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A large-area highly efficient, cost-effective and stable SERS substrate is 

synthesized with a proposed versatile and simple process. 
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A large-area cost-effective Ni/Au hybrid nanoparticle arrays is synthesized with a 

proposed versatile and simple process by depositing Au on the pre-prepared arrays of 

Ni particles with the ultra-thin alumina membranes as shadow mask during the 

deposition. A highly efficient and stable surface enhancement Raman scattering 

(SERS) substrate could be obtained from utilizing the resulting regular pattern of 

Ni/Au NP arrays. As compared with the single Au NP arrays, a largely decreased Au 

evaporation thickness and much lesser Au is needed for achieving the same Raman 

enhancement factor for the Ni/Au NP arrays. Subsequent SERS spectra measurement 

of the crystal violet (CV) molecule detection indicate a good SERS-active sensitivity 

with a detection limit of 10
-10

 M concentration, a large Raman enhancement factor at 

10
8
 was obtained, excellent SERS signal reproducibility with a relative standard 

deviation (RSD) as low as 6-7% as well as a great long term stability at 10 months. 

 

1. Introduction 

Large-scale surface nanoparticle (NP) patterns of noble metals (mainly Ag and Au) 

are good SERS substrates for bio-detection or bio-sensing due to their unique 

properties such as the high controllability of particle size, shape and interparticle 

spacing, high structure uniformity and hence the excellent reproducibility of SERS 

signal as well as the ideal repeatability of sample batches.
1-6

 Among  the common 

fabrication methods of ordered NP arrays such as electron beam lithography 

(EBL),
5,7-9

 nanosphere lithography (NSL)
10-13

 and template-assisted nanopatterning 

technology,
1,2,14-20

 the UTAM (ultra-thin alumina membranes) surface fabrication 

technique 
21-25

 provides an efficient nano-patterning process to prepare large-scale 

ordered arrays of NPs, and has been used recently to prepare Au and Ag NP arrays for 

SERS substrates.  Normally the UTAM-assisted Au and Ag NP arrays are realized 

using the thermal evaporation process. At the beginning of the evaporation process, 

the particles are discrete particles that consist of a few very small metallic crystallites. 

With the progress of the evaporation process, the tiny crystallites cohere together and 

finally the discrete particle changes to a continuous particle where the evaporation 

thickness is one of the key factors for metal NP morphology.  Hence the Raman 
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enhancement effect of metal NP array SERS substrates largely depends on the 

thickness of the metallic particles when the size, interparticle distance, probing 

molecule and excitation wavelength are certain; especially the largest enhancement 

factor (EF) is obtained with a certain thickness (i.e., characteristic thickness ‘CT’) of 

particles. For the expensive metals in SERS substrate, it is crucial to make the CT as 

small as possible under the premise of achieving an ideal high SERS enhancement. To 

largely decrease the CT, we propose an innovative process by depositing Au on the 

pre-prepared Ni particles, so that the curved top surface of Ni particle shall slow down 

the cohering process, and hence largely enhance the SERS effect of the NPs array and 

thus effectively decrease the CT. 

With our UTAM approach, the synthesized regular array of 25 nm Ni/20 nm Au 

hybrid NPs exhibit high uniformity and reproducibility. Convincing evidence was 

obtained from a Raman map which shows relatively uniform intensities of the SERS 

substrate on area of 10×10 µm
2
. Similarly, SERS signals taken at 15 randomly chosen 

locations across the sample demonstrated minimal variations in the characteristics 

peak intensities of the spectra with a period of 10 months between the measurements, 

hence verifying the long term stability of the Ni/Au composite arrays of NPs which is 

suitable for the detection of molecules. Importantly, our SERS substrate which was 

tested at molecule concentration ranging from 1×10
-6

 to 1×10
-10 

M also reveal 

evident SERS characteristics of the CV molecule at extremely low concentration at 

10
-10 

M. Hence, this permits our synthesized hybrid metallic nanostructures for very 

sensitive and accurate detection of molecules at the low detection limit of 10
-10 

M. 

Furthermore, the 20 nm-thick Au layer on 25 nm-thick Ni particle arrays show a 

strong SERS effect comparable to the 45 nm-thick Au particle arrays, which means 

that the CT had been largely decreased. For achieving the same Raman enhancement, 

much lesser Au is needed and confirms the high cost-effectiveness of our innovative 

process.  

It is well known that multicomponent nanoparticles can not only combine 

properties of the individual constituents but also show unique and superior properties 

which are different from ordinary materials, such as optical, catalytic, and 

photocatalytic properties.
26-29 

For instance, coating magnetic metals such as Fe, Co 

and Ni with Au not only provides advantages in surface protection and 

biocompatibility, but also exhibit unique optical properties such as surface Plasmon 

resonance (SPR) and surface enhanced Raman scattering (SERS). 
30, 31

 Our SERS 

measurement results of CV adsorbed on the as-prepared 25 nm Ni/20 nm Au hybrid 

NP array SERS substrates show large SERS enhancement, great long-term stability 

and excellent reproducibility of the SERS signal, which indicates that the hybrid 

structure is a good candidate for analytical applications such as a biosensor. 
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2. Experimental 

Fabrication of UTAMs 

The UTAMs were prepared using a two-step anodization process.
21,22

 In brief, after a 

series of pretreatments, the high-purity (99.999%) aluminum foil with 0.2-mm 

thickness was first anodized in 0.3 M oxalic acid aqueous solution at 2 
o
C and under 

40 V DC for 12 h. Then the anodic oxide layer was removed in a mixture of H3PO4 (6 

wt%) and H2CrO4 (1.8 wt%) at 60 
o
C for about 10 h. The secondary anodization was 

carried out using the same solution and anodization voltage as the first step for 5 min, 

and then the Al back layer was removed in a CuCl2/HCl solution for about 10-20 

minutes. The UTAMs with ordered channel arrays were obtained after a 

pore-widening process was carried out in phosphoric acid solution (5 wt%) at 30 
o
C 

for 65 min, and finally, the prepared UTAMs were attached on the Si substrate for 

subsequent usage.   

Preparation of Ni/Au hybrid nanoparticle arrays 

Ni was deposited on the UTAM/Si substrate by electron beam evaporation under the 

vacuum of 8×10
-4 

Pa with the electron gun voltage of 6 kV and current of 100-120 A. 

Subsequently, Au coating layer was thermally evaporated on the surface of Ni 

deposition in the UTAM channels with an evaporation voltage of 85 V and deposition 

rate of 0.3-0.5 nm/s. After deposition of Au, the UTAM was stripped away using a 

tape, thus leaving behind the ordered Ni/Au hybrid nanoparticle arrays on the surface 

of the Si substrate. For fabrication of single Au nanoparticle array, Au was thermally 

evaporated on the UTAM/Si substrate under the same condition. 

Preparation of samples for SERS measurement  

All the Ni/Au hybrid NP arrays substrates for SERS measurements were prepared by 

immersion of the substrates in identical 1×10
-6

, 1×10
-7

, 1×10
-8

 and 1×10
-10

 M CV 

aqueous solution (30 ml) for 3 h to make sure that the surface were absorbed with a 

layer of CV molecules. For comparison, a bare Si substrate without metal deposition 

was directly immersed in the 1×10
-3

 M CV aqueous solution for 3 h to measure its 

normal Raman signal; pure Au NP arrays substrates with different Au thickness (10, 

20, 30 and 45 nm) were immersed in 10
-6

 M CV aqueous solution for 3 h to measure 

their SERS signal. Subsequently, all the samples were rinsed with deionized water and 

dried by nitrogen gas flow. The sample stored for 10 months with 10
-7

 M CV 

molecules adsorbed was eluted by immersing the sample in absolute ethyl alcohol for a 

certain time period. Then the sample was immersed in the 10
-7

 M CV aqueous 

solution for 3 h to absorb the molecules again. According to the results of the 

pre-experiment, the immerse-dry sample has better SERS signal reproducibility 
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comparing the drop-dry
[32]

 sample for our prepared nanostructure substrates. So here 

all the samples for SERS measurement were prepared by immersing-dry. 

 

Characterization and SERS measurement 

Scanning electron microscopy (SEM) images were obtained using a FE-SEM 

(JSM-6700 F, JEOL). The SERS spectra were collected by a 100× objective Renishaw 

System 1000 Raman spectrometer with a 633-nm wavelength He-Ne laser excitation 

in an exposure time of 10 s and the laser power was adjusted to 10%. All the SERS 

spectra were acquired from 5-6 different locations on the same sample and the ideal 

spectrum was reported. The baseline correction of the measured spectra was 

performed to remove the broad background and fluorescence band. SERS spectrum of 

the 10-month sample was measured directly. Subsequently, spectrum of the sample 

after elution desorption and after resorption treatment were carried out with the same 

route as mentioned above. Raman mapping was obtained by scanning the sample 

using step motors mounted on the microscope, with an area of 10 µm×10 µm and a 

step length of 1 µm. All the experiments were performed in double or triplicate to 

check the reproducibility of the whole process. 

 

3. Results and discussion 

Fig. 1 schematically depicts the procedure for fabricating Ni/Au ordered hybrid NP 

arrays as SERS-active substrate using the UTAM as a template. Firstly, the UTAM 

was prepared using a two-step anodization process (I-II-III), and the prepared UTAM 

was transferred onto a silicon substrate (IV). Subsequently, Ni and Au were deposited 

on the Si substrate by electron beam and thermal evaporation successively in the 

vacuum condition using the UTAM as a shadow mask (V-VI). The nanostructure 

arrays are arranged by self-organized, hexagonally close packed nanochannels of the 

UTAM. After removing the UTAM, the regular Ni/Au hybrid NP arrays are obtained 

on the surface of the Si substrate (VII). Precise control over the sizes of the Ni/Au 

particles and the interparticle spacing between two adjacent particles is easily 

achieved by adjusting the structure parameters of the UTAM used as well as 

controlling the deposition condition (for example, the thickness of the Ni and Au layer 

and the deposition rate). 

Using the as-prepared UTAM (under a voltage of 40 V and with a pore-widening 

process of 65 min) as the shadow mask, three different evaporating thicknesses of Ni 

NP arrays were obtained, which were 10 nm, 15 nm and 25 nm respectively. As 

shown in the SEM images (shown in the Supplementary Information Fig. S1) of the 

Ni NP arrays, only at the 25 nm thickness, where the size of the Ni NP accords with 
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the pore diameter (about 77 nm) of the UTAM. Conversely, at the thickness of 10 nm 

and 15 nm, the sizes of the Ni NPs (48 nm for 10 nm thickness and 60 nm for 20 nm 

thickness) are both far lesser than the UTAM pore size. Hence, 25 nm was used as the 

appropriate evaporating thickness of Ni in the Ni/Au ordered hybrid NP arrays during 

the sample preparation. On the surface of the Ni dot arrays in the UTAM channels, 

varying evaporation thickness of Au at 5 nm, 10 nm, 15 nm, 20 nm and 25 nm were 

deposited. Hence the ordered Ni/Au hybrid NP arrays were fabricated with various Au  

 
Fig. 1. Schematic illustration of the process for fabricating the Ni/Au ordered hybrid nanoparticle arrays as 

SERS-active substrate with the UTAM as template. (I) first anodization of aluminum foil;   (II) removal of the 

oxidized layer; (III) second anodization of aluminum foil; (IV) UTAM is transferred to the Si substrate after the 

aluminum back layer was removed and the pore-widening process; (V) deposition of Ni by electron beam 
evaporation with the UTAM as the shadow mask; (VI) thermal deposition of Au on the surface of Ni in the UTAM 

channels; (VII) Ni/Au ordered hybrid NP arrays after removing the UTAM. 

 

coating layer thickness, Ni/Au ratio and morphology. Fig. 2 shows the SEM 

images of six NP arrays of different evaporation thickness: 25 nm Ni (a), 25 nm Ni/5 

nm Au (b), 25 nm Ni/10 nm Au (c), 25 nm Ni/15 nm Au (d), 25 nm Ni/20 nm Au (e) 

and 25 nm Ni/25 nm Au (f). From the figure, it was clearly observed that both Ni and 

Ni/Au NP arrays show high regularity and uniformity and are hexagonally close 

packed which is a replica of the UTAM nanopores. The 25 nm Ni nanoparticles (a) 

appear small and thin while the top surface is smooth. Accordingly, with the 
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increasing Au layer thickness due to the deposition on the Ni particles, gradually the 

particles become plumper. A most important and interesting observation is that the top 

surface of the Ni particles is not smooth anymore, but becomes rougher [transiting 

from (b)-(c)-(d)-(e)] and then tends to be smooth again in (f). As shown in Fig. 2, 

when the Au deposition thickness increases to 10-20 nm [(c)-(d)-(e)], especially at 15 

nm (d) and 20 nm (e), large amount of small crystallites (or discrete particles) 

assemble on the top surface of each particle and a spiny structure for the particle is 

clearly visible. However, as the Au coating layer thickness further increases to 25 nm 

(f), the discrete particles change to a continuous particle and the top surface turns out 

to be smooth and flat which is different from the thorn-like shape. 

 
Fig. 2. SEM images of 25 nm Ni NPs arrays (a), 25 nm Ni/5 nm Au (b), 25 nm Ni/10 nm Au (c), 25 nm Ni/15 nm 

Au(d), 25 nm Ni/20 nm Au (e) and 25 nm Ni/25 nm Au (f) hybrid NPs arrays. 

 

In order to study how the SERS activity of the Ni/Au hybrid NPs depends on the 

thickness of the Au coating layer, SERS spectra of the CV molecules were measured 

on these prepared Ni/Au NP arrays with different Au layer thickness. Fig. 3 (A) is the 

collection of the SERS spectra of 10
-6

 M CV absorbed on the NP arrays of 25 nm Ni, 

25 nm Ni/5 nm Au, 25 nm Ni/10 nm Au, 25 nm Ni/15 nm Au, 25 nm Ni/20 nm Au 

and 25 nm Ni/25 nm Au. From the figure, it was clear that the spectrum (a) of the CV 

molecules obtained on the pure Ni nanoparticle arrays is so weak that almost no 

obvious CV vibration signal can be observed. However, as the Ni NP was coated with 

5 nm Au (spectrum b), hence more vibrational modes can be obtained. With the 

further increase of the Au layer from 10 nm (c), 15 nm (d) to 20 nm (e), the SERS 
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signal was enhanced remarkably. However, when the Au layer thickness was 

increased to 25 nm (f), the SERS signal does not continue to increase and was instead 

weaken. Therefore, the largest signal enhancement occurs when the thickness of the 

Au coating layer is 20 nm, i.e., the total hybrid particle thickness is 45 nm. Analogous 

SERS spectra measurement results of the 10
-7 

M CV in Fig. 3 (B) also shows similar 

trend as the spectra of the 10
-6 

M CV. Fig. 3 (C) clearly shows the dependence of the 

SERS peak intensity on the Au layer thickness of the Ni/Au hybrid NP for the 10
-6

 M 

CV molecule, which displays that the largest SERS enhancement occurs when the 

thickness of the Au layer is at 20 nm. Therefore, it can be seen that the Raman 

enhancement effect of the Ni/Au hybrid NP array as SERS substrates is largely 

dependent on the thickness of the Au deposition layer (or the thickness of the particle) 

when the size, shape, interparticle distance, probing molecule and excitation 

wavelength are experimentally determined. In particular, the largest enhancement 

factor is obtained with a certain thickness (i.e., characteristic thickness ‘CT’) of the 

particles. For the expensive metals in the SERS substrate, it is of great significance to 

make the CT as small as possible under the premise of achieving an ideal high SERS 

enhancement factor. We have demonstrated that depositing Au on the pre-prepared 

curved surface of the Ni NPs can largely enhance the SERS effect of the NPs array 

and thus effectively decrease the CT. 
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Fig. 3. Collection of the SERS spectra of the 10
-6

 M (A) and the 10
-7

 M (B) CV molecules adsorbed on the NP arrays 

of 25 nm Ni (a), 25 nm Ni/5 nm Au (b), 25 nm Ni/10 nm Au (c), 25 nm Ni/15 nm Au (d), 25 nm Ni/20 nm Au (e) 

and 25 nm Ni/25 nm Au (f); (C) the dependence of SERS peak intensity on the Au layer thickness of the Ni/Au 

hybrid NP for 10
-6 

M CV molecule.  

 

It was observed in Fig. 2 that the surface morphology of the Ni/Au NPs changes 

and the CT of the particles decrease. This can be explained by the deposition process 

of Au on the surface of the Ni nanoparticles. As shown in Fig. 4, on the curved top 

surface of the Ni NP that was pre-prepared with UTAM (Fig. 4a), Au was deposited 

with increasing thickness. When the Au evaporated thickness is very small (as shown 

in Fig. 4b), only a small amount of Au crystallites was sparsely deposited on the 

surface of the Ni NPs. Hence, the Au deposition layer is discrete which consist of a 

few very small metallic crystallites, and the surface roughness is higher as compared 

with the pure Ni particle surface. Due to the presence of the surface roughness and the 
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strong coupling of surface plasmon between the adjacent Au crystallites, the Raman 

intensity of the CV molecules on the 25 nm Ni/5 nm Au hybrid NP arrays is evidently 

enhanced as compared with the pure Ni NP arrays. With the increase of the Au 

deposition thickness, more of the discrete particles will coalesce on the surface of the 

Ni NPs (Fig. 4c), thus resulting in large quantity of pinholes or gaps between the 

adjacent Au little particles on the hybrid NPs surface. As a result, the surface 

roughness will increase sharply, until the number of discrete particles and the pinholes 

or gaps becomes the largest (Fig. 4d) which result in the smallest size of the pinholes 

or gaps. Accordingly, due to the strong coupling between not only the tiny crystallites 

which have a lot of nanogaps but also between the neighboring Ni/Au NPs owing to 

an Au coating layer, the SERS intensity of the Ni/Au NPs will also subsequently 

enhance until the largest enhancement occurred at a certain thickness. However, when 

the Au coating layer thickness further increases, the pinholes or gaps on the surface 

will be gradually filled by more of the deposited Au crystallites and at the same time 

the tiny crystallites will cohere together. Finally, this result in the Au discrete particles 

assembling into bigger and continuous Au particles, which result in the Ni NPs 

surface becoming densely covered with the Au layer and hence the surface tending to 

be smooth and flat (Fig. 4e). Therefore, the SERS signal enhancement does not 

continue to increase but will weaken instead. In other words, when the particle 

thickness is smaller than CT, although each particle consists of a few small crystallites 

(or discrete particle) which is favorable for Raman enhancement, however the small 

amount of evaporated metal limits the overall Raman enhancement. With further 

growth (in our case the thickness is increasing due to the pore confinement which 

limits their growth in the lateral direction) of the NPs, despite the increment of the 

SERS-active metal materials, the discrete particle will be transformed to a continuous 

particle and hence decreases the Raman enhancement. 
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Fig. 4. Schematic illustration of the deposition process of Au small crystallite (SC) on the curved surface of the Ni 

nanoparticles [(a)-(b)-(c)-(d)-(e)] and the flat surface of the bare Si substrate [(a’)-(b’)-(c’)-(d’)] within the 

confinement of the UTAM pores, respectively. 

 

For the UTAM technique in fabricating Au NPs, all the particles are usually grown 

on a flat place of the substrate (for example Si wafer, shown as Fig. 4a’). At the 

beginning of the deposition process, the particles are discrete (Fig. 4b’), and with the 

progress of the evaporation process, more of the Au particle tends to coalesce together 

(Fig. 4c’). On a flat surface, the small Au particles are more easily cohered and will 

assemble to be continuous with each other; hence the surface becomes continuous and 

smooth in a shorter time. But on the contrary, the curved top surface of the Ni particle 

will slow down the cohering process, hence the top surface of the Ni/Au hybrid 

particle will be inclined to sustain more discrete particles and result in a higher 

surface roughness after a certain period of time. Therefore, for the same Au deposition 

thickness on the curved and flat surface of the substrate, the SERS enhancement effect 

of the former will be much stronger than the latter. For the same level of enhancement 

of the SERS substrate, deposition on the curved surface shall largely decrease the CT, 

which is crucial for expensive metal (for example, Au) in fabricating cost-effective 

SERS substrate. To prove this point, pure Au NPs arrays with different thicknesses of 

10, 12, 30 and 45 nm were fabricate by the same UTAM, and the SERS performances 

of being absorbed with 10
-6

 M CV molecule were compared with the 25 nm Ni/20 nm 

Au (the largest SERS enhancement substrate) hybrid NP arrays. Results are shown in 

Fig. 5 and as expected, for 10
-6

 M CV, the SERS signal enhancement of the 10 
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nm-thick pure Au NP arrays is extremely small, while the enhancement strengthens 

with the Au thickness increases from 10 nm to 45 nm. Moreover, when the Au 

thickness is less than 30 nm, the SERS enhancement is smaller than the 25 nm Ni/20 

nm Au substrate. However, when the Au thickness increases to 45 nm, the SERS 

signal shows a strong SERS effect which is comparable to the 25 nm Ni/20 nm Au 

particle, especially for 1177 and 1619 cm
-1

 band (shown as Fig.5). In other words, 

deposition of 25 nm Au on a curved surface of the Ni NP will result in the same level 

enhancement of the SERS signal as a 45 nm-thick Au particle, which means that the 

CT has been largely decreased. The calculated enhancement factors (EFs) (shown in 

Supporting Information Table 1) for all the samples in Fig. 5 further prove 

quantitatively that the enhancement activity for 25 nm Ni/20 nm Au particle arrays 

and pure 45 nm-thick Au NP arrays are in the same level. Therefore, in achieving the 

same level of Raman enhancement, much lesser Au is needed which confirms the high 

cost-effectiveness of our proposed innovative process.  

 

  

Fig. 5. SERS spectra of the 10
-6

 M CV molecule on the 25 nm Ni/20 nm Au hybrid NP array substrate and pure Au 

particle array substrate with different thickness of 10, 20, 30 and 45 nm, and normal Raman spectroscopy.  

 

In our results, the 25 nm Ni/20 nm Au hybrid NP array substrate show the 

remarkable SERS enhancement not only for 10
-6

 M CV, but also for 10
-7

, 10
-8

 M and 

even for very low concentration at 10
-10

 M. Fig. 6 (A) displays the collection of 

spectra of the CV molecule with four different concentrations absorbed on the 25 nm 

Ni/20 nm Au hybrid NP array substrate [(a)-(d)] as well as the normal Raman 

spectrum of 10
-3

 M CV (e) on a bare Si substrate without metal deposition. As shown 

in Fig. 6(A), nearly no Raman signal can be found for normal Raman measurement  

on the bare Si substrate, while for every other molecule concentration from 10
-6

, 10
-7

, 
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10
-8

 to 10
-10

 M, the SERS spectrum reveals the apparent characteristic signals of the 

CV molecule, even for the very low concentration at 10
-10

 M. Such successful 

detection for extremely low concentration indicates that the hybrid NP array substrate 

is a good trace probing substrate.  

For a qualitative evaluation of the SERS enhancement effect of the 25 nm Ni/20 nm 

Au hybrid NP array substrate, the enhancement factors, EFs, for 10
-6

, 10
-7

, 10
-8

 and 

10
-10

 M CV molecules were estimated. (Details are in Supporting Information Table 2) 

The dependence of EFs on the thickness of Au coating layer at 1177 cm
-1

 peak for the 

10
-10 

M CV adsorption is shown in Fig. 6(B). With the increase of the thickness of Au 

coating layer on the Ni/Au hybrid NPs, the EFs firstly increase and then decrease after 

reaching to the highest value of 4.5×10
8
 at 10

-10 
M concentration. As mentioned above, 

this great SERS enhancement can be mostly attributed to the strong coupling of the 

surface plasmon between the numerous Au discrete particles on the surface of Ni NPs 

as well as the large enhancement of the localized electromagnetic field in the 

nanogaps (so called “hot spots) between adjacent Ni/Au NPs. Due to the close 

packing of the Ni/Au nanoparticles in a large area assembly by the UTAM (as shown 

in Fig. 2), this can lead to strong interparticle plasmon coupling. Additionally, in our 

fabricated Ni/Au hybrid NPs, the Au depositing particles are packed on the surface of 

the Ni NPs. The effect of the magnetic field of the Ni particles will lead to coupling 

between the top Au layer and the bottom Ni NPs and thus the Ni/Au hybrid NPs also 

exhibit ferromagnetic behavior. Therefore it is possible that the local electromagnetic 

field near the Au surface can be magnified because of the interaction between the 

magnetic Ni particles and the Au surface layer. This may be another component of the 

contribution to the strong SERS enhancement for the Ni/Au hybrid NP arrays which 

cannot be achieved in single Au NP arrays substrates. Magnetic effect of the Ni/Au 

composite NPs can make an impact on the surface electrons that influence the 

distribution of the adsorbed CV molecules. Therefore, the SERS effect of the 

adsorbed CV molecules is further enhanced and display different vibrational modes 

from the Au NP as observed in Fig. 5. 
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Fig. 6. (A) Collection of spectra of the CV molecule with four different concentrations absorbed on the 25 nm 

Ni/20 nm Au hybrid NP array substrate [(a)-(d)] and the normal Raman spectrum of the 10
-3

 M CV molecule (e) on 

a bare Si substrate without metal deposition. (B) The dependence of the EFs on the thickness of the Au coating 

layer at 1177 cm
-1

 peak for the 10
-10 

M CV absorption. Inset shows the structure of the CV molecule. 

 

Coating a certain thickness of Au layer on the surface of the Ni NPs can also 

prevent oxidization
30 

thus sustaining the long time stability of the Ni/Au hybrid NP 

arrays substrate especially in corrosive biological conditions. Fig. 7 shows the 

comparison of the SERS performance of the 10
-7

 M CV molecule adsorbed on three 

substrate samples: after 10 months storage (a), eluting desorption (b) and adsorption 

again after eluting desorption and after storing for 10 months (c). Using the SERS 

intensity of the 1618 cm
-1

 peak as an example, for the sample after 10 months, the 

intensity still reaches 96.6% of that of the as-prepared sample [Fig. 3B(e)].  After 

eluting desorption, the SERS spectrum has almost no Raman signal of the CV 

molecule. When adsorbed in 10
-7

 M CV molecules again, the intensity of the 1618 

cm
-1

 peak reaches 93% of the value obtained previously with eluting desorption. This 

small reduction of the SERS intensity demonstrated the long-term stability of the 

Ni/Au composite arrays due to the Au coating that prevents oxidization effectively, 

and thus the SERS substrate can be reused after 10 months or even a longer time.  
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Fig. 7. SERS spectra of the 10

-7
 M CV molecule adsorbed on three substrate samples: after 10 months of storage 

(a), eluting desorption (b) and adsorption again after eluting desorption (c). 

 

Many different SERS substrates have been reported in the literature but one of the 

problems that still remain unsolved is the reproducibility of the Raman enhancement 

spectra. One of the advantages of our method for SERS substrate fabrication by 

UTAM is that we can precisely control the structural parameters and uniformity of the 

NPs, hence the great reproducibility of the SERS signals can be obtained easily. To 

illustrate the surface homogeneity of the as-prepared NP arrays substrate and the 

reproducibility of the SERS activity, a Raman area map [Fig. 8 (A)] was taken on an 

area of 10×10 µm
2
 and the SERS spectra [Fig. 8 (B)] were taken from 15 different 

sites that are chosen randomly on the entire 1 cm
2
 area in the 25 nm Ni/20 nm Au 

substrate for the 10
-6 

M CV molecule. Fig. 8 (A) displays two of the spot-to-spot 

SERS maps for different areas (10×10 µm
2
) in the substrate, which were recorded 

with a step of 1 µm using the integrated area of the baseline-corrected peaks at 1177 

cm
-1

. The bright and dark colors distribution shows the SERS signal intensities tend to 

be uniform on the whole. As shown in Fig. 8(B), for the spectra of 15 different 

locations that are chosen randomly in the sample, it can be observed that there are no 

changes in the characteristic peaks of the spectra except for very minimal variations in 

the intensity at various points. In order to prove the high reproducibility of the 

substrate, relative standard deviation (RSD) of the SERS intensity for 10
-6

 M CV on 

the 25 nm Ni/20 nm Au substrate at three prominent peaks at 1177, 1372, and 1618 

cm
-1

 (7.0%, 6.9%, and 6.7%, respectively) was calculated and the standard deviation 

was shown in the inset of Fig. 8 (B). Base on these results, the 25 nm Ni/20 nm Au 

NP arrays substrates displayed excellent reproducibility of the SERS performance 

with low RSD values at 6-7%. The observed small intensity variation with high SERS 

enhancement in a large area (>1 cm
2
) is far below any of the previously reported 

substrates fabricated by other various techniques with RSD values in the range of 

10-20% 
33-36

.  
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Fig. 8. (A) Selected SERS maps of the CV molecules (1177 cm
−1

, 10 × 10 μm
2
, step size 1 μm) on the 25 nm Ni/20 

nm Au NPs substrate with the average intensities integrated. Scale bar: 2 μm; (B) Spectra measured at 15 different 

regions on a 1cm
2 

area of the 25 nm Ni/20 nm Au NP arrays. Variation in the SERS spectra was well below 7%. 

Inset shows the standard deviation and the average value of the three prominent peaks at 1177, 1372 and 1618 

cm
-1

. 

 

As mentioned above, coating of Au on the curved surface of the pre-prepared Ni 

NP not only can exhibit strong SERS enhancement but can also largely decrease the 

CT of the NP arrays. Therefore this reduces the amount of Au used and show the high 

cost-effectiveness of our proposed fabrication method. In fact, our method is not only 

applicable to Ni but can be readily extended to other metals such as Fe and Co. 

However, the different metal will have different CT and SERS effect. 

 

4. Conclusions 

In conclusion, a cost-effective Ni/Au hybrid nanoparticle arrays as highly efficient 

and stable SERS substrate was successfully fabricated by depositing Au on the 

pre-prepared Ni particles with the UTAM as the shadow mask. Our proposed method 

greatly decreased the needed Au thickness and much lesser Au is needed for achieving 

the same Raman enhancement. The as-prepared Ni/Au NP arrays substrate shows 

good sensitivity with a detection limit of 10
-10

 M of crystal violet molecule, excellent 

reproducibility with a low RSD at 6-7%, great long term stability for 10 months and 

large Raman enhancement factor as high as 10
8
. The method was demonstrated to be 

effective for the development of cost-effective hybrid nanoparticle arrays to be used 

as highly efficient and stable SERS substrate for bio-sensing applications. 
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A table of contents  

A large-area highly efficient, cost-effective and stable SERS substrate is 

synthesized with a proposed versatile and simple process. 

 

 

 

 

 

 

 

 

 

 

 

 

Page 19 of 19 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


