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Close-packed Ag pyramidal arrays have been fabricated by using inverted
pyramidal pits on Si as a template and used to generate plentiful and homogeneous

surface-enhanced Raman scattering (SERS) hot sites. The sharp nanotip and the
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four edges of the Ag pyramid result in strong electromagnetic field enhancement
with an average enhancement factor (EF) of 2.84 x 10”. Moreover, the features
of the close-packed Ag pyramidal array can be well controlled, which allows

SERS substrates with good reproducibility to be obtained. The relative standard
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deviation (RSD) was lower than 8.78% both across a single substrate and different

1 Introduction

Surface-enhanced Raman scattering (SERS) spectros-
copy has been intensively explored as a powerful
and extremely sensitive analytical technique with
applications in biochemistry, chemical production,
and environmental monitoring, encouraged by the
development of cheaper lasers and spectrometer
systems [1, 2]. Since the substrates play a very important
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role in SERS measurements, various substrates have
been proposed for conducting SERS, which mainly
include nanoparticle colloids [3, 4], metallic rough
surfaces [5, 6], and periodic nanostructures [7, 8].
The first two categories rely on fundamentally
random formations, and have intrinsically limited
reproducibility [9]. Although SERS effects with giant
enhancement factors (EF) of up to 10'”-10" have been
demonstrated for analyte molecules located at so-called
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“hot spots”, the fabrication of SERS substrates with a
stable, uniform, and high average EF over relatively
large areas remains a great challenge [2, 10].

Most of the traditional and commonly-used SERS
substrate architectures solely rely on the local electric
field enhancement from the small gaps (between two
metallic nanostructures) of either roughened metallic
surfaces [11-13] or metallic nanoparticles randomly
deposited on a surface [14-17]. However, in addition to
the small gaps, the sharp corners of the triangular metal
nanoparticles prepared by nanosphere lithography
also show strong SERS enhancement [18]. Additionally,
conical structures with sharp tips have been widely
used as highly efficient field emission or field enhan-
cement devices for SERS applications [19, 20].

In general, an ideal SERS substrate should have
uniform and plentiful electromagnetic hot sites to
enhance the SERS intensities and minimize the
deviations [21-25]. So far, few methods have been
developed for achieving such kinds of substrates. In
this work, we demonstrate a new method to create
SERS substrates with plentiful homogeneous hot sites
by fabricating Ag pyramidal arrays.

2 Experimental
2.1 Materials

Solvents and chemicals of reagent quality were used
without further purification. N-octadecyltrimethoxysilane
(OTS, 90+% purity) and heptadecafluoro-1,1,2,2-
tetrahydrodecyl-triethoxysilane were purchased from
Sigma Aldrich. Analytical reagent grade ethanol,
acetone, propanol and KOH were purchased from
Beijing Chemical Works. The monodisperse polystyrene
(PS) spheres with less than 5% diameter variation were
also obtained from Sigma Aldrich. One-side polished
n-type (100) oriented Si wafers with a resistivity of
0.008-0.02 Q-cm were purchased from GRINM
Semiconductor Materials Co. Ltd. Beijing, China.

2.2 Preparation of inverted pyramidal pits

The Si substrates were sonicated in acetone, ethanol,
and deionized water for 5 min to remove organic
contaminants. The monolayer of PS spheres was
prepared as described elsewhere [26, 27]. The substrates
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covered with a PS monolayer were heated at 100 °C
for 5 min. Then the reactive ion etching (RIE) process
was conducted to reduce the size of the PS nanospheres
by using a Plasmalab 80 Plus (ICP65) system (Oxford
Instruments Co., UK). The etching time for 550 nm
spheres was 6 min at a RF power of 30 W, a pressure of
30 mTorr and O, flow rate of 20 sccm (standard cubic
centimeters per min). Then, an OTS self-assembled
monolayer (SAM) was grown on the PS sphere-
templated substrate by vapor phase deposition in a
vacuum glass desiccator for 6 h at 60 “C. Subsequently,
the Si wafers were ultrasonicated in ethanol to remove
the PS spheres. A plastic beaker with a magnetic
stirrer was used as an etching bath; a hot plate with
temperature control probe was used for the bath
heating. The chemical etching was carried out by
immersing the Si slices in KOH solution under stirring.
The size of the pyramidal pits arrays produced was
controlled by adjusting the etching duration. Then the
sample was rinsed with deionized water to remove
KOH.

2.3 Preparation of Ag pyramidal arrays

The fabricated inverted pyramidal Si pits were
fluorinated with fluoroalkylsilane (heptadecafluoro-
1,1,2,2-tetrahydrodecyl-triethoxysilane) to achieve low
surface energy [28]. Then, 400 nm thick silver was
thermally evaporated on the fluorinated Si template
at a rate of 2.5 nm/min under a pressure of 5 x 10 Pa.
The Ag layer with pyramidal arrays can be peeled off
the wafer surface with sticky tape.

2.4 Characterization

Scanning electron microscope (SEM) images were
taken using an environmental scanning electron
microscope (ESEM, Model XL 30 ESEM FEG from
Micro FEI Philips). The samples were sputtered with
a thin layer of Pt (2 nm in thickness) prior to imaging.
UV-visible spectra were recorded on a UV-visible
spectrometer (Shimadzu UV3600, Shimadzu, Japan).
For the SERS detection, the samples were placed in an
ethanol solution of benzenethiol for 30 min. Then the
samples were rinsed with ethanol for several minutes
and dried with nitrogen to remove the unreacted
benzenethiol and solvent. An optical fiber portable
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Raman spectrometer (B&W Tek Inc.) in backscattering
mode was used. The laser line was 532 nm, and the
integrating time was varied to avoid over-range.
Atomic force microscopy (AFM) was used for the
characterization of topography under ambient con-
ditions at room temperature. The AFM instrument
(Digital Instruments, Santa Barbara, CA) was operated
in tapping mode using silicon nitride cantilevers
(Nanosensors, Digital Instruments) with frequencies
of 250-350 kHz.

3 Results and discussion

The schematic outline of the fabrication procedure is
shown in Fig. 1. First, a monolayer of PS nanospheres
was deposited on the Si substrate. Second, the oxygen
RIE process was performed to reduce the size of the PS
nanospheres according to the application requirement.
The 550 nm PS nanospheres were reduced to about
160 nm after etching for 6 min. This process also
resulted in the hydroxylation of the Si surface
facilitating the growth of the OTS SAM in next step.
The OTS SAM was assembled on the PS nanosphere
monolayer-masked substrate by vapor phase
deposition in a vacuum glass desiccator for 6 h. After
organosilane treatment, the Si wafer was ultrasonicated
in ethanol to remove the PS nanospheres. The AFM
image (Fig. S1 in the Electronic Supplementary Material
(ESM)) reveals that an OTS SAM having a periodic
pattern with hexagonal geometry at the sub-wavelength
scale (~160 nm * 5 nm) was formed. The arrangement
and density of the pattern were the same as that of
original PS sphere monolayer. Next, an inverted
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Figure 1 Schematic illustration of the fabrication procedure.

pyramid Si pits array was created by etching the sample
with the KOH solution at a certain temperature under
stirring. The size of the pyramidal pits was controlled
by varying the etching duration. The sample was
rinsed with deionized water to remove residual KOH
solution. Finally, the Ag pyramidal arrays were created
by thermal evaporation utilizing the pyramidal pits
array as a template and peeling off with sticky tape.
Figure 2 shows the progression of the inverted
pyramidal Si pits array generated with KOH chemical
etching. The Si wafers covered with the OTS SAM
pattern were etched in a freshly prepared solution of
KOH with pH of 11 at 38 °C under stirring. Obviously,
the patterns of the masks were accurately transferred
onto Si substrate because the periodicity of pyramidal
pits is consistent with that of the PS spheres array.
The size (basal length) of the pyramidal pits can be
controlled by varying the etching duration. The basal
lengths were about 160, 186, 214, 266, 315 and 360 nm
with etching times of 2, 4, 6, 8, 10 and 12 h, respectively.
After etching for 30 min, small pits appeared in the
area without the OTS SAM (Fig. S2 in the ESM). The
area without the OTS SAM can be selectively etched
because its wettability is higher than the area covered
by the OTS SAM [29]. The dependence of the basal
length of the inverted pyramidal Si pits on the etching
time is shown in Fig. 53 in the ESM. It can be observed
that the size of the structure created with etching for 2 h
(~160 nm) was approximately the same as the size of
the SAM mask (~160 nm + 5 nm), and it showed little

Figure 2 SEM images of the inverted pyramidal Si pits fabricated
with different etching times: (a) 2, (b) 4, (c) 6, (d) 8, (e) 10, and
(f) 12 h.
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iridescence under white light illumination. The etched
structure (186 nm) after KOH etching for 4 h also
consisted of nanohole arrays without pyramidal pits,
as shown in Fig. 2(b). This indicates that the KOH
etching reaction started from the blank Si region
while its locations were distributed randomly. However,
after KOH etching for 6 h, the inverted pyramidal Si
pits were quite clearly seen (Fig. 2(c)). With further
etching, the basal length of pyramidal pits reached
~360 nm after 12 h (Fig. 2(f)), and they exhibited strong
iridescence under white light illumination. The SEM
images shown in Figs. 2(c)-2(f) reveal that the sidewalls
of pits are very smooth and the anisotropic angle is
54.7°, which is the characteristic KOH etching angle
of 5i(100). This can be explained in terms of the large
difference in the etching rate between the Si<100>
and Si<111> surfaces. Due to the different densities of
Si atoms on Si<100> and Si<111>, the OH™ etching rate
of Si<111> is about 30 times slower than the etching
rate of Si<100> [30].

The Ag pyramidal arrays were fabricated by thermal
evaporation utilizing the inverted pyramidal Si pits
array as a template. The inverted pyramidal Si pits
arrays were first fluorinated to reduce the metal
adhesion and facilitate peeling of the metal film.
Then 400 nm thick Ag was thermally evaporated on
the fluorinated Si template at a rate of 2.5 nm/min
under a pressure of 5x 10 Pa. The Ag layer with
pyramidal array was finally peeled off using sticky
tape. Figures 3(a)-3(f) show the tilted-view (45°) SEM
images of the Ag pyramidal arrays, which correspond
to the inverted pyramidal Si pits templates in
Figs. 2(a)-2(f). The basal lengths of the Ag pyramids
are about 157, 168, 224, 251, 294 and 348 nm in
Figs. 3(a)-3(f), respectively, which mostly match the
sizes of the inverted pyramidal Si pit templates. As
shown in Figs. 3(a) and 3(b), the replicated Ag arrays
exhibit non-pyramidal shape without sharp nanotips,
sharp edges or square bases. This is consistent with
Figs. 2(a) and 2(b). In contrast, Ag pyramidal arrays
with sharp nanotips, sharp edges and square bases
were created by using the inverted pyramidal Si pits
as templates after etching for 6, 8, 10 and 12 h. It can
be observed that the nanotips and four edges of the
Ag pyramid became sharper with increasing etching
duration. At the same time, the distance between

neighboring Ag pyramids decreased, while the heights
of the Ag pyramids increased. The reflection spectra
corresponding to the arrays shown in Figs. 3(a)-3(f)
are shown in Fig. S4 in the ESM. The sharp nanotips
and edges, as well as the decreasing distance between
the Ag pyramids should increase the intensities of
the SERS signals.

To evaluate the Raman-enhancing capability of the
Ag pyramidal arrays, an ethanol solution (10 M) of
benzenethiol was applied to the substrates by dipping
the samples in benzenethiol solution for 30 min. In
Fig. 4, the Raman spectra from bottom to top corres-
pond to the samples presented in Figs. 3(a)-3(f). The
peaks observed for the different sized Ag pyramidal
arrays can be assigned according to the literature
[31-34]. The peak at 1,469 cm™ is evidence of the
formation of Ag-S bonds. The peak at 1,570 cm™ comes
from the C-C stretching, whereas the peaks at
1,066 cm™, 1,017 cm™ and 996 cm™ can be assigned to
the in-plane phenyl ring stretching band, the in-plane
ring deformation, and the in-plane ring deformation
mode coupled to the S-H bending mode, respectively.
The peaks at 684 cm™ and 413 cm™ are ascribed to the
C-H out-of-plane deformation and C-S stretching.
The absence of a peak at 917 cm™ indicates that
benzenethiol was chemisorbed onto Ag by rupturing
the S-H bond, while the presence of both in-plane
and out-of-plane vibration modes indicates that the
chemisorbed benzenethiol has a tilted orientation
on the Ag surface. The Raman intensities increase
significantly when the Ag pyramidal arrays have

Figure 3 Tilted-view (45°) SEM images of the Ag pyramidal
arrays replicated from the Si templates (templates (a)—(f) in Fig. 2).
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Figure 4 SERS spectral comparison of 10™*M benzenethiol

adsorbed on the Ag pyramidal arrays with different sizes (samples
(a)—(f) in Fig. 3). The integration time is 1 s.

sharp nanotips and sharp edges, and when the distance
between the neighboring Ag pyramids is reduced.
Therefore, in order to obtain close-packed Ag
pyramidal arrays with sharp nanotips and sharp edges,
the corresponding reverse close-packed Si inverted
pyramidal pits array should be fabricated.

As shown in Fig. 5(a), such inverted pyramidal Si
pit arrays were formed after KOH etching (pH =13)
for 10 min at 50 °C, in which the inverted pyramidal
pits are in a close-packed arrangement, similar to the
PS monolayer. The etching duration was reduced by
increasing the concentration and temperature of the
KOH solution. The magnified SEM image shown as
an inset in Fig. 5(a) reveals that the surface on the top
is rougher due to the vigorous KOH etching, which
may also result in stronger Raman intensities. The
close-packed Ag pyramidal arrays are shown in
Fig. 5(b). The stem diameter is around 520 nm, and
the radius of curvature of Ag pyramids is less than
5 nm [35]. The UV-visible spectrum and simulation of
the close-packed Ag pyramids are shown in Fig. 5(c).
The main absorption peaks are observed at ~527 and
~624 nm, and should originate from the periodic
hexagonal close-packing arrangement. The result is
consistent with the spectrum simulated by the
rigorous coupled-wave analysis (RCWA) method. To
study the electromagnetic field distribution in the Ag
pyramidal array, a 3D finite-difference time-domain
(FDTD) simulation was carried out using a commercial

software package (Lumerical FDTD Solution 7.1, Inc.,
Canada). The model and simulation results are shown
in Fig. 5(d), where the basal length and the period of
the Ag pyramids is 520 nm and 550 nm, respectively.
The grid was set as a 6.0 nm cube in the calculations.
The Ag dielectric constant is from Johnson and
Christy [36]. A periodic boundary condition was used
in the simulation because the array is ordered. A
532 nm sinusoidal plane electromagnetic wave with
normal incident was chosen in the simulations. The
calculations indicate that localized plasmons and
substantial electromagnetic field enhancement are
generated on the nanotips and the edges/sides. It
has been reported that a very small percentage of
molecules (0.0063%) in the hottest spots contribute
24% to the overall SERS intensity [37], and thus the
close-packed Ag pyramidal array should give stronger
intensities in SERS measurements. To evaluate the
enhancement ability of the close-packed Ag pyramidal
array, the enhancement factor (EF) was calculated by
comparing the signal intensities in SERS and normal
Raman spectra. According to a previous report [38],
the EF can be calculated following the formula EF =
(Isers/Irer)*(Nrer /Nsers), where Nsgrs and Nggr are the
numbers of benzenethiol molecules contributing to the
SERS signal and the normal Raman signal, respectively,
and Igprs and Iggp are the intensities of the selected

Experiment
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=700-300 100500
X (nm)

L% T

Figure 5 SEM images of the close-packed inverted pyramidal Si
pits (a) and Ag pyramidal array (b); the inset images in (a) and (b)
are the corresponding magnified SEM images. The measured and
simulated reflection spectra (c) and the 3D-FDTD simulation (d) of
the close-packed Ag pyramidal array.
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scattering bands in the SERS and normal Raman
spectra, respectively. Figure 6 shows the SERS spectra
of benzenethiol molecules with concentration of 10
and 10® M adsorbed on the Ag pyramidal arrays, and
the normal Raman spectra of benzenethiol aqueous
solution (10 M, 10 puL) on the blank Si substrate and
102 M (10 puL) ethanol solution on the flat Ag substrate.
Evident Raman signals with little background noise
are obtained on the Ag pyramidal array with
concentrations of 10®*M and above. Without SERS
originating from Ag pyramids, no distinguishable
peak was observed for 1 mM benzenethiol on the flat
Ag substrate (data not shown) and relatively weak
peaks were found for 10 mM benzenethiol on the
flat Ag substrate. According to the Ref.[39], the
molecular packing density for benzenethiol on Ag is
0.554 nmol/cm?, assuming that benzenethiol is adsorbed
on the substrate as a homogeneous monolayer, and
the average area occupied by each benzenethiol
molecule is estimated to be 30.6 nm? The effective
focused depth and the diameter of the laser spot are
21 um and 1 pm respectively according to the optical
configuration and the microscope with a 514.5 nm
laser. Nggrs is calculated to be 0.257 x 10°. The reference
used for non-SERS measurements is 10 M benzenethiol

1——10"° M (SERS)
1 ——10"8 M (SERS)
1 — 10 M (Solution)
{=——102 M (Flat Ag)

Raman intensity (X10% a.u.)

300 660 9(I]O 12l00 1 5'00 1800
Wavenumber (cm™')

Figure 6 SERS spectra of benzenethiol molecules with con-

centration of 107 and 10~ M adsorbed on the Ag pyramidal arrays,

the normal Raman spectra of benzenethiol aqueous solution (10 M,

10 pL) on the blank Si substrate and 10°M (10 uL) ethanol

solution on the flat Ag substrate, respectively. The integration time

is 5 s for the SERS and solution measurements, and 30 s for the
flat Ag substrate.
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=
-
%
Z
(]
(=)
[
-
IS

aqueous solution, contributing about 1.0 x 10*! benze-
nethiol molecules. Based on the intensities of peaks at
1,570, 1,066 and 413 cm™, the average EF factors are
2.48 x 107, 2.84 x 10”7 and 1.90 x 107 respectively. These
results should be attributed to the large electromagnetic
field enhancement on the sharp nanotip and the four
sharp edges, as well as the surface plasma progression
on the Ag pyramidal array (consisting of the Ag
pyramids and the underlying Ag layer).

A good SERS substrate exhibits not only high
enhancement ability but also good reproducibility. To
evaluate the reproducibility of the Ag pyramidal
arrays, the three Ag pyramidal arrays shown in Fig. 5
were fabricated with the same Si template successively.
The SERS spectra of benzenethiol molecules with a
concentration of 10 M on these three Ag pyramidal
arrays are shown in Figs. 7(a)-7(c). To investigate the
homogeneity of each substrate, SERS spectra were
collected on 20 randomly selected points on each
substrate. The results indicate that the Ag pyramidal
arrays possess excellent homogeneity in SERS per-
formance. In order to examine the reproducibility of
the three different batches in SERS measurements, a
comparison of the SERS spectra is shown in Fig. 7(d).
It can be observed that the reproducibility of the
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Figure 7 SERS spectra of benzenethiol molecules with a con-
centration of 10°® M adsorbed on three different batches ((a)—(c))
of Ag pyramidal arrays at 20 randomly selected points. Panel d
shows the SERS spectra from these Ag pyramidal arrays. The
integration time is 5 s.
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different batches of Ag pyramidal arrays is good.
To further investigate the reproducibility of the Ag
pyramidal arrays, three peaks at 413, 996 and 1,570 cm™
were chosen to calculate the relative standard deviation
(RSD) of Raman intensities from spot-to-spot, and
sample-to-sample, and the results are shown in detail
in Table S1 in the ESM. The values of RSD for all the
samples are lower than 8.78%, which confirms that the
reproducibility is good.

4 Conclusions

A new method for fabricating highly effective and

reproducible SERS substrates has been demonstrated.

With this method, Ag pyramidal arrays were created
and used for SERS measurements. The close-packed Ag
pyramidal arrays exhibit excellent Raman enhancement
performance with an EF value of 2.84 x 10". A 3D-FDTD
simulation reveals that the Ag pyramid produces a
large electromagnetic field enhancement around the
nanotip and the four edges/sides. Moreover, the Ag
pyramidal array can be created consistently, eliminating
structural variations caused by the process fluctua-
tions existing in other fabrication techniques. The
close-packed Ag pyramidal array exhibits excellent
homogeneity and reproducibility with RSDs lower
than 8.78% across one substrate and different batches
of substrates, respectively. This makes the method
an ideal candidate for fabricating inexpensive and
reproducible SERS substrates.
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