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ABSTRACT: We developed an improved self-assembly method to obtain a large-
area, high-quality templated monolayer mask using the polystyrene spheres. On the
basis of the templated mask, hierarchically ordered Si metastructures with different
nanosteps are fabricated using cyclic inductively coupled plasma etching technique. By
evaporating a thin gold capping layer on these Si metastructures, their optical
properties are comparatively studied using the surface-enhanced Raman scattering
spectroscopy. Our proposed technique is highly promising for fabricating a variety of
periodic three-dimensional hierarchically ordered metastructures, which could be
further utilized for applications in SERS-based biosensors, optical absorbers,
metamaterial/metasurface devices, etc.
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■ INTRODUCTION
Ultracompact, cost-effective, and integrable analytical devices
with unprecedented performance present an ever-increasing
need in various application fields, such as life care, environ-
mental monitoring, food safety, and defense. Advances in
micro/nanofabrication technologies could make it possible to
replace the conventional bulky components.1−3 For instance, a
variety of silicon nanostructures, such as pyramids, holes, wires,
pillars, tubes, and cones have been designed and applied in
solar cells,4,5 biosensors,6,7 and drug delivery systems8,9

because of their superior optical/electrical properties, bio-
compatibility, and mechanical properties. Because of its high
refractive index and compatibility with CMOS processes,
silicon has also been widely used to construct all-dielectric
metasurface devices, including flat lenses,10,11 structural
colors,12 holograms,13 nonlinear devices,14 etc. However,
despite their attractive interest and broad applicability, the
deployment of hierarchical silicon nanostructures with dimen-
sional control has been limited by the lack of a simple and
scalable fabrication technique.
Although it is still possible to achieve hierarchical silicon

nanostructures using the current micro/nanofabrication
techniques, such as photolithography, electron-beam lithog-
raphy, and focused ion-beam milling, complicated multistep,
time-consuming, and low-throughput processes are usually
inevitable. Comparatively, nanosphere lithography (NSL), also
known as colloidal lithography, holds great advantages because
of its high throughput and low cost.15 NSL employs a self-
assembled, close-packed monolayer or bilayer of colloidal

nanospheres (e.g., polystyrene, SiO2, and others) as the
templated masks to create patterns on the underneath
substrates.16 Various structures, such as disks,16−18 circular
rings,19−22 triangles,23 and crescents,24 have been generated at
the nanoscale using this technique. Usually, this kind of
templated masks is used only once during the lithographic
process. This “one-time use” approach greatly restricts the
fabrication of nanostructures with precise dimensional control,
hence limiting the potential of the NSL technique. Recently,
Xu et al. reported the fabrication of periodic three-dimensional
hierarchical silicon nanostructures using a multiple-patterning
NSL combined with Bosch process, in which the monolayer
nanosphere mask was used multiple times.25 However, it
involves cyclic, complex passivation and etching processes,
making the whole process complicated and costly. On the
other hand, multiscale hierarchical nanostructures have
triggered great interests in many applications including
biomedical detection,26 mixture separation,27 liquid-repel-
lence,28 and lab-on-a-chip devices.29 Therefore, it is highly
demanding to have simple fabrication processes to achieve
those multiscale hierarchical nanostructures.
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The great potential of the NSL technique, to a large extent,
is predetermined by the quality of the templated mask via the
self-assembly process. We have extensively studied the self-
assembly processes for opals and inverse opals in two- and
three-dimensional manners with various nanosphere sizes.30−35

In this work, we develop an improved self-assembly method to
obtain a large-area, high-quality templated monolayer mask
using the polystyrene (PS) spheres. With cyclic inductively
coupled plasma (ICP) etching processes, hierarchically
ordered Si metastructures with different nanosteps are
fabricated. With a gold capping layer on these Si
metastructures, their optical properties are comparatively
studied using the surface-enhanced Raman scattering (SERS)
spectroscopy. Our proposed technique is highly promising for
fabricating a variety of periodic 3D hierarchically ordered
metastructures, which could be further utilized for applications
in SERS-based biosensors, optical absorbers, metamaterial/
metasurface devices, etc.

■ MATERIALS AND METHODS
Materials. All silicon wafers with a 150 mm diameter (P-Type, <

100>) were purchased from Beijing Youran Yisen Technology Co.,
Ltd. (Beijing, China). Polystyrene (PS) sphere latex solution (2.5 wt
% dispersion in water) was purchased from Alfa Aesar (China)
Chemical Co., Ltd. (Shanghai, China). All silicon substrates used in
the process were treated for 15 min with UV−O3 cleaner
(BZS250GF-TC), which was purchased from HWOTECH (Shenz-
hen, China).
Templated Mask on Si Substrates. The templated mask for

multiple NSL consists of a monolayer of PS spheres, which was
formed via an improved self-assembly method at the air−liquid
interface. The self-assembly process for the PS monolayer is
schematically described in Figure 1. First, a layer of deionized water

(∼60 μL) was spread on a clean silicon wafer (2 cm × 2 cm). A 20 μL
mixed PS solution (ethanol and 2.5 wt % PS aqueous solution with a
volume ratio of 1:1) was then added from a corner of the Si substrate
(Figure 1a1). Due to the strong hydrophobicity of the PS spheres, the
covered water on the substrate was pushed to another side. Soon the
water would be gradually recovered because the ethanol in the mixed
PS solution was miscible with the water. A PS monolayer was then
formed at the air−water interface (Figure 1b1). Thus, the drip rate
and the stable “interface line” between mixed PS solution and water
are crucial to the quality of the monolayer formation (Figure 1a1).
After a period of natural evaporation, the PS sphere monolayer was

finally deposited on the Si wafer (Figure 1c1). This forming process is
considered as the conventional self-assembly method (Figure 1a1−c1).

We used a slightly modified method to further improve the
monolayer quality (Figure 1a2−e2). Before the monolayer depositing
on the silicon wafer, we further inserted the Si substrate with the PS
monolayer into the DI water (Figure 1c2). With the surface tension of
the water, the PS monolayer still kept floating on the surface of the
water, however, those spheres that originally diffused into the water
would gradually sink into the bottom (Figure 1d2) since the PS
density is larger than the water one (ρPS = 1.06 g/cm3). With the only
PS monolayer floating at the air−water interface, we used another
clean, hydrophilic Si substrate to scoop this monolayer, as illustrated
in Figure 1e2. As a result, we could achieve a templated PS monolayer
mask with much more improved quality.

Cyclic Etching Processes. With the templated PS monolayer
mask on the Si substrate being ready, the PS spheres and the silicon
underwent alternate etching by cycles of different gases via inductively
coupled plasma (ICP, GSE200Plus, Northern Microelectronics)
process. The cyclic etching processes of the multiple NSL are
depicted in Figure 2. In our experiments, the PS spheres and the

silicon were selectively etched by using the O2 plasma and the mixed
gas of SF6 and HCF3, respectively. During the PS etching step, a flow
of 50 sccm O2 was used with ICP power 100 W, bias power 20 W at a
pressure of 8 mTorr. The Si substrate with PS monolayer as the mask
was etched by ICP using a gas mixture of SF6 (12 sccm) and HCF3
(70 sccm) at 10 mTorr with ICP power 300 W and bias power 50 W.
The ICP etching recipes for the PS spheres and the silicon were
summarized in Table 1. From Figure 2, we can see that with each
cyclic etching process, a nanostepped Si metastructure can be

Figure 1. (a) Schematic illustration of fabricating the templated PS
sphere monolayer mask on Si substrates using the (a1−c1)
conventional and (a2−e2) improved air−liquid interface self-assembly
methods, respectively.

Figure 2. Schematic illustration of the fabrication processes for the
nanostepped Si metastructures. Step 1: A PS monolayer is transferred
to a clean silicon substrate and then dried naturally. The diameter of
the PS sphere defines the period of nanostepped arrays. Step 2: The
PS spheres are selectively etched for 12 s using the oxygen plasma to
reduce the sphere size. The reduced sphere size determines the
diameter of 1-nanostep-Si metastructures. Step 3: The silicon
substrate is selectively etched for 120 s using the mixed SF6 and
CHF3 plasma. The etching depth (height) is determined by the
etching power and time. By etching the PS spheres completely using
the oxygen plasma, the 1-nanostep-Si metastructures will be then
achieved. Step 4: The 2nd time etching of PS spheres for 84 s further
defines the diameter of the 2nd Si nanostep. Step 5: The 2nd time
etching of silicon for 80 s further defines the depth of the 2nd Si
nanostep. Step 6: The 3rd time etching of PS spheres for 20 s further
defines the diameter of the 3rd Si nanostep. Step 7: The 3rd time
etching of silicon for 70 s further defines the depth of the 3rd Si
nanostep.
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achieved by removing the PS spheres. The PS spheres were
completely removed by simply using the O2 plasma with the etching
time of 800 s. The diameter and depth of each nanostep were notably
defined by the etching time of the oxygen plasma and the mixed SF6
and HCF3 plasma, respectively.
Metal Coating. Once we achieved the Si metastructures with

different nanosteps, additional gold coatings were carried out by
loading them into the vacuum chamber of an E-beam evaporator
(TF500, British HHV). A 30 nm thick gold film was deposited on Si
metastructures with 5 nm Cr thin film as the adhesion layer using
electron-beam evaporation. In order to reduce the roughness and
increase the adhesion of the metal film, low evaporation rates were
applied (∼3 and ∼0.2 Å/s for gold and Cr films, respectively). Both
Cr and gold films were sequentially deposited on Si metastructures
without breaking the vacuum in the evaporator chamber at a base
pressure of 5 × 10−6 Torr.
Characterization. The morphology, size distribution, and

composition of as-prepared nanocrystals were investigated by the
field-emission scanning electron microscopy (FESEM, Merlin, Zeiss).
The surface-enhanced Raman scattering (SERS) spectra were
collected with a confocal Raman system (Ahpha300, WITec). We
used an objective lens (50×, NA = 0.5) to focus the excitation laser
light (working wavelength: 532 nm) onto the samples and collect the
Raman signal to the spectrometer. A Rhodamine 6G (R6G) solution
with different concentrations from 1 × 10−2 to 1 × 10−6 M were used
to evaluate the SERS performance of the prepared metastructures. A 2
μL R6G solution was dropped onto different samples and the droplets
were dried in the air at room temperature for 30 min. To ensure the
repeatability, we averaged the spectra by taking multiple measure-
ments at different positions. Each spectrum was taken with the
integration time of 10 s.

■ RESULTS AND DISCUSSION

For the NSL technique, the templated PS monolayer mask
plays a key role. As such, the formation of a large-area, high-
quality self-assembled monolayer is a prerequisite. Given that
the self-assembly is a deliberately controlled process, it is
usually challenging to achieve the large-area, high-quality self-
assembled monolayer. As illustrated in Figure 1a1−c1, in the
conventional self-assembly process, although most PS spheres
will form a floating monolayer at the air−water interface, a
small amount of PS spheres will also diffuse into the water. As
the water evaporates, those diffused spheres inside the water
will lift up three spheres in the monolayer, creating many
observable “triple” defects, as shown in Figure 3a. A further
close look confirms this lift-up issue, as highlighted in Figure
3b. The observed “triple” defects affect severely the quality of
the templated mask and the fabricated metastructures
subsequently. Although the number of the “triple” defects
can be further minimized by the deliberate control of the self-
assembly conditions, it will greatly increase the complexity and
fabrication cost.
In order to achieve a high-quality self-assembled monolayer,

we used a slightly modified method to further decrease the
number of this kind of defect (Figure 1a2−1e2). We used
another silicon substrate to salvage the monolayer at the air−
water interface by giving up those spheres sinking into the
bottom. With these additional and simple steps, the “triple”
defects can be completely eliminated. Hence we could achieve
a large-area, high-quality, defect-free templated mask. Figure
3c, d shows the achieved monolayer of PS spheres. The key
processes are also illustrated by the short videos (see Videos
S1−S3). It is worth mentioning that after the PS monolayer is
formed on the Si substrate, as shown in Figure 1b2, there exist
numerous liquid bridges (i.e., the liquid gaps) between the PS
sphere. As the monolayer is still floating on the liquid−air
interface, a wetting-caused capillary force will be formed in
these liquid bridges.36 This capillary force will keep the PS
monolayer in a metastable state. With delicate and careful
handling, when the PS monolayer is transferred on the surface
of water by inserting the Si substrate (Figure 1c2) or scooping

Table 1. Respective Etching Recipes of the PS Spheres and
Silicon Substrate

Si etching PS etching

pressure (mTorr) 10 8
gas SF6/CHF3 O2

gas flow rate (sccm) 12/70 50
SrcRF_Power (W) 300 100
BiasRF_Power (W) 50 20

Figure 3. (a, c) Large-area and (b, d) magnified SEM images of templated PS sphere monolayer by conventional and our modified self-assembly
methods, respectively.
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the PS monolayer (Figure 1e2), we can therefore see that the
PS monolayer still keeps in its original form without any
damages, as shown in Videos S2 and S3. In addition, after the
PS monolayer was scooped with another Si substrate, the
drying process does not affect the monolayer quality
significantly. This can be confirmed from the experimental
results (Figure 3c, d). From Figure 1, we add three additional
steps (Figure 1c2−e2) with the purpose of eliminating the
“triple” defects. These additional steps might increase the
possibility of creating more “streak” defects, which typically
exist in all kinds of self-assembly techniques. Overall, we
improve the monolayer quality in a large area, which is
particularly beneficial to the NSL process because the “triple”
defects will cause much more observable defects compared to
the “streak” defects during the lithographic process. Compared
to the conventional self-assembly method, it clearly shows that
our modified approach provides much better quality of the PS
monolayer. In our experiments, we used PS spheres with a
diameter of 1 μm to fabricate the templated monolayer mask,
which gives the the mask a period of 1 μm as well.
With the achieved large-area, high-quality templated mask,

we can then use it for multiple NSL, which is a “true 3D
fabrication technique” compared to traditional one-time NSL.
As shown in Figure 2, the initial size of PS spheres is used to
control the period, whereas the etching time of the oxygen
plasma and the mixed SF6 and CHF3 plasma is used to regulate
the radius and depth of the nanosteps, respectively. However,
it is worth mentioning that in fact, during the silicon etching
process by using the mixed SF6 and CHF3 plasma, the silicon
nanosteps were etched both vertically and laterally, which

makes it a great challenge to achieve multiple nanosteps. In our
experiments, we managed to achieve multistepped Si
metastructures, as shown in Figure 4. We can clearly see that
with the simple cyclic ICP processes, one-, two-, and three-
nanostepped hierarchical Si metastructures are fabricated. A
further close look at the magnified images shows that only the
first nanostep from the top shows a vertical sidewall, whereas
the second and subsequent ones show slightly sloped sidewalls.
We noticed that hierarchically ordered Si nanostructures have
also been reported by Xu and co-workers.25 Compare to our
approach, their technique is much more complicated and
costly because cyclic and complex passivation and etching
processes are involved. In addition, in their work, in order to
achieve the vertical sidewall, they used the Bosch process,
which makes the sidewalls have many “ripples” with about 25
nm roughness. Comparatively, our cyclic ICP processes make
the sidewall much smoother. The sloped and smooth sidewall
of the nanosteps will also facilitate the uniform and conformal
coatings of other materials on the fabricated Si metastructures.
As an example, we have deposited a thin layer of gold film

onto the achieved Si metastructures. Figure 5 shows the SEM
images of nanosteps after evaporating a 30 nm thick gold film.
We can clearly observe that the silicon stepped structures were
nearly conformally covered by the thin deposited gold layer,
which guarantees the excellent uniformity of these hierarchi-
cally ordered silicon metastructures. We foresee that such
plasmonic-material-capped (e.g., gold, silver, aluminum) Si
metastructures could present intriguing possibilities to design
and engineer the optical properties, which could be of great

Figure 4. Si metastructures with different nanosteps fabricated by multiple NSL technique: (a, c, and e) top-view and (b, d, and f) side-view SEM
images of metastructures with one, two, and three nanosteps.
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importance for potential applications in biosensing and
surface-enhanced spectroscopies.
These hierarchically ordered 3D Si metastructures provide

numerous gaps both laterally and vertically, which could
localize electromagnetic fields strongly. With gold layer
capping, the gold nanostructures themselves possess strong
localized surface plasmon resonances (LSPRs); moreover,
strong plasmonic coupling also occurs between the neighbor-
ing nanostructures. Hence, there are a great number of hot
spots generated in these hierarchically ordered 3D Si
metastructures upon light excitation, which can enhance the

localized electromagnetic fields directly.37−41 Therefore, we
used the SERS technique to characterize how strong the
hierarchically ordered 3D Si metastructures localize the
electromagnetic fields. Figure 6a, b shows a series of
comparative SERS spectra for R6G with the concentration of
1 × 10−3 M and 1 × 10−6 M on the pure Si and gold-capped Si
metastructures with different nanosteps, respectively. The peak
positions and relative amplitudes of these spectra for R6G
molecules are consistent with previous results.42 It is obvious
that with the gold-capping layer, the SERS signals are
significantly enhanced, which can be attributed to the

Figure 5. Thirty-nanometer-thick gold-capped Si metastructures with different nanosteps: (a, c, and e) top-view and (b, d, and f) side-view SEM
images of metastructures with one, two, and three nanosteps.

Figure 6. SERS spectra for R6G with the concentration of 1 × 10−3 M and 1 × 10−6 M on the (a) pure Si and (b) gold-capped Si metastructures
with different nanosteps. The SERS spectra were achieved under 532 nm laser excitation power of 180 μW/μm2 for the pure Si metastructures and
160 μW/μm2 for the gold-capped Si metastructures with the same integration time of 10 s. The black references in both a and b correspond to
SERS spectra of R6G (10−2 M) obtained on the silicon wafer under 532 nm laser excitation at 80 μW/μm2 with an integration time of 10 s.
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plasmon-enhanced localization of the electromagnetic fields.
To quantify the enhancement contribution from these
hierarchically ordered 3D Si metastructures, we calculated
the enhancement factor (EF) based on the following formula

= I C
I C

EF
/
/

SERS SERS

NR NR (1)

where ISERS is the SERS intensity of the R6G characteristic
peak of 1358 cm−1, INR denotes the normal Raman scattering
intensity of the same peak. CSERS and CNR are the
concentrations of R6G solutions that were applied onto the
samples. From Figure 6a, we can calculate the EFs for R6G
SERS signals on the pure Si metastructures, EF1‑nanostep‑Si =
1.56 × 10, EF2‑nanostep‑Si = 1.00 × 102, EF3‑nanostep‑Si = 3.35 ×
102. Similarly, from Figure 6b, we can also obtain the EFs for
R6G SERS on the gold-capped Si metastructures,
EF1‑nanostep‑Au/Si = 5.37 × 103, EF2‑nanostep‑Au/Si = 2.65 × 104,
EF3‑nanostep‑Au/Si = 5.67 × 104. We can therefore see that, for
both pure and gold-capped Si metastructures, the greater the
number of the nanosteps, the stronger the enhanced SERS
signals. More importantly, the gold-capped Si metastructures
demonstrate enhanced SERS signals two orders of magnitude
greater than the pure Si ones with the same number nanosteps.
For the gold-capped Si metastructures, those with two and
three nanosteps have the same level of enhancement, whereas
those with one nanostep have obviously much weaker
enhancement. This observation indicates that the slopes play
a particularly important role for the formation of more hot
spots that subsequently enhance the SERS signals. It is worth
mentioning that both the pure and gold-capped Si
metastructures have not been optimized for SERS signal
detection in this work. We believe with purposed designs (e.g.,
further decreasing the period of the metastructures), the SERS
signals could be further significantly enhanced and the
detection of limit can then be further decreased as well.

■ CONCLUSIONS

In summary, we have demonstrated a facile and large area
fabrication of hierarchically ordered Si metastructures based on
an improved self-assembly NSL. This fabrication technique
features two important advantageous points: (1) With just
simple additional steps, a large area and much more uniform
self-assembled PS monolayer can be achieved, which plays a
key role for subsequent lithography process; (2) The simple
multicycle etching processes provides a well-defined nano-
stepped silicon structures with slight slopes, which favors a
uniform and conformal coating for other materials, especially
the plasmonic materials. In addition, our proposed approach is
not limited to the Si material. As long as the selected base
material has a well-differentiated etching ratio with the PS
monolayer mask, it will be easy to obtain the multilayered
metastructure of the base materials. This lithographic
technique is compatible with and could be integrated into
other micro/nanoscale device manufacturing (for instance,
microfluidic technology) to add additional functions through
rational 3D designs. The achieved results suggest that our
fabrication technique is a highly promising 3D nanolitho-
graphic technique to achieve a variety of periodic 3D
hierarchically ordered metastructures, which could find many
potential applications in SERS-based biosensors, optical
absorbers, metamaterial/metasurface devices, etc.
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monolayer process corresponding to Figure 1e2. The
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