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A fabrication process based on the self-assembling polystyrene spheres is proposed to obtain hole
arrayed metal-insulator-metal (HA-MIM) structure for surface enhanced Raman scattering (SERS).
The localized field enhancement aroused by the gap resonance in the HA-MIM structure is analyzed
by finite-different time domain (FDTD) method. With reference to the theory result, the structure is
experimentally fabricated and the Raman scattering spectrum of rhodamine 6G (R6G) is measured
by a miniaturized Raman spectrometer. The results shows that the enhancement factor is 3.85 times
higher than the control sample with single layered metal hole array. The fabrication process to obtain
the HA-MIM SERS substrate is reproducible, fast, large area and low cost.
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1 Introduction

Surface plasmons in metallic nanostructures exhibit a
strong enhancement of the localized field [1, 2]. With
surface plasmon resonance or localized surface plasmon
resonance, the Raman scattering from the molecules ad-
sorbed on the metallic nanostructures can be enhanced
several orders, which is called Surface-enhanced Raman
scattering (SERS) [3]. SERS is a powerful analytical
technique in label free and low concentration detection
for the fingerprint spectrum and high sensitivity. It has
been widely researched in detection of explosive, residual
pesticide, contaminative water, medicine, protein and
DNA [4–9]. One of the key works in SERS research is
how to design and fabricate the substrate with high Ra-
man enhancement factor (EF). It has been demonstrated
that the EF is directly related to the localized field in-
tensity [10]. Based on this, kinds of substrates such as
metal colloids, rough surface, spheres, and tips [11–15]
have been used in SERS. However, the random struc-
tures with high EF suffer the limited reproducibility due
to the poor reproducible of the hot spots. A probable

way to achieve reproducible SERS substrate is to fabri-
cate arrayed structures [16, 17].

Metal-insulator-metal (MIM) arrayed structure is a
plasmonic structure which has been widely researched
in recent years. Due to the dielectric layer is sandwiched
by two metal structure layers, a strong gap resonance
can be excited by the coupling of the localized field in the
MIM structure. The gap resonance can be easily tuned by
changing the metal structure size and the dielectric thick-
ness, hence it has been widely used in perfect absorber,
color filter, waveguide and antenna [18–21]. Several pa-
pers reported that the MIM structure also performs well
in SERS, because the gap resonance positions can be set
at the Raman excitation and scattering wavelength syn-
chronously, which can lead to a remarkable enhancement
in Raman scattering [22–24]. How to fabricate the MIM
structure reliably and fast is the key factor whether it
can be widely used in SERS.

In this paper, assembling polystyrene (PS) spheres
is proposed to fabricate the SERS substrate with
hole arrayed metal-insulator-metal (HA-MIM) struc-
ture. The MIM configuration is obtained by coating the
metal/SiO2/metal layers, the hole array is achieved by
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etching and then lifting off the PS spheres. The process
owns the advantages of assembling PS spheres, which is
reproducible, fast, large area and low cost [25]. The gap
resonance of the HA-MIM structure is studied firstly by
finite-different time domain (FDTD) method. Based on
the theory result, the structure is experimentally fab-
ricated and the Raman scattering enhancement of rho-
damine 6G (R6G) is measured.

2 FDTD simulation

The simulated HA-MIM structure is shown in Fig. 1(a),
based on the process of PS spheres assembling, the hole
array is hexagon distributed. The SiO2 layer in the mid-
dle is sandwiched by the gold layers to form the MIM
configuration. The distance between the hole center is
signed as D and the hole separation is d, the thickness
of the SiO2 layer is t and the thickness of gold layers
are fixed to 45 nm. The simulation is carried out by the
commercial software Lumerical FDTD Solution and the
Palik typed gold is chosen in all of the simulations.

To calculate the gap resonance of the proposed HA-
MIM structure, the absorption spectrum is simulated,
which is shown in Fig. 1(b). The red curve is for the

HA-MIM structure, it shows an absorption peak at the
wavelength of 757 nm when D = 450 nm, d = 20 nm and
t = 20 nm. However, for the single gold layered struc-
ture (t = 0 nm), the black curve shows no peak which
reveals that the resonance in the HA-MIM structure is
excited by the MIM configuration. The electric field dis-
tribution at the resonance peak is simulated and shown
in the inner figures of Fig. 1(b). The upper one is for
the horizontal plane at the center of SiO2 layer, which
shows that the electric field intensity is much stronger
in the region of the SiO2 layer, where the gap resonance
occurs. To demonstrate it, the electric field distribution
of the vertical plane posited at the red dash line is simu-
lated and shown in the lower figure. The coupling of the
top and bottom metal structure makes the gap mode
distributed mainly in the region of the SiO2 layer as an-
alyzed above, which leads to a strong enhancement of
the localized field. When the gap resonance mode is lo-
cated at the wavelength of Raman scattering band, the
enhanced localized field will lead to a great enhancement
of the Raman scattering.

The relationship of the gap resonance wavelength be-
tween the distance of the hole center D is calculated in
Fig. 1(c) when d = 20 nm, t = 20 nm. It shows that
the gap resonance wavelength of the HA-MIM structure

Fig. 1 (a) The simulated HA-MIM structure, (b) the absorption spectrum and the electric field distribution at the gap
resonance wavelength. The relationships of gap resonance wavelength with (c) the distance of the hole center D, (d) the
hole separation d and thickness of the SiO2 layer t.
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is linear increasing with the increasing of D, which fits
the surface plasmon resonance theory of grating struc-
ture for that D stands for the period of the hole array.
Figure 1(d) shows the relationships of the gap resonance
wavelength between the hole separation d and the thick-
ness of SiO2 layer t when D = 310 nm. Firstly, the blue
curve for t = 10 nm is above the red curve for t = 15
nm, that is because the increase of the thickness of the
dielectric layer in MIM structure leads to the decrease of
the wavelength of the gap resonance mode [26]. Secondly,
the gap resonance wavelength decreases with the increas-
ing of d when d < 20 nm, and then reverse to increases
when d > 40 nm. In the mid-range of the curves, the
gap resonance wavelength is little changed. This behav-
ior can be explained by the Fabry–Perot-type resonator
as reported in a previous work [26], which is written as
follows:

dneff = λη (1)

where neff is the effective index of the gap resonance
mode in the HA-MIM structure, η = (1 − φ/π)/2, φ

is the phase acquired by the reflection of the HA-MIM
structure at the gap resonance wavelength. This formula
shows that d is proportional to the wavelength, hence the
gap resonance wavelength increases with the increasing
of d when d > 40 nm. For the case of d < 40 nm, the
phase φ is not fixed and the proportionality relationship
is not existed.

3 Fabrication

The proposed fabrication process of HA-MIM structure
is shown in Fig. 2. The first step is self-assembling of PS
spheres to obtain a tightly touched periodic structure as
shown in Fig. 2(a). Then the reactive ion etching (RIE)
is used to etch the PS spheres with oxygen, and the size
of the PS spheres become smaller with the distribution
remaining the same as shown in Fig. 2(b). In Fig. 2(c),
the thin films in the order of gold/SiO2/gold are coated
on the etched PS spheres, when the coating materials

transmit through the space between PS spheres, the hole
pattern can be formed and deposit on to the substrate.
Finally, the HA-MIM SERS structure shown in Fig. 2(d)
is obtained by lifting off the PS spheres.

Fig. 2 The schematic of the proposed fabrication process:
(a) Self-assemble of PS spheres; (b) The oxygen etching; (c)
Gold/SiO2/gold coating; (d) PS spheres lift off and the formed
HA-MIM structure.

The process of self-assembling the PS spheres is refer-
enced from a previous work [27]. The PS sphere colloid
(from Duke) with the diameter of D = 310 nm is used in
this step. In the etching process, the RIE power is 45 W,
the etching gas is oxygen with the flow of 20 sccm, and
the etching time is 150 seconds. The gold layer is coated
on with the thickness of 45 nm by thermal evaporation
and the SiO2 layer is coated on by electron beam evapo-
ration with the thickness of 10 nm. The lifting off of the
PS spheres is by adhibiting with a flat polydimethylsilox-
ane (PDMS). In the coating process, the control sample
without depositing the SiO2 layer is fabricated.

With the proposed process, the HA-MIM structure is
fabricated and the scanning electron microscope (SEM)
pictures are shown in Fig. 3. The first figure is the result
of the self-assembled PS spheres, which shows that the
spheres are tightly touched. Figure 3(b) is the etched
result by RIE, which shows that there are spaces be-
tween the spheres. Figure 3(c) is the HA-MIM structure,
which shows that the holes are hexagon distributed, and
the defects in the structure stem from the self-assembling
process.

Fig. 3 The SEM figures of the fabrication result: (a) The self-assembled PS sphere array; (b) The etched result; (c) The
HA-MIM SERS structure.
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4 SERS measurement

The R6G solutions are used to test the Raman enhance-
ment property of the as-prepared HA-MIM SERS sub-
strate. Firstly the R6G (from Sigma-Aldrich, with the
purity of 99%) is dissolved in ethanol at the concen-
tration of 1×10−2M and 1×10−5M respectively. Then
the Raman spectrums are measured by the miniaturized
Raman spectrometer from ocean optics (laser: 785 nm,
spectrometer: QE65000). The excitation laser power is
400 mW and the focal spot size on the sample is 300
um with the objective NA=0.22. The Raman spectrum
is recorded with the integration time of 5 s. The R6G
solution with the concentration of 1×10−5M is dropped
on the SERS samples. A reference sample with the con-
centration of 1×10−2M is dropped on a pure quartz sub-
strate.

The measured Raman spectrum of R6G is shown in
Fig. 4, the red curve is for the HA-MIM sample and the
green curve is for the control sample with the concentra-
tion of 1×10−5M, which shows that the Raman inten-
sity of the HA-MIM structure is much stronger than the
control sample. Comparing both of the samples to the
quartz substrate with the concentration of 1×10−2M as
shown by blue curve, the Raman intensity of the fabri-
cated SERS substrates is largely enhanced. The EF is
calculated as follows:

EF =
ISERS

Nads

/
Ibulk

Nbulk
(2)

where ISERS and I0 are the intensity of enhanced spec-
trum and the ordinary spectrum of R6G respectively,
Nads, Nbulk are the number of R6G molecules adsorbed
on SERS substrate and bulk molecules respectively. By
this formula, for the three strongest Raman shift at

Fig. 4 The Raman spectrum of the R6G with the concentra-
tion of 1×10−2M for the quartz and 1×10−5M for the HA-MIM
structure and the control sample. The laser wavelength is 785 nm.

1317 cm−1, 1369 cm−1 and 1520 cm−1, the EF of the
HA-MIM structure is 2.8×105, 2.88×105 and 2.46×105

respectively, which is averagely 3.85 times larger than the
control sample due to the gap resonance in the HA-MIM
structure as analyzed above.

5 Conclusion

A process based on the self-assembling of PS spheres
to fabricate HA-MIM structured SERS substrate is pro-
posed. The gap resonance and the localized field enhance-
ment are analyzed by FDTD method and the parameter
influence is discussed. The HA-MIM structure is fabri-
cated with the proposed process experimentally, which
is etching, gold/SiO2/gold coating and lifting off the PS
spheres. The Raman scattering of R6G measurement
demonstrates that the gap resonance in the HA-MIM
structure leads to the EF 3.85 times larger than the
control samples. The proposed process is a candidate
to fabricate arrayed SERS substrate with reproducible,
fast, large area and low cost.
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