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(SERS), localized surface plasmon reso-
nance sensing, plasmonic circuitry, active 
plasmonics, superlenses, surface plasmon 
lasers, and spacers.[2] Surface plasmons 
may concentrate light to produce addi-
tional high local-field intensities. These 
locally enhanced fields are often called 
plasmonic “hot spots”.[3] Up to now, dif-
ferent kinds of hot spot sites including 
nanoparticle (NP) gaps,[4] nanotips,[5] 
and nanopores[6] have been fabricated. 
Among them, diverse nanogaps[7–10] such 
as NP dimmers, trimers, superlattices, 
planet–satellite structures, NP-on-film, 
graphene insulated gaps, SHINERS, and 
various nanotipped structures[11–15] like 
nanodendrites, nanocorals, nanopolypods, 
nanostars, nanomeatballs, nanoflowers, 
and nanourchins have been prepared to 
create enormous field enhancement.

In comparison with nanogaps and 
nanotips, nanopores have also attracted 

a great deal of attention owing to their fascinating potential. 
For example, nanopore arrays show unexpectedly large trans-
mission at particular wavelengths, a phenomenon known as 
the extraordinary optical transmission.[16,17] Nanopore sensors 
have been gaining significant interest due to their single mole
cule sensitivity and compatibility of detecting a large range 
of analytes, from DNA and proteins, to small molecules and 
particles.[18–20] Nanopore arrays have also demonstrated sig-
nificant high field enhancement due to the combined effects 
of an intense electromagnetic field generated by the surface 
plasmons and enhanced light transmission.[21,22] However, 
currently, some contradictive results upon the influence of 
pore geometry and dimension on the field enhancement still 
exist.[23,24] Furthermore, nanopore structures still provide lim-
ited enhancement, i.e., typically below 105, which are weaker 
than other reliable SERS substrates.[25] In addition, the fabri-
cation protocols of nanopore arrays have still been exploited 
to very limited routes such as photolithography, electron 
beam lithography, and focused ion beam milling.[26,27] In 
particular, only a few techniques can produce small nano-
pores down to sub-10 or sub-5 nm scale, which are highly 
important for the application as nanopore biosensors,[28] e.g., 
a scanning electron beam nanosculpting is capable of writing 
nanopores with ≈5 nm features, but not in a massively  
parallel manner.[29]
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1. Introduction

Plasmonics is a flourishing new field of light–matter interac-
tions that exploits the unique optical properties of metallic nano-
structures to trap, confine, localize, concentrate, and enhance 
light at nanometer length scales.[1] In past decades, there are 
many applications of plasmonics that have emerged like near-
field optical microscopy, surface-enhanced Raman spectroscopy 
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Recently, we have been developing a strategy to pre-
pare highly ordered 2D Ag plasmonic supercrystals and 3D 
mesoporous Ag superstructures using ordered mesoporous 
silica as a template through a chemical reduction approach.[30,31] 
However, it is still challenging for controlled growth of Au or 
Ag superstructures via nanocasting route because obtained 
structures may collapse during the removal of templates if no 
abundant interconnections are formed during reduction stage, 
thus only nanoparticles, nanowires, or small-sized superstruc-
tures are obtained.[32–34] In this work, we modified the nano-
casting process reported as our previous approach,[30] utilized 
3D ordered mesoporous silica, EP-FDU-12, as hard template, 
and successfully synthesized large-sized 2D Ag NP supercrys-
tals with nanogap plasmonic mode. Importantly, using an 
etching process, we purposefully create ultrasmall nanopore 
microstructure on 2D Ag NP supercrystals by using their peri-
odically nonuniform structure consisting of NPs and particle–
particle interfaces. This process has been directly examined 
by in situ SERS detection due to the four orders of magni-
tude between SERS signal intensity and electric field strength 
(SERS∼|E|[4]). It was found that, as the etching process pro-
ceeds, a plasmonic Ag “nanopore-in-nanogap” hybrid structure 
can be formed and an additional field enhancement can be 
observed owing to the formation and evolution of nanopores. 
Electromagnetic field calculation reveals that the formation of 
nanopores within nanogap region contributes to an enhanced 
field coupling effect between nanopores and NPs owing to the 
formation of hybrid plasmon mode.

2. Results and Discussion

In this work, we intend to synthesize large-area 2D Ag super-
crystals by means of the nanocasting strategy using ordered 
mesoporous silica as template (Figure  1a) according to below 
motivations. First, 2D layered structure is preferable since the 
dispersed supercrystals can easily land on a substrate for fur-
ther applications. Second, a large area, e.g., larger than 1–2 µm, 
is necessary for a variety of applications, such as SERS and 
refractive index sensors. Third, an organic free process via 
nanocasting process can contribute to a clean metal surface, 
which is also a critical factor for the sensing applications.

In order to obtain 2D Ag plasmonic supercrystals with larger 
area, e.g. >1–2 µm, we selected a 3D ordered mesoporous silica, 
EP-FDU-12, as hard template, which initially was reported by 
Zhao and co-workers.[35] The scanning electron microscopy 
(SEM) and the transmission electron microscopy (TEM) images 
of EP-FDU-12 were shown in Figure S1 (Supporting Informa-
tion). In particular, compared with commonly used silica tem-
plate, i.e., KIT-6 or SBA-15, EP-FDU-12 demonstrates a thin 
wall thickness down to less than 5 nm and a large pore size 
up to 27 nm. These structural features of EP-FDU-12 display 
several significant advantages for either nanocasting process or 
their applications in plasmonic nanooptics. A large pore size 
may be preferable for nanocasting process since a surface func-
tionalization doesn’t need to be requested.[36,37] Furthermore, 
small nanogaps and large nanoparticle sizes of plasmonic 
supercrystals can be obtained, which are beneficial to increase 
the electromagnetic field enhancement.

During the nanocasting processes, SiO2 template of 
EP-FDU-12 without surface functionalization was impregnated 
with AgNO3 precursors. Then compounds of the AgNO3 and 
SiO2 template were dried under vacuum condition at 323 K for 
12 h. A vacuum reduction is applied to prepare 2D Ag super-
crystals using ethylene glycol as the reducing agent. The reduc-
tion was carried out at 433 K for 1 h. The increased reduction 
temperature seems useful to obtain a large area of 2D Ag plas-
monic supercrystals. In the following experiments, an etching 
process was used onto the 2D Ag NP supercrystals to purpose-
fully create multiple plasmon modes. Unexpectedly, it is found 
that fine nanopores down to sub-10 or sub-5 nm scale have 
been formed at the early stage of the etching process within 
nanogap regions as shown in Figure  1b. Thus, we design an 
in situ SERS detection during the etching process to reveal the 
influence of formation and evolution of nanopores on the elec-
tromagnetic field enhancement (the details can be found in the 
Experimental Section).

Figure 2 displays the SEM and TEM images of 2D Ag plas-
monic supercrystals obtained after the complete removal of 
mesoporous silica template, EP-FDU-12. Figure 2a is the SEM 
image of plate-like Ag nanostructures, indicating that the Ag 
nanostructures are isolated from each other and have an 
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Figure  1.  a) A schematic fabrication process of 2D plasmonic Ag NP 
supercrystals via a nanocasting using mesoporous silica, EP-FDU-12, as 
template. b) The chemical etching process using HNO3 aqueous solution 
and in situ SERS detection.

www.wileyonlinelibrary.com


FU
LL P

A
P
ER

3wileyonlinelibrary.com© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

average size around 1–2 µm. The individual nanoplate of Ag 
supercrystals and the enlarged image are shown in Figure 2b,c, 
which shows a well-organized close-packed NP array consisting 
of tetragonal and hexagonal arrangement. From Figure  2b, it 
seems that the individual 2D Ag supercrystals were composed 
of two or three layers with around 40–60 nm in thickness. 
The SEM (Figure 2b,c) and TEM (Figure 2d,e) images demon-
strate typical structural features, i.e., the uniform NP size dis-
tribution of ≈22 nm and the uniformly distributed nanogaps 
around ≈3 nm between the NPs (Figure  2e). These structural 
parameters are consistent with the wall thickness and cell size 
of the parent template. It is noted that no obvious nanopores 
can be observed within the nanogap region of the 2D Ag super-
crystals. A schematic model of 2D Ag supercrystals is shown in 
the inset of Figure 2e.

In order to evaluate the SERS sensitivity of the 2D Ag plas-
monic supercrystals, two kinds of widely used probe mole-
cules, i.e., crystal violet (CV) and 4-aminothiophenol (4-ATP), 
were detected at ultralow concentrations. To precisely deter-
mine the structure of 2D Ag supercrystals and their SERS 
performance, the same particle was characterized by means 
of SEM and optical microscopic observations as our previous 
methods.[30,31]  Figure  3a is the SERS spectra of CV molecule 
recorded at 785 nm excitation under various CV concentrations, 
e.g., from 10−7 to 10−14 m. The SERS spectra reveal the character-
istic peaks of CV molecule, for instance at 1175 and 1588 cm−1, 
corresponding to the stretching vibrations of ring CH bend 
and ring CC stretching.[38] The limit of detection (LOD) for 
CV molecule seems down to 10−14 m even less (Figure S2, Sup-
porting Information). Figure  3b displays the SERS spectra of 
4-ATP adsorbed on 2D Ag supercrystals with the concentrations 
ranging from 10−7 to 10−16 m. The SERS spectra of 4-ATP show 
the characteristic peaks at 1078, 1393, and 1575 cm−1, corre-
sponding to ν(C-S), ν(C-C)+δ(C-H), and δ(C-H), respectively.[39] 
The Raman signals of CV molecules deviated by less than 12% 

as shown in Figure S3 (Supporting Information). The CV mole
cules may uniformly distribute over the entire surface of 2D 
superstructure proofed by a similar structure (Figure S4, Sup-
porting Information). Again, the LOD of SERS detection for 
4-ATP molecule may also reach an ultralow scale, e.g., 10−16 m. 
These results reveal that the obtained 2D Ag plasmonic super-
crystals, as SERS active substrate, provide an ultrahigh sensi-
tivity, approaching the capability to detect a single molecule.

As described above, so far, it is still a challenge to fabricate 
fine nanopores at the sub-10 or sub-5 nm scale, particularly 
for nanopore arrays, which show great potential for a variety 
of applications.[16–22] Thus, in order to purposefully create 
multiple plasmon modes and investigate the influence of nano-
pores on field coupling modes, an etching process was used 
onto the 2D Ag NP supercrystals, and this process was moni-
tored by an in situ SERS detection. Before the etching process, 
the 2D Ag NP supercrystals were immersed into a 10−4  m CV 
aqueous for more than 10 h, so as to absorb CV molecules 
onto Ag surface. Then the samples were rinsed by dipping in 
and out pure DI water to remove excess probe molecules and 
then dropped onto a silicon substrate for etching and in situ 
SERS measurements, which was conducted within a 10−4  m 
CV and 1 × 10–3  m HNO3 mixing aqueous solution. Figure  4 
demonstrates the SERS spectra of crystal violet molecule and 
their evolution during the etching process. Before etching, 
the SERS peaks of CV molecules show a relatively low inten-
sity owing to the large laser spot size and laser energy loss 
through aqueous solution. As the etching proceeds, e.g., from 
0 to 25 min, the characteristic peaks of CV molecule, i.e., at 
1175, 1586, and 1621 cm−1, remarkably increase and reach a 
maximum intensity at etching time around 25 min as shown 
in Figure  4a. This SERS intensity is five to ten times higher 
than the original intensity before the etching treatment. After 
the etching treatment more than 25 min, the SERS intensity 
starts to decrease (Figure 4b). When the etching up to 34 min, 
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Figure 2.  a) Low-magnified, b) high-magnified, and c) enlarged SEM images of 2D Ag NP supercrystals obtained via a nanocasting process using 
mesoporous silica, EP-FDU-12, as template, d,e) TEM images of 2D Ag NP supercrystals.
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the Raman peak intensity has significantly reduced, but still 
higher than that of original intensity without HNO3 treatment. 
The etching-time-dependent SERS enhancement capability 
can be further proofed by the ex situ SERS measurement as 
shown in Figure S5 (Supporting Information), in which the 2D 
Ag NP supercrystals were corroded by different etching time 
then immersed in CV solution under the same soaking time. 
One can find that the in situ and ex situ SERS characterizations 
demonstrate a consistent tendency.

In order to study the origins of the significantly improved 
SERS performance, the structural change occurring in 2D Ag 
NP supercrystals during the etching treatment process was 
studied by analyzing the intermediate specimens taken from 
the different etching periods using SEM and TEM characteri-
zations. The SEM and TEM images shown in Figure 5a,b dis-
play a typical structure after etching reaction around 25 min, 
consisting of many fine nanopores located in the particle–
particle interface regions. We called this structure Ag “nano-
pore-in-nanogap” hybrid arrays. A schematic model of 2D Ag 
“nanopore-in-nanogap” hybrid arrays is shown in the inset of 
Figure  5a. In this study, the Ag parts between Ag NPs were 
gradually etched by HNO3 solution. However, the Ag NPs were 
not efficiently etched and their spherical morphologies were 

maintained through the etching reaction, particularly at the 
early stage. As the further etching proceeds, some nanopits may 
be observed as shown in Figure S6 (Supporting Information). 
When the etching reaction reaches around 28 min (Figure 5c), 
the Ag hybrid arrays start to collapse, indicating some large 
pores have been formed. As further increase in the etching 
time up to 34 min, the large pores can be obviously observed as 
shown in Figure 5d. This structural evolution processes seem 
to imply the “nanopore-in-nanogap” hybrid microstructure is 
favorable to obtain an enhanced electromagnetic field coupling, 
hence an improved SERS performance.

The underlying physical essence of the influence from 
“nanopore-in-nanogap” hybrid microstructure on electromag-
netic field coupling has been further investigated through finite 
difference time domain (FDTD) simulations (Figure  S7, Sup-
porting Information).[40,41] According to the calculated electro-
magnetic field (E-fields) intensity and its distribution, when fine 
nanopores or middle-sized large pores are formed in initial 2D 
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Figure  4.  In situ SERS spectra of 2D Ag NP supercrystals with crystal 
violet molecules as probes during chemical etching process within HNO3 
aqueous solution, a) intensity increasing process, b) intensity decreasing 
process. The SERS spectra are collected at 785 nm excitation 20× objec-
tive, 25 mW (5% output) laser power, 20 µm laser spot size, and 170 s 
integration time.

Figure 3.  SERS spectra of 2D Ag NP supercrystals with a) crystal violet 
molecules and b) 4-Aminothiophenol as probes. The SERS spectra are 
collected at 785 nm excitation 100× objective, 25 mW (5% output) laser 
power, around 10 µm laser spot size, and 100 s integration time.
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Ag NP supercrystals, the E-fields can be dramatically enhanced, 
particularly for the case in “nanopore-in-nanogap” hybrid arrays. 
In comparison to the original intensity value of |E|2/|E0|2∼45 as 
shown in Figure 6a, the E-fields are enhanced to around 240 and 

103 for fine nanopores and middle-sized large pores, respec-
tively. However, when the pores are further etched to more than 
40–50 nm, the E-fields intensity in the vicinity of the large nano-
pores is inversely reduced, e.g., the value of |E|2/|E0|2∼55.
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Figure 5.  a) TEM images of 2D Ag “nanopore-in-nanogap” hybrid arrays after etching reaction around 25 min using HNO3 aqueous solution. b–d) SEM 
images of 2D Ag NP supercrystals after etching reaction of 25, 28, and 34 min, respectively. (White arrows denote nanopores or large pores).

Figure 6.  Electric field distribution (|E|2/|E0|2) of Ag NP arrays a) without and b) with nanopores at the pore sizes in the range of 1–10 nm, c) with 
middle large nanopore of 24 nm in size, and d) with large nanopore of 45 nm in size, respectively.
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If we carefully observed the E-fields of “nanopore-in-
nanogap” hybrid arrays (Figure  6b) where the fine nanopores 
are located at diverse positions, it seems to reveal that the size 
and position of nanopores may result in quite different influ-
ence on E-field enhancement. When nanopores locate at the 
central region of quadrangle NP arrays, i.e., position ‘1’, ‘2’, ‘3’, 
and ‘4’ in Figure  7d, they contribute to only a relatively weak 
enhancement. However, when the fine nanopores locate at 
the neck regions between two NPs, e.g., position ‘iii’ and ‘iv’ 
in Figure 7d, or overlapped regions with NPs, e.g., position ‘v’ 
in Figure  7d, the nanopores with larger size (e.g., more than 
4 nm) lead to a dramatically enhanced E-fields.

In the actual etching process, the nanopores initially form 
in the vicinity of particle–particle interfaces, i.e., nanogap 
regions, but exact position is uncontrollable. The TEM images 
shown in Figure  7a–c display that the nanopores with sizes 
of 3–10 nm within “nanopore-in-nanogap” hybrid arrays ran-
domly locate in various positions, such as ‘1’, ‘2’, ‘3’, and ‘4’ 
or ‘i’, ‘ii’, ‘iii’ and ‘iv’, or ‘v’ in Figure 7d. However, the FDTD 
results shown in Figure 6b indicate that only some special posi-
tion and nanopore size, e.g., position ‘iii’, ‘iv’, and ‘v’ can gen-
erate largest near-field enhancements. This phenomenon can 
be further explained via an analysis of surface charge distribu-
tion (Figure  7d), corresponding to E-fields distribution shown 
in Figure  6b. Figure  7d displays that NPs in Ag supercrystals 
and nanopores located at positions of ‘1’, ‘2’, ‘3’, and ‘4’ present 
apparent plasmon bonding dipolar mode. Moreover, the surface 
charge of each unit shows a close loop. While, when nanopores 
occur at the necks of NPs or at ‘v’ position (Figure  7d) and 
pore size is larger (e.g., >4 nm), surface charge loop is broken, 
thus generating an antibonding-like plasmon mode. The sur-
face charges at the broken segments are opposed, leading to a 

hybrid plasmon mode, which acts to increase the magnitudes 
of the E-fields in those areas.[42] Therefore, the nanopore posi-
tion and size-dependent E-fields enhancement is obtained.

In the actual etching process, some fine roughness features 
can be created, which may also be severe as localized plasmonic 
“hot spots” to contribute to additional electromagnetic enhance-
ment. In this study, we cannot exclude the importance of 
etched rough microstructures, e.g., nanopits, except for nano-
pores, owing to simultaneously creating the nanopores and 
nanopits. Therefore, we investigated the influence of nanopits 
on the electromagnetic enhancement and distribution using 
the FDTD simulations (Figure  S8, Supporting Information). 
According to the results shown in Figure  S6 and Figure  S9 
(Supporting Information), the model combining nanogaps and 
nanopits does not increase the field enhancement comparing 
the model with only nanogaps. It reveals that the maximum 
field enhancement still occurs at the position of nanogaps. Sim-
ilarly, the introduction of nanopits into the model of Figure 6b 
cannot increase the field enhancement, and the maximum field 
enhancement still localizes at the “nanopore-in-nanogap” posi-
tion (Figure S10, Supporting Information). These results indi-
cate that the current enhanced response mainly originates from 
the “nanopore-in-nanogap” plasmon coupling mode. In fact, 
Chen and co-workers have also found that the strongest SERS 
enhancement of nanoporous gold takes place from the samples 
with an ultrafine nanopore size of ≈5–10 nm.[43] It seems to 
reveal that nanopores, by means of an optimized design, e.g., 
its size and position, may be exploited to obtain a huge field 
enhancement.

Up to now, many kinds of electromagnetic enhancement 
structures have been successfully exploited for various applica-
tions, e.g., in SERS. For example, using lithography technique 
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Figure 7.  a–c) TEM images of nanopores located at different positions within nanogap regions, and d) the charge distribution of the Ag NP arrays 
corresponding model as shown in Figure 6b.
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combining metallic deposition, Fang et al., Wu et al., and Im 
et al. successfully fabricated different nanogap arrays, respec-
tively.[44–46] These patterning techniques indeed can improve 
the uniformity and reproducibility of the SERS signal. How-
ever, the high cost and low throughput by these lithographic 
protocols are really disadvantageous for the marketing of the 
SERS technique. Therefore, in recent decades, exciting suc-
cesses have been achieved using colloid chemistry strategy to 
well define nanogaps. For instant, using DNA-directed method, 
Au-Ag core–shell nanodumbbells and Au nanobridged nanogap 
particles have been successfully synthesized.[47,48] These struc-
tures demonstrated outstanding nanogap control. In addi-
tion, 3D plasmonic nanoclusters and Au/SiO2/Au nanoshells 
can provide a high degree of plasmonic tenability by means 
of tuning the particle number and internal geometry.[49,50] 
Besides, above lithography and colloid chemistry routes, the 
dealloying process may fabricate porous Au-Ag alloy nanostruc-
tures, which showed a remarkable SERS property.[43,51]

In this study, the 2D Ag NP supercrystals can be used 
as high-quality SERS substrates. Compared with the above 
reported typical SERS substrates, 2D Ag supercrystals were fab-
ricated via nanocasting process. This process, unlike colloidal 
nanoparticles aggregate randomly during drying, prevents the 
nanoparticle from the “coffee-ring” effect. Thus, 2D Ag super-
crystals demonstrate an active plasmonic array structure with 
high density and uniform nanogaps of ≈3 nm between nano-
particles. Furthermore, using the current chemical etching 
protocol, a “nanopore-in-nanogap” hybrid plasmon mode can 
be created, which contributes to an additional electromagnetic 
enhancement. However, some disadvantages and limitations 
of 2D Ag supercrystals are still opening. For example, the size 
uniformity of Ag supercrystals is still needed to be improved 
to meet the signal uniform of SERS detection. In addition, 
the randomly attached nanoparticles on the surface of 2D Ag 
supercrystals may also influence the electromagnetic field 
enhancement. Thus, great efforts would be devoted to solve 
these issues.

3. Conclusions

In summary, we have successfully fabricated sub-10 nm sized 
nanopore arrays by means of a facile chemical etching process 
on 2D plasmonic Ag NP supercrystals. Using in situ SERS 
detection, the formation and evolution of nanopores have been 
directly examined and the influence of nanopores on the elec-
tromagnetic field coupling effect has been investigated. First, 
using a nanocasting strategy, utilized 3D ordered mesoporous 
silica, EP-FDU-12, as hard template, large-sized 2D Ag NP 
supercrystals have been synthesized. The plasmonic Ag super-
crystals are composed of NP building units with around 22 nm 
in size and uniform nanogaps of ≈3 nm. Second, using a chem-
ical etching process with HNO3 aqueous solution, a “nanopore-
in-nanogap” hybrid plasmon mode has been formed. This 
novel hybrid plasmon mode generates an additional enhanced 
electromagnetic coupling effect and results in ≈10× magnifica-
tion of SERS signal. Third, electromagnetic field calculation 
using FDTD method reveals that the position and size of nano-
pores in “nanopore-in-nanogap” structure have an important 

role in E-fields coupling. When the nanopores locate at the 
necks between NPs or overlapped regions with NPs, surface 
charge loop is broken and an antibonding-like plasmon mode 
is formed, which contributes to an enhanced E-fields. There-
fore, the current protocol not only exploits a new approach 
to fabricate nanopore arrays with sub-10 nm scale, but also 
opens a route to explore diverse novel applications in plasmon 
enhanced spectroscopy as well as nanopore-based biosensors in 
DNA and protein analysis.[18–20]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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