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Surface-Enhanced Raman Scattering on a 

Hierarchical Structural Ag Nano-Crown Array 

under Different Detection Ways 

 

Yi Wang, Yuyang Wang, Hailong Wang, Ming Cong, Weiqing Xu, Shuping Xu* 

A highly ordered Ag nano-crown array with a hierarchical pattern is designed as a three-dimensional (3D) 

surface-enhanced Raman scattering (SERS) substrate. It was achieved by depositing Ag on a patterned 

polymethyl methacrylate (PMMA) film which precisely replicates the patterns of a honeycomb-like 

anodic aluminum oxide (AAO) template. We made a detailed analysis on the structure of Ag nano-

crowns and place emphasis on the detection mode to optimize the excitation and collection of the SERS 

signals. Finite-different time-domain (FDTD) simulation was performed to confirm and compare electric 

field enhancement in the gaps between nano-crowns under two different detection ways. All the results 

exposed and confirmed that the unique detection way of the Ag nano-crown substrate which is different 

from the traditional mode is optimal. This hierarchical structural Ag nano-crown not only has 

satisfactory repeatability, but also provides high sensitivity which was supported by the high electric 

field enhancement under the proper detection way. As a practical application, the detection of pesticide 

thiram was achieved with the limit of detection down to 1.0  10
-14

 M. This hierarchical structural Ag 

nano-crown array on a polymer film is a promising candidate as a portable SERS chip. 

Introduction 

Surface-enhanced Raman scattering (SERS) has become one of 

the most important modern spectroscopic methods due to its 

high sensitivity, non-destructive, and real-time fashion of 

detection.1-6 It is found that this enormous enhancement of 

Raman signal is originated from the electromagnetic 

amplification on a variety of noble metallic nanostructures.7-9 

The design of novel metallic nanostructures is one of main 

trends in SERS studies since SERS signal is extremely sensitive 

to the morphology and size of the plasmonic nanostructure, 

especially the gaps between nanostructures.3, 10 Benefiting from 

the advances in nanofabrication and nanomachining, many 

unique nanostructures have been extensively reported.11-14 

Within these nanostructures, the two-dimensional (2D) 

membrane-typed SERS substrates or solid-supported substrates 

gain great attention due to their practicality and universality in 

SERS detections.15  
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The progress in these 2D solid-supported substrates started 

from many disordered and unartificial metallic nanostructures, 

such as the vacuum deposition Ag island film16 and the metal 

nanoparticle assembled film.17  

To consider about the reproducibility of SERS substrates, the 

ordered and periodic structures have been developed, for instant, 

a regular metal coating layer over a nanosphere array developed 

by Van Duyne,18 the ordered metallic array by electron beam 

lithography19 and focused ion-beam lithography.20 Recently, the 

3D SERS substrates attracted great interests.3,21-25 These 

metallic nanostructures share a feature of the multi-scaled 

configuration in 3D space, which is supposed to produce more 

hot spots due to the addition of one dimension. This „hot spot‟ 

structure can concentrate the incident electromagnetic field and 

effectively amplify the near field in the vicinity of the 

nanostructures.26-28 Moreover, owing to the versatility and 

flexibility in 3D construction, 3D SERS substrates usually 

possess the adjustable gaps of plasmonic objects between edges 

or shape corners,29, 30 allowing for an optimization of 

electromagnetic coupling to ensure strongest SERS. However, 

beside the prosperity in the construction of 3D SERS substrates, 

one key point is always missing that the SERS excitation and 
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collection ways for a 3D substrate still follow the habit for a 2D 

SERS substrate, in which a 180° backscattering detection mode 

is set for most SERS trials and the focused beams are laid on 

the substrates‟ surfaces. Since the SERS substrates have been 

extended to 3D, we should adopt more helpful detection ways 

by the reconsideration of their spatial geometries.  

The excitation and collection of SERS spectra on a SERS 

substrate strictly rely on its plasmonic property. Finite-

difference time-domain (FDTD) and other numerical simulation 

methods help us to disclose the local electric field distribution 

around metal surface and the far field coupling. By the guiding 

of simulation results, we can identify an optimal spatial angle to 

excite and collect SERS signal, especially for a 3D plasmonic 

nanostructure.31 In addition, we can further pre-program a 

plasmonic structure to a designed SERS emission angle, 

achieving directional SERS.32  

In this paper, we designed and fabricated a highly ordered 

Ag nano-crown array with a hierarchical pattern as a 3D SERS 

substrate. It was prepared by vacuum depositing Ag on a 

patterned finger-like polymethyl methacrylate (PMMA) film, 

which was achieved by precisely replicating the patterns of a 

honeycomb-like anodic aluminum oxide (AAO) template. The 

gaps between nano-crowns were controlled by adjusting the 

thickness of deposited Ag, in order to build more „hot spots‟. It 

is worth emphasizing that we paid more attention to the 

detection mode to optimize the excitation and collection of the 

SERS signals, which is different from the traditional composite 

SERS substrate. Under two different detection ways, the 

electric field in the gaps between nano-crowns was simulated 

by the FDTD method. What‟s interesting is that the signal 

collected from backside is better than the observe side. This 

hierarchical structural Ag nano-crown not only has satisfactory 

repeatability, but also provides high sensitivity which was 

supported by the high electric field under the proper detection 

way. As a practical application, the detection of a pesticide 

(thiram) was achieved with the limit of detection down to 1.0 × 

10-14 M.  

Experimental section 

Fabrication of Ag nano-crown Array 

A hierarchical structural Ag nano-crown array was fabricated 

by vacuum evaporating Ag film on a patterned PMMA film 

which had the structure replicated from a honeycomb-like 

anodic aluminum oxide (AAO) template (see Fig.1a). The 

anodic aluminum oxide (AAO) template for the formation of 

Ag nanocrown was fabricated with method that reported in our 

previous work.33 Polystyrene (PS) nanospheres in 500 nm 

diameter was synthesized by emulsion polymerization method 

and served as a preset mold on an Al foil substrate (99.999% 

purity, 0.2 mm in thickness, 1.0 cm × 1.5 cm in area) via an 

interface self-assembly method. Reactive ion etching (RIE) 

(Plasmab lab 80 Plus) was used to reduce the diameter of PS 

nanospheres. An 80 nm thickness of Al film was deposited onto 

the PS spheres. The pre-patterned Al foil was anodized under 

the voltage of 100 V in 0.3 M phosphoric acid solution to 

obtain the hierarchical structural AAO template. Polymethyl 

methacrylate (PMMA) solid (996 K, from Sigma-Aldrich) was 

dissolved in dichloromethane for spin coating on AAO template. 

The PMMA film which had the structure replicated from 

hierarchical structural AAO template was cured under 130 ℃ 

for 30min. In order to separate the PMMA film from the AAO 

template, we used a copper chloride (CuCl2) and hydrochloric 

acid (HCl) solution to remove Al and 0.1 M NaOH to remove 

AAO. Then, we achieved the highly ordered Ag nano-crown 

array structure over the flexible PMMA film by vacuum 

evaporating different amount of Ag on the patterned PMMA 

film. To distinguish them, we used the average thickness of Ag 

film (which is measured by a quartz crystal monitor in the 

vacuum deposition process) to represent these samples. 

Characterization 

The surface morphologies of the samples were investigated by 

a scanning electron microscope (SEM, HITACHI SU8020), the 

accelerating voltage is 3.0 kV. The reflection spectra of the Ag 

nano-crown array and PMMA film were measured by an Ocean 

Optics USB4000 spectrometer to evaluate the plasmonic 

properties. A halogen tungsten lamp with the power of 6.5 W 

was used for illumination and an Ag mirror was used as a 

reference. The parameters for recording the reflection spectra 

were as follows, integration time of 100 ms, scans to average of 

8 and a boxcar width of 10. The absorption spectra were 

measured by an Ocean Optics USB-ISS-UV/VIS spectrometer, 

integration time of 10 ms, scans to average of 10 and a boxcar 

width of 10. 

SERS spectra from the Ag nano-crown array substrates were 

acquired by an optical fiber portable Raman spectrometer 

(B&W Tek Inc.) at a backscattering mode. The excitation 

source was a 532 nm laser, and the integration time was 1 s. 

The laser power is 3.2 mW and diameter of the laser spot is 

about 1.0 μm. All spectra were obtained under the same 

conditions if not specially pointed out. As for the SERS 

detection, 5.0 μL of 4-mpy aqueous solution (1.0 × 10−5 M) was 

dropped on a 1.0 cm × 1.5 cm flexible Ag nano-crown substrate, 

and we collected SERS signal after the 4-mpy aqueous solution 

was dried. For the experiment of reproducibility, a 1.0 cm×1.5 

cm substrate was immersed in 1.0 × 10-7 M 4-mpy aqueous 

solution for 20 min, dried by nitrogen after clearing with water. 

Moreover, 5.0 μL of thiram methanol solution (1.0 × 10−6 M - 

1.0 × 10−14 M) was dropped on the 3D SERS substrate, the 

integration time was 10 s.  

FDTD Simulations 

Three-dimensional finite-different time-domain (FDTD) 

simulations were carried out by FDTD solutions software 

(Lumerical Solutions, Inc.). It is used for displaying the 

electromagnetic (EM) field distributions around hierarchical 

structural Ag nano-crown array.  The dielectric constant of Ag 

was according to Palik. The fractive index of the PMMA is 

1.49. The simulation area was 450 nm × 780 nm × 630 nm 

with the Yee cells of 1 nm × 1 nm × 2 nm, which is sufficient 
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to characterize the feature size of the given geometry. The 

boundary conditions were anti-symmetric in X-axis, symmetric 

in Y-axis and PML (perfectly matched layer) in Z-axis. Period 

spacing of the hexagonal structure is 20 nm. The gap between 

outer six Ag nano crowns is 10 nm. Diameter of central Ag 

nano crown is 100 nm and the spacing between central and 

outer Ag nanocrown is 10 nm. The incident wavelength is 532 

nm with polarization direction parallel to X-axis, and the 

incident direction is vertical to the substrate surface. 

Results and discussion 

Morphology of the Ag nano-crown substrate 

The fabrication procedure of the Ag nano-crown array is shown 

in Fig. 1a. First, a hierarchical structural AAO template was 

prepared by electrochemical anodic oxidation, which has been 

reported in our previous work.33 Then, we spin-coated a 

PMMA layer over the AAO template (about 0.4 mm thick) and 

then it was peeled off. The PMMA film replicated the 

hierarchical structure, forming a hierarchical structural Ag 

nanrod array. Next, we evaporated Ag with a certain thickness 

on the patterned PMMA film.  

Fig. 1d-f shows SEM images of the top view of the obtained 

substrates in each step. Fig. 1d is the AAO template and we can 

see it displays a honeycomb-like structure with seven holes in 

one unit and has almost no much breaking and defects. After 

PMMA copying, the hierarchical channel structure became an 

array of seven gathering nano-fingers (Fig. 1e). To deposit Ag 

on this PMMA nano-finger array, a hierarchical Ag nano-crown 

array was achieved over the PMMA (Fig. 1f). The period of the 

submicro lattice is 500 nm, and each submicro lattice consists 

of six symmetric bigger nano-crowns and a smaller central one. 

As we have concluded in previous publications,33 the formation 

of the unique structure can be attributed to growth induction of 

the submicro nano-indentations pre-patterned on the Al surface 

after a “defect anodization”process,14 which is the origin of the 

dimension scale of the Ag nano-crown array. 

Next, we used this Ag nano-crown array with sophisticated 

spatial structure as a 3D SERS substrate because the precise 

pattern and narrow gaps may satisfy the high SERS 

requirements on sensitivity and reproducibility. In addition, we 

adopted two kinds of detection modes for this 3D substrate (Fig. 

1b and c). We detected and compared SERS signals from either 

of two sides as shown in Fig. 1b and 1c (type Ⅰ; vertical 

detection from the air side. type Ⅱ; vertical detection from the 

adherent PMMA side). Owing to the excellent light 

transmittance of PMMA, few signal interference in Raman 

spectra was observed (see the Raman spectrum of PMMA in 

Fig. S1). 

 Fig. 1 (a) Preparation process of Ag nano-crown array. (b) and (c) Two types of incident modes (Type Ⅰ: detection from the air side. Type Ⅱ: detection from the 

PMMA side). (d) – (f) SEM images of a hierarchical structural AAO template, a PMMA film that reduplicats the AAO template and an Ag nano-crown array. The scale 

bar is 1 μm. (g) A photograph of an Ag nano-crown array above the PMMA film.  

Different amounts of deposited Ag result in various 

morphologies above the finger-like PMMA film and we can 

regulate the gaps between nanocrowns by the amount of 

deposited Ag (Fig. 2). Before Ag deposition, the patterns are 

ordered with hexagonal structure as a unit. Because of the 

unique morphology of nano-finger array and the uncertainty 

about the nucleation sites in the process of vacuum evaporating, 

the deposited Ag would be nonuniform at different sites. It 

prefers to locate at prominence sites rather than the sunk parts. 

So, it forms discrete and non-uniform Ag film when the amount 

of deposited Ag is small (e.g. 10 and 20 nm, Fig. 2a and 2b). 

The structure was composed of central and outer six nano-
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crowns which retained the hierarchical pattern perfectly. The 

spacing between two nano crowns in Fig. 2a is 20 nm and it 

decreases to 10 nm in Fig. 2b, while their period spacing 

distances of hexagonal unit are 50 and 30 nm, respectively. 

When the thickness of Ag film was added up to 50 nm, the 

boundaries between the outer six nano-crowns became vague 

and almost disappeared, the periodic structure was formed by 

an outer hexagon and a center nano-crown (Fig. 2c). With the 

increase of the Ag film thickness, the structure of hierarchical 

period gradually disappeared, and the period spacing of 

hexagonal unit decreased from 30 nm to 20 nm. When the Ag 

film was 300 nm, the morphology tends to be a rough silver 

film and no obviously hierarchical structure is identifiable (Fig. 

2f). 

 Fig. 2 SEM images of fabricated Ag nano-crown arrays with different thickness of Ag films. (a) - (f) corresponds to 10, 20, 50, 100, 200 and 300 nm, respectively. The 

scale bar is 500 nm. 

The plasmon resonance band and excitation laser 

SERS activity of a substrate is strongly affected by its 

plasmonic property. In order to learn about the plasmonic 

property of the designed 3D SERS substrate, we measured the 

absorption spectra of the Ag nano-crown substrate (Fig. 3a). It 

can be found that the absorption band is broad and located at 

495 nm. The broad plasmon band allows for many choices of 

the laser wavelengths to couple surface plasmonic resonance 

for SERS excitation. In present study, we adopted a 532 nm 

laser for SERS excitation.  

Fig. 3(b) displays the reflection spectra of two surfaces of 

the Ag nano-crown array substrate. It can be found that the 

reflectivity recorded as type Ⅱ mode has a relatively low 

reflectivity in the wavelength range of 350-800 nm. However, 

for the other surface, the Ag/air surface, the reflection is quite 

strong in the range of visible range. The strong reflection 

would decrease the light coupling efficiency in a certain 

degree. The relationship between the plasmon resonance and 

electromagnetic enhancement would be discussed later. 

 
Fig. 3 (a)The absorption of a Ag nano-crown array. (b) Reflection spectra of Ag 

nano-crown array detected by type Ⅰ mode and type Ⅱ mode.  

Control of the gaps between nano-crowns 

The enhanced effect of SERS signal is crucially dependent on 

the size of the gaps between nano-crowns which were 

controlled by adjusting the thickness of Ag film. In order to 

find In order to find the optimal gap between nano-crowns and 

the optimal thickness of Ag film that can achieve the greatest 

enhancement, SERS spectra were collected by dropping 5.0 μL 

of a 4-mpy aqueous solution (1.0  10-5 M) on the Ag nano-

crown array. The averaged SERS spectra of 4-mpy which were 

collected on the six substrates with different thicknesses of Ag 

films are shown in Fig. 4a and 4b, corresponding to the 

detection ways of types Ⅰ and Ⅱ, respectively. The main 

peaks of 4-mpy at 1001, 1053, 1086, 1216, 1569 cm-1 can be 

assigned to the ring breathing, C-N-C and C-C-C symmetry 

vibration, ring breathing/C-S stretching mode, C-H in plane 

bending, C=C stretching mode, respectively.34 The SERS 

signals were enhanced evidently when the thickness of Ag film 

was added from 10 nm to 20 nm, corresponding to the gap of 

Ag nano-crown decreases from 20 to 10 nm. And then the 

SERS signals decrease when the thickness of Ag film is in the 

range of 20-60 nm with the gaps between the outer six nano-

crowns disappearing. Fig. 4c shows the plots of SERS 

intensity at 1001 cm-1. The substrate with 10 nm nanogap (20 

nm thickness) is proved to have a maximal enhancement 

which is far higher than others, indicating a better SERS 

activity. We attribute the strong SERS activity to the formation 

of proper sized nanogaps.  

Moreover, a flat Ag film with a thickness of 20 nm was 

prepared for SERS effect comparison between planar Ag film 

and the nanostructured Ag film (shown in Fig. S2). The  
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Fig. 4 (a) and (b) SERS spectra of 4-mpy which were collected on the six 

substrates with different thicknesses of Ag films under the detection ways of 

type Ⅰ and type Ⅱ, respectively. (c) SERS intensities at 1001 cm-1 under the 

two detection ways. 

enhancement of the 3D substrate is about 800 times greater 

than the flat Ag film, indicating an excellent enhancement of 

SERS signal by the unique structure. The nano-crown 

substrate with a 20 nm Ag film was selected for subsequent 

experiments to testify the optimal SERS detection mode and 

reproducibility. 

Discussion about the detection mode 

As stated above, two kinds of laser irradiation ways cause 

difference on SERS enhancement. We compared the SERS 

performances of six substrates with different amount of 

deposited Ag under the two different detection ways (Fig. 4c 

and S3) and they all show the SERS signal comparison as type 

Ⅱ> type Ⅰ. In order to optimize the detection modes and 

understand where the difference of SERS performance brought 

from, we used the FDTD method to simulate the distributions 

of electric field of this substrate with laser irradiation from two 

sides. 

Fig. 5a shows the model of the structure. We used the trial 

of 20 nm thickness Ag film as a sample, which supports the 

strongest SERS. Since the nanogaps (either between the outer 

six nano-crowns or between two nanofingers) decrease with 

the amount of deposited Ag increased, we add a thin Ag 

layer35 to the side of nanofingers to present the spread Ag (see 

Fig. S5). The nanostructure features in XY-plane can change 

with the movement of Z-axis. We selected four positions in Z-

axis to observe the changes of electric field: (1) the top surface 

of Ag nanostructure, (2) the middle plane of the Ag film, (3) 

the interface of PMMA/Ag film, and (4) the bottom plane of 

Ag which is located in the gaps (the XY-views of the four 

positions are shown in Fig. 5b). Fig. 5c and 5d correspond to 

the simulation results of the four planes with different incident 

directions of laser, respectively. The simulation results show 

that the electric field enhancement of type Ⅰ (Fig. 5c) occurs 

at the gaps between nano-crowns, the highest electric field 

intensity arrives in 1.0 × 102, and SERS enhancement factor 

is estimated to be on the magnitude of 106-108. The similar 

distributions of electric field enhancement are observed in type 

Ⅱ (Fig. 5d), except that the electric field intensities are much 

higher than type Ⅰ. The electric field intensity is as large as 

1.0 × 103 of the incident light field. SERS enhancement factor 

is estimated to be 108-1012. This phenomenon is in conformity 

with experimental SERS results exposes that the detection 

mode of type Ⅱ is optimal for this Ag nano-crown array.  

Aimed at the differences of two detection modes, we made 

analysis about the plasmonic properties of this hierarchical Ag 

nano-crown array. Based on the above mentioned reflection  

 Fig. 5 3D simulation of a unit cell of the silver nano-crown. (a) The model of the nanostructure. (b) XY-view of the selected four positions in Z-axis. The simulation 

results of the four nanostructures with different incident direction of laser (c) type Ⅰ and (d) type Ⅱ. 
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Fig. 6 (a) Concentration-dependent SERS spectra of thiram. (b) The plot of SERS 

intensity vs thiram concentration. The errors are from the difference of multiple 

spectrum. 

spectra (Fig. 3b), the type Ⅱ  mode has stronger light 

harvesting effect due to a relatively low reflectivity in visible 

range. The spread Ag in the gaps of nanocrowns arranged 

periodically and increased the roughness at the interface of Ag 

and PMMA, which reduced the light reflection.36-38 However, 

in type I mode, the strong reflection cause a low light coupling 

efficiency. Accordingly, weaker SERS intensity was observed 

in type Ⅰ  mode. Therefore, we attribute the difference 

between two detection modes to the different efficiencies of 

light harvesting at two surfaces. 

Practical application of the substrate 

To further demonstrate practical application of the flexible 

substrate, we performed the SERS detections of thiram, a toxic 

chemical widely used as pesticide which is irritative to skin 

and mucosa.39 The SERS spectra of thiram collected on the 

SERS substrate are shown in Fig. 6a and a plot of SERS 

intensity with the thiram concentration is presented in Fig. 6b. 

The detected concentration range is from 1.0 μM to 10 fM. 

The LOD is 1.0  10-14 M close to femtomole scale and the 

signal to noise ratio is 3.0. Compared with the previously 

reported Ag nanoshells system which has a uniform layer of 

Ag shells on silica core particles, the LOD of thiram detected 

by Ag nano-crown array (1.0  10-14 M) is far better than that 

of the Ag nanoshells (1.0  10-8 M).40 Moreover, this flexible 

substrate is highly ordered since it replicated the morphology 

of the AAO template. This should enable an even distribution 

of SERS “hot-spots”, bringing good repeatability. We also 

investigated its reproducibility in SERS detections (Fig. S4) 

and the relative standard deviations (RSDs) of SERS 

intensities are less than 16%, which can meet the standard of a 

high-performance SERS substrate (RSDs < 20 %).1, 12 

Conclusions 

In summary, we designed a highly ordered silver nano-crown 

array with a hierarchical pattern as 3D SERS substrate and 

placed emphasis on the detection mode to optimize the 

excitation and collection of the SERS signals. FDTD 

simulation was performed to confirm and compare electric 

field enhancement in the gaps between nano-crowns under two 

different detection ways. All the results exposed and 

confirmed that the unique detection way which excite and 

collect SERS spectra from the solid-supported side is optimal 

due to a large light harvesting effect. This hierarchical 

structural Ag nano-crown not only has satisfactory 

repeatability, but also provides high sensitivity which was 

supported by the high electric field enhancement under the 

proper detection way. This Ag nano-crown SERS substrate 

with sophisticated structure can also be used in practical. 

Detection of thiram was achieved with a LOD down to 1.0  

10-14 M. 
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