evaporation system.

2.2. SERS Experiments and Self-Cleaning Cycles. The ordered
arrays of Au semishell on hollow TiO, sphere were used as SERS-
active substrates. The substrates were immersed in the prepared target
molecular solutions for 30 min and then washed with deionized water
and dried by N, flow before SERS measurement. We used the
Rhodamine 6G (R6G) and brilliant cresyl blue (BCB) as the probe
molecules. After samples were studied for SERS with a 785 nm
excitation laser, they were immersed in deionized water and irradiated
with a4 W UV lamp (peak wavelength: 254 nm) at room temperature
for a certain time (typically 1.5 h for BCB and 2 h for R6G; note that
the irradiation time could be shortened by using a higher power UV
light source). Then the sample was rinsed with deionized water several
times to remove the residual ions and molecules and dried with N,
flow. For recyclability characterization, the “detection—cleaning”
process was repeated five times for each sample.

2.3. Characterizations. The morphology of the ordered arrays of
Au semishell on hollow TiO, sphere was characterized by a JEOL
JSM-6700F field emission scanning electron microscope (FE-SEM).
The UV—vis absorption spectra were taken on a microspectropho-
tometer (Craic 2000). The Raman spectra were collected at room
temperature from a Renishaw invia Raman system. A 785 nm laser was
used as the excitation source, and the scattered light from the sample
was collected in the back scattering geometry. A S0X objective lens
was used to focus the laser beam. In all SER measurements, the laser
power was fixed to 25 mW, 0.5%, and integration time was 10 s.

3. RESULTS AND DISCUSSION

The fabrication process of the ordered array of Au—TiO,
composite sphere SERS substrates mainly involves three main
steps (see Figure 1). First, a large-area ordered monolayer of
polystyrene (PS) nanosphere was deposited on glass substrate.
Second, the PS sphere size was reduced by oxygen plasma in
order to create enough separation between the spheres for the
subsequent ALD and metal deposition. The size of the PS can
be controlled by ad‘{'usting the RIE etching time when other
conditions are fixed.*> Then a TiO, layer was coated on the PS
sphere surfaces by ALD. ALD is a cyclic self-limiting deposition
method, which is capable of conformal and uniform coating of
thin films at the atomic level on high-aspect-ratio templates.**
The thickness of the TiO, is precisely controlled by the ALD
cycles. In our experiment, we used 340 cycles to deposit about
20 nm thick TiO, film.*® After ALD, the substrates were
annealed at 450 °C for one h at ambient condition to remove
the PS. As both the RIE and ALD are controllable processes,
the size of the hollow TiO, spheres, sphere thickness, and the
interparticle distance can be controlled.*® Finally, about 30 nm
of Au film was deposited on the substrate by e-beam
evaporator.

Figure 2a shows the SEM image of the etched PS sphere with
the initial size 465 nm. After etching, the diameter of PS
spheres is reduced to uniform 420 nm. At the same time, the
interparticle distance is about 80 nm. Figure 2b shows the
hollow TiO, sphere array after ALD and thermal annealing,
The hexagonal close-packed monolayer hollow TiO, spheres
have a uniform size of about 440 nm. This demonstrates that a
combination of nanosphere patterning, RIE, and ALD provides
a useful and powerful technique for preparing uniform micro/
nano patterns with controlled particle size and tunable
interparticle distance. Parts ¢ and d of Figure 2 show the
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Figure 2. SEM images: (a) PS sphere after the RIE etching; (b)
hollow TiO, sphere array after ALD and thermal annealing; (c) Au
semishell on TiO, hollow sphere array obtained by evaporation; (d)
tilted image of the structure in (c). The insets show the corresponding
larger-magnification SEM images.

SEM image and the 20° tilted SEM image of the ordered array
of Au semishells on hollow TiO, spheres. The Au films were 30
nm in thickness and homogeneous. After evaporation, both of
the interspaces between hollow TiO, spheres and the top
surface of the hollow TiO, sphere were covered with Au. As the
diameter of the etched PS sphere is identical, the size of the Au
semishell is the same (~500 nm) and the interparticle distance
is about 20 nm as indicated by the red maker in Figure 2c.
Figure 3a shows the Raman spectrum of the initial ordered
array of Au semishells on hollow TiO, spheres substrates. The
Raman peaks can be assigned as the E, (143 ecm™), Agg (395
em™), or By, (515 cm™') and E, (638 cm™') modes of the
anatase TiO, phase, respectively.*” Except for the Raman peak
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Figure 3. (a) Raman spectrum and (b) UV—vis absorption spectra of
the initial Au semishell on TiO, hollow sphere array substrates.

at 143 cm™, all the other peaks are quite low, which means we
have a clear background for SERS application.

UV—vis absorption spectra of the ordered array of hollow
TiO, spheres array before and after Au deposition are shown in
Figure 3b. The absorption edge at 380 nm observed for both of
the substrates corresponds to the bulk value (3.2 eV) of the
TiO, band gap. Before Au deposition, two main broad peaks
were observed at ~440 and ~560 nm, which are believed to
originate from the hexagonal close packing of the spheres.****
There is no absorption peak in the range beyond 600 nm. After
Au deposition, the two peaks in the range of 400—600 nm blue-
shifted slightly. That may be due to the change of the particles
size and surrounding materials.*’ A new broad plasmon band,
centered at ~730 nm, appeared, corresponding to the
transverse plasmon mode of the Au semishell on the hollow
TiO, sphere. It is known that for a single semishell, different
orientations of electric field generated different plasmon modes,
known as the axial mode and the transverse mode.*****" The
energy of the transverse mode is usually lower than axial mode.
Because of the overlapping, we cannot observe the axial mode,
whereas the transverse mode resonance peak appears clearly at
~730 nm.

The ordered arrays of Au semishells on hollow TiO, spheres
are used as substrates for the Raman detection of different
molecular species. Figure 4 shows the SERS spectra of BCB
absorbed on the substrates, with the concentration ranging
from 107° down to 10~ M. Evident Raman detection was
obtained from concentration from 107 M and above. A
renewable substrate can be obtained for further detection after
it fully cleans itself by TiO, photocatalytic degradation of the
target molecules adsorbing on the substrates. For BCB and
R6G molecules, their photocatalytic degradation in presence of
TiO, has been studied by Baran et al.>* The typical self-cleaning
process is as follows: after Raman measurement, the substrates
were immersed in deionized water with UV light for a certain
time and then the sample was rinsed with deionized water to
remove the residual ions and molecules and dried with N, flow.
Figure 4b shows the Raman spectra of BCB adsorbed on the
substrate before and after cleaning. After 45 min of UV
irradiation, the BCB signal was very weak and it completely
vanished after 90 min of UV irradiation. The signal was fully
recovered after subsequent soaking of the substrates into the
BCB solution, indicating that the substrates preserved their
functionality. Figure Sa shows that the result is well reproduced
after repeating the “detection—cleaning” procedure five times.
In addition to BCB, other types of molecules can be detected
repeatedly by the same substrate, for example, the R6G, as
shown in Figure Sb. Remarkably, the characteristic vibration
patterns can be clearly identified when the analyte is present
but are completely eliminated after UV irradiation and washing.
These results further demonstrate the general reversibility of
such ordered array of Au—TiO, spheres for the detection of a
variety of organic molecules.

To numerically estimate the electromagnetic field distribu-
tion in the structure, a 3D finite-difference time-domain
(FDTD) simulation is carried out on a commercial software
package (Lumerical FDTD Solution 7.1, Inc.,, Canada). The
model of the structure is shown in Figure 4a, where the particle
size is 500 nm and the interparticle distance is 20 nm. The grid
was set to a 4.0 nm cubic in our calculation. The Au dielectric
constant we used is from Johnson and Christy, and for the
TiO,, the constant we used is from Palik. As our substrate was
an ordered array, a periodic boundary condition was used in the
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Figure 4. SERS spectra of BCB solutions at different concentrations. From top to bottom: 1075, 107, 1075, 107 M. (b) Raman spectra of BCB
solution (1 X 1077 M) adsorbed on the Au semishell on hollow TiO, sphere array before and after UV cleaning using 4 W UV lamp.
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Figure 5. Raman spectra of five adsorption/UV cleaning cycles of (a) BCB 1077 M and (b) R6G 107® M, respectively. Each cycle consists of
adsorption of the target solution followed by UV irradiation. The graph shows the Raman spectra before and after cleaning.

simulation. A 785 nm sinusoidal plane electromagnetic wave
with normal incident from the two is chosen in our simulation,
as shown in Figure 6a. The simulation results show that the
semishells array generates the localized plasmons and
substantial electromagnetic field enhancement in the gaps
between the semishells, as shown in Figure 6b,c. These gaps are
vital hot spots for SERS.
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[o—— g (E/E )2

Figure 6. 3D-FDTD simulation of a unit cell of the Au semishell arrays
excited at 785 nm: (a) the simulation model; (b) top view of the
simulation results; (c) side view of the simulation results. Significant
electromagnetic field enhancement is seen in the gaps.
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The sensitivity of a SERS substrate is characterized by the
enhancement factor (EF). EF is defined by comparing the
intensity of the SERS signal with that of the non-SERS signal®®

EF = (Isggs/Nsgrs) / (Io/No) (1)

where Nggpg and N, are the numbers of probe molecules
contributing to the SERS signal and non-SERS signal,
respectively, and Iz and I, are the intensities of the selected
scattering bands in the SERS and non-SERS spectra,
respectively (Figure S). The probed molecules are assumed
to distribute on the substrates uniformly. Because the
specimens for SERS and non-SERS detection are prepared in
the same way except for only the substrate (single crystal Au
foil for non-SERS), the number of the detected molecule can be
estimated by

N= (NAM‘/solution/Ssub)Slaser (2)

where N, is Avogadro constant, M is the molar concentration
of the solution, Vi on is the volume of the droplet, S, is the
size of the substrate, and S, is the size of the laser spot. To
prepare the SERS sample, 2 uL of 107 M R6G solution was
dropped on the Au semishells on TiO, spheres ordered array
substrate with a diameter about 4 mm. For the reference, 2 uL
of 107> M R6G solution was also dropped on a single crystal
gold foil for the non-SERS measurements with the diameter
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Figure 7. (a) SERS spectra of R6G adsorbed on the ordered Au semishells (blue) on hollow TiO, spheres substrate and the single crystal gold foil
(red) (excited at 785 nm). (b) SERS spectra of R6G on Au semishell on hollow TiO, sphere array substrate from 20 randomly selected places.

about 4 mm. Results of the comparison measurement are
shown in Figure 7a, from which and by combining eqs 1 and 2
the average EF of ordered array of Au semishells on TiO,
spheres was estimated to be 1.4 X 10° which is comparable
with the Ag semishells arrays.** The characteristic band at 1360
cm™! was chosen for the EF estimation.

In addition to the high sensitivity, the reproducibility of
SERS signal is also an important parameter. Usually, nano-
particle aggregates could produce large enhancement, but the
signal reproducibility is poor due to the random field
distribution.>* It is expected that the uniform nanostructure,
and hence the uniform spatial distribution of the electric field,
of an ordered array endow this substrate with improved
reproducibility. To test the reproducibility of our sample, SERS
spectra of R6G molecules with a concentration of 107° M from
20 random-selected places on the ordered array of Au
semishells on hollow TiO, spheres substrate were collected
under identical experimental conditions. Figure 7b shows the
SERS spectra. For the strongest peak at 1360 cm™), the relative
standard deviation (RSD) of the SERS intensity is about 12%.
This low RSD indicates that the structure and surface property
of our substrate is rather uniform.

B CONCLUSIONS

A facile and new strategy for the creation of recyclable SERS-
active substrates has been presented based on the ordered array
of Au semishells on hollow TiO, spheres. The whole structure
is fabricated by nanosphere monolayer assembly, ALD, and
metal evaporation; all are scalable techniques with good
control. Raman measurements reveal that the ordered array
of Au—TiO, composite can indeed be a high-performance
SERS platform which is highly sensitive (due to nanogaps
between the Au semishells), stable, reproducible (uniform
arrays), and recyclable (self-cleaning enabled by the UV
photocatalytic characteristics of TiO,). The unique recyclable
capability provides a new opportunity in eliminating the single-
use problem of traditional SERS substrates and creates
promising applications as a functional component in surface-
enhanced spectroscopy and quantitative analysis.
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