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Abstract We propose a simple and fast approach to

prepare surface-enhanced Raman scattering (SERS) sub-

strates over a large area with high flexibility by using direct

laser writing (DLW) technique. The proposal is demon-

strated by the direct fabrication of an array and a complex

of symmetry-broken nanocorrals with DLW followed by a

metal deposition process. SERS measurements show sig-

nificant SERS enhancement, which can be controlled

through engineering the focused ‘‘hot spots’’ by changing

the structural parameters. The experimental observations

are further confirmed by our simulations with a finite-dif-

ference time-domain tool. The studies can be extended to

versatile SERS substrates with arbitrary geometries.

Surface-enhanced Raman scattering (SERS) spectroscopy

has been widely recognized as a promising and powerful

tool in biological, environment and chemical fields [1–3].

To achieve sensitive SERS detection, SERS substrates with

high enhancement factors are highly desirable. To this aim,

people have created versatile metal nanostructures con-

taining ‘‘hot spots’’ [4, 5], which were randomly distributed

in complex metal nanoparticle aggregates or intentionally

designed around the tiny features of metal nanostructures

such as nanotips and nanogaps [6–13]. At the ‘‘hot spots’’

region, localized plasmonic modes could induce tremen-

dous field enhancement and the resulted SERS

enhancement factor can be as high as 1014–1015. However,

the overall SERS enhancement relies on not only the peak

enhancement factor at the ‘‘hot spots’’ but also the effective

areas of the ‘‘hot spots’’ region. Although the local SERS

enhancement factor is promising, the overall SERS

enhancement remains very limited if the filling fractions of

the ‘‘hot spots’’ areas are small compared with the large

substrate areas. Moreover, in some cases, the tiny areas of

the ‘‘hot spots,’’ for example, the areas between the

nanogaps, are not able to accept the detected targets during

in situ SERS measurement due to limitations such as heat

accumulation and gradient forces. In such a case, gener-

ating large-area ‘‘hot spots’’ on a flat substrate is desirable.

This can be readily realized by focusing surface plasmon

polaritons (SPPs) on a flat substrate. For example, a sym-

metry-broken nanocorral has recently been employed to

generate a pronounced SPP focal spot using linearly

polarized illumination. It showed that the focal spot can be

well controlled by changing the polarization of the exci-

tation and the geometry of the nanocorrals [14]. However,

the nanocorrals (and many other similar structures with

SPP focusing functionalities) were generally fabricated by

expensive and slow EBL lithography combined with liftoff

technique, and the structures have yet been demonstrated in

SERS spectroscopy.

Here, we propose and demonstrate a simple, cheap and

fast direct laser writing (DLW) of an array and complex of

symmetry-broken nanocorrals. After metal deposition, the

nanocorrals were directly applied in SERS measurements

and showed significant SERS enhancement. Through

engineering the focused ‘‘hot spots’’ by changing the

structural parameters, the SERS signals were further

enhanced, which were confirmed by our simulations with a

finite-difference time-domain (FDTD) method. The studies

provide a cheap and fast fabrication of SERS substrate over
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a large area with high uniformity, which can be extended to

versatile SERS substrates with arbitrary geometries and

could be very useful for reproducible, addressable and

large-area SERS mapping.

The DLW we used in fabrication is based on two-photon

polymerization (2PP) technique [15–19] employed by a

commercial fabrication system (Photonic Professional,

Nanoscribe GmbH). In fabrication, a 780-nm femtosecond

laser beam (with pulse width *120 fs and repetition rate

*80 MHz) is focused into a negative photoresist (IP-L,

Nanoscribe GmbH) by a high-numerical aperture (NA) oil-

immersion objective (1009, NA = 1.4, Zeiss), as shown in

Fig. 1a. The resolution of DLW is determined by a com-

bination of the optical resolution and the material response

during fabrication. The optical resolution is defined by the

spatial distribution of absorbed photons, which is mainly

governed by the NA of the objective in our case. Figure 1b

shows the contour of the intensity square (I2) of laser in the

focal volume, in which only the focal region with photon

energy above the 2PP threshold energy of the resist can be

polymerized. Therefore, by controlling the laser power

during DLW, one can control the size of the polymerized

volume in the focus. As shown in Fig. 1c, by exposing the

resist with certain dose, ellipsoidal voxels (as the replica of

the center focal region) with vertical size ranging from 560

to 1,000 nm can be fabricated. By controlling the central

position of the laser focus closely along the top surface of

the cover glass, the fabricated voxels can be overlapped

with cover glass and stably stand onto its top surface. The

width and height of the fabricated features can be less than

100 nm or even thinner [16, 17]. This enables a simple

fabrication scheme of metallic nanocorrals. As schemati-

cally illustrated in Fig. 1d, a polymeric nanocorral can be

firstly fabricated on cover glass by simply scanning the

laser spot with certain distance above the top surface of the

cover glass. The curvatures of the nanocorrals are sectioned

by a serial of separated points in design, and the fabrication

is realized by performing point-by-point scanning of the

laser spot along the designed routes. Secondly, the sample

is developed in 2-propanol for 20 min. Finally, metallic

nanocorrals can be obtained by a simple metal deposition

process. This three-step fabrication process is very simple

and fast. For example, the fabrication of a complex nano-

corral (Fig. 2a, containing 10 concentric nanocorrals) and a

100 9 100 lm2 nanocorral array (Fig. 2b, containing

1,225 nanocorrals) took less than 10 and 30 min, respec-

tively, with DLW. After the DLW process, a 70-nm-thick

Ag film is deposited onto the structures using E-beam

evaporation. The three-dimensional nature of the nano-

corrals can be well seen in Fig. 2c.

As illustrated in Fig. 1, there are two ways to control the

width (d) and height (h) of the fabricated nanocorrals. The

first approach is to control the laser power during DLW. As

shown in Fig. 3a–c, by increasing the laser power from 6 to

7, and 8 mW with a constant scanning height, the width of

the symmetry-broken nanocorrals (with radius

Rlarge = 1 lm and Rsmall = 0.5 lm) changes from 345 to

397 and 430 nm, while its height is kept unchanged around

500 nm. After the metal deposition process, the nanocor-

rals are directly immersed into p-thiocresol ethanol solu-

tion (with a concentration of *10-5 M) for 2 h, rinsed

with ethanol to get rid of adsorbed p-thiocresol molecules,

and finally dried in air for 20 min, with which the p-thio-

cresol molecules are attached onto the sample surface with

a concentration of *6.7 9 10-18 mol/lm2. After sample

preparations, SERS measurements are performed at room

temperature with a Raman microscope (mps 3,000, Laser

Quantumn). The excitation laser has a wavelength of

532 nm and excitation power of *1 mW, which is focused

onto the nanocorrals from the top by an objective (Olym-

pus, 509, NA = 0.5). The diameter of the focus onto the

sample is about 1.5 lm. For comparisons, the laser power

and accumulation time are kept the same for all SERS

measurements. Figure 3d shows the SERS spectra obtained

from a layer of p-thiocresol molecules on Ag-coated

symmetry-broken nanocorrals with different width. While

the planar silver film shows almost no SERS signal, the

Fig. 1 a Schematic diagram for the DLW process. b Contour of the

normalized intensity square (I2) in the focal volume of the objective

(NA = 1.4). c Fabrication scheme and top-view SEM images of

fabricated replica of the focal volume (named as voxels) under

different laser exposure (unit: mJ) as noted. The size of each SEM

image is 2 9 6 lm2. The sizes of the voxels are 1,000 9 360,

800 9 320 and 560 9 250 nm2, respectively, for laser exposure of

4.5, 4.3 and 4.1 mJ. When the scanning height of the laser focus is

larger than the size of the voxels, the voxels will lay down after the

exposure. When the scanning height is close to the top surface of the

cover glass, for example, less than 500 nm, the voxels can well stand

onto the substrates, as shown in the top-right corner of each image.

This provides the possibility of fabricating corrals in nanoscale.

d Flowchart for the fabrication of metallic nanocorrals
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Ag-coated polymeric nanocorrals show significantly

enhanced SERS spectra. This is because SPPs are excited

and concentrated by the symmetry-broken nanocorrals,

which indirectly enhanced the SERS signals through

enhancing the local electric field. Moreover, it can be seen

that the intensity of the Raman peaks decreased dramati-

cally with the increase in the corral width. This indicates

that the width of the nanocorrals affects the excitation and

focusing efficiencies of the SPPs, which is consistent with

the argument in Ref. [11] that the focal spot can be well

controlled by changing the geometry of the nanocorrals.

The other way to control the geometry of the nanocor-

rals is to change the scanning height of the laser spots while

keeping the laser power constantly during the DLW pro-

cess. Figure 4a shows the measured SERS spectra from

nanocorrals with different height, in which the SERS sig-

nals are varied as expected. To relatively quantify the

experimental results, the Raman enhancement factors (EFs)

were calculated by using the following equation given by

Yu et al. [20],

EF ¼ ISERS=IRefð Þ NRef=NSERSð Þ

where ISERS and IRef are the Raman intensities at a certain

peak position (1,585 cm-1 in this experiment), and NRef

and NSERS are the number of p-thiocresol molecules for the

reference sample and SERS substrates. The Raman EFs

were calculated to be 5 9 105, 3 9 105 and 7 9 104,

respectively.

Currently, there are two mechanisms that can be used to

explain the SERS enhancement: One is the electromagnetic

effect, and the other is the chemical effect. It is well known

that the electromagnetic field enhancement accounts for

the majority of the SERS signal [21, 22]. To find out why

the SERS signals increased with the decrease in the cor-

ral height, the electric field (E-field) distribution around

the nanocorrals is simulated with FDTD method by

using a freely available software package (MEEP) [23].

Fig. 2 SEM images of

fabricated nanocorral complex

and nanocorral array. a Top-

view image of 10 concentric

nanocorrals with radius ranging

from 0.5 to 10.5 lm. b Top-

view image of a 35 9 35

symmetry-broken nanocorral

array with periodicity of 3 lm.

Each nanocrorral consists of

two semicorrals with radius

Rsmall = 0.5 lm and

Rlarge = 1 lm. Inset top-view

image of 5 9 5 nanocorrals.

c Side-view image of single

nanocorral from Fig. 2b

Fig. 3 a–c Top-view SEM images of symmetry-broken nanocorrals

fabricated by DLW under laser power of a 6 mW, b 7 mW and

c 8 mW, respectively. The width (d) of the nanocorrals is noted in

each figure. Each nanocrorral consists of two semicorrals with radius

Rsmall = 0.5 lm and Rlarge = 1 lm. d SERS spectra of p-thiocresol

molecules adsorbed on Ag-coated nanocorral structure with different

width as shown in Fig. 3a–c. The SERS measurement from a planar

Ag film is also showed as a reference. Excitation wavelength

k = 532 nm. The excitation polarization direction is indicated by the

arrow in Fig. 3a–c. The data collection time was set to 6 s
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Figure 4b–d plots the normalized intensity distribution of

the E-field (|E|2/|E0|2) around the Ag nanocorrals with a

height of 300, 500 and 700 nm, respectively, under

Gaussian beam excitation at k = 532 nm. As seen from the

simulated results, ‘‘focal spots’’ are formed between the left

and right semicorrals where the E-field intensity is much

higher than that at other areas, which could result in a

strong Raman signal from locally adsorbed probe mole-

cules. Moreover, both the shape and the size of the ‘‘focal

spots’’ are changed with the height of the corrals. Specifi-

cally, the position of the ‘‘focal spots’’ moves from the

center of the nanocorrals toward the small semicorrals

when the corral height increases. Meanwhile, the integrated

|E|4/|E0|4 value, calculated from FDTD simulations in

Figs. 4b–d as a relative indicator of the SERS enhance-

ment, decreases as the corral height increases. For example,

when the corral height increases from 300 to 700 nm, the

corresponding value of integrated |E|4/|E0|4 drops by

*30 % from 3.31 to 2.31. This drop in calculated |E|4/|E0|4

corresponds well with the decrease in experimentally

measured Raman signals in Fig. 4a, indicating that through

engineering the focused ‘‘hot spots’’ by changing the

structural parameters of the nanocorrals, the SERS signals

can be flexibly controlled.

In conclusion, we have proposed and successfully fab-

ricated symmetry-broken nanocorrals as SERS substrates

by DLW and subsequent metal deposition method. By

adjusting the laser power and scanning height during DLW,

the geometries of the nanocorrals can be well controlled,

which provides a flexible approach to modulate the local

electric field and therefore control the SERS enhancement

factors. Compared with conventional SERS substrates, on

the one hand, the proposed substrates can generate large-

area ‘‘hot spots’’ and achieve high filed enhancement factors

simultaneously on a flat area. On the other hand, compared

with the expensive EBL lithography combined with com-

plicated liftoff technique and nanoimprint lithography

assisted by expensive and fixed molds, the proposed method

is simple, fast, maskless and flexible to directly fabricate

two-dimensional and three-dimensional structures with

arbitrary geometries [18, 19]. Therefore, taking the sym-

metry-broken nanocorral as an example, our studies provide

a simple, cheap and fast method for the fabrication of SERS

substrates with flat detection regions over a large area with

variable complexity, which could find potential applications

in addressable and large-area SERS mapping.
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Fig. 4 a SERS spectra of p-

thiocresol molecules adsorbed

on Ag-coated nanocorrals

structure with different height of

(h) 300, 500 and 700 nm,

respectively. b–d Normalized

intensity distribution of electric

field (|E|2/|E0|2) around the Ag

nanocorrals with h = 300, 500

and 700 nm, respectively, under

Gaussian beam excitation at

k = 532 nm. The two-

dimensional (2D) imaging

planes are along the top surface

of the metal-coated cover glass.

Dashed lines show the positions

of the nanocorrals, and the

excitation polarization direction

is indicated by the arrow. Each

nanocrorral consists of two

semicorrals with radius

Rsmall = 0.5 lm and

Rlarge = 1 lm. The size of each

figure is 4 9 4 lm2
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