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Beijing 100080, China
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In this paper, the authors report on the fabrication, theory simulation, and optical characterization

of X-shaped nanoscale plasmonic crystals (PCs) and their application in biosensors. X-shaped PCs

with 30 nm feature line-widths and different intersection angles were fabricated by a combination

of electron beam lithography and argon ion beam milling techniques. Both experimental

measurement and finite-difference time-domain simulations were employed to study the

transmission properties of PCs under two different incident light polarizations. With the reduction

of the symmetry of the X-shaped PCs, the transmission spectra of PCs show a new peak at

�900 nm in the near-infrared region, and the optical experimental results were consistent with the

simulated results. Plasmonic crystal-based biosensors were then prepared by self-assembly of

octadecanethiol to the PCs followed by biotinylation and immobilization of streptavidin to the

biosensor. The sensing properties of the PC-based biosensors with a 30� intersection angle, which

is enhanced by a localized surface plasmon resonance with the asymmetry of the PC, are superior

to those with a larger intersection angle in biosensor application. The robust fabrication technique

and the strategy for enhancing the sensitivity of the biosensor endow X-shaped PCs with a great

competitive advantage over other candidates. VC 2012 American Vacuum Society. [http://dx.doi.org/

10.1116/1.4767274]

I. INTRODUCTION

A plasmonic crystal (PC) is a kind of artificial material con-

sisting of a nanostructured noble metal film which exploits sur-

face plasmon polaritons (SPPs) and is a family member of

metamaterials.1–3 The past two decades have witnessed the

emergence and rapid growth of metamaterials due to the recent

progress of micro- and nanofabrication technologies. As a con-

sequence, the concepts of negative index, chiral metamaterials,

and artificial magnetism have been widely accepted. Now the

focus of research has moved into the domain of application,

and PC-based sensors for the purpose of detection of biological

and chemical molecules are listed as one of the emerging direc-

tions of the investigation of metamaterials.4

Surface plasmon resonance (SPR), which is a collective

free electron oscillation stimulated by the incident light at

the metal/dielectric interface of PCs, enables chemical and

even label-free biological sensing. Since surface plasmons

are strongly confined at the metal surface, they are very sen-

sitive to changes in the dielectric properties of the interface.

Although happening in the vicinity of the metal surface, the

information about the near-field interaction of the surface

plasmons with the analytes can be carried by far-field light

transmitted from the PC. Typically, transmission intensity

variation and/or the frequency shift of the transmission spec-

trum were utilized to implement SPR-based sensors.5–7 The

enhancement of the transmission of PC-based sensors is

widely accepted as a result of the SPPs and the localized sur-

face plasmon resonances. Localized surface plasmon

resonances are SPRs generated by a light wave interacted

with nanostructures smaller than the wavelength of light.

Size, shape, density, and periodicity of nanostructures have

significant effects on the localized surface plasmon reso-

nance. Though localized surface plasmon resonance is domi-

nated by the shape and asymmetric parameters of holes in

PCs,5,8 there are few experimental and theoretical reports

about asymmetric-effect enhancement of the transmission of

PCs.9–11 Infrared (IR) PCs are especially important for bio-

sensing applications because biomolecules possess a mid-

infrared fingerprint that can be used for their identification.

On the other hand, it is challenging to fabricate PCs with

a feature size scaled down to one tenth of the visible and IR

wavelength. Nowadays, the combination of electron beam li-

thography (EBL) and the lift-off process has been one of the

most widely used techniques for the fabrication of optical

PCs sensors. Unfortunately, the performance of sensors is

influenced significantly by the defects of nanostructures

introduced during the lift-off process. To lower the Ohmic

losses at visible and near-IR frequencies, defect-free PC

structures are necessary. A narrow line-width is also requi-

site for obtaining large-field enhancements over the surface

of PCs, and for optical and IR sensors the line-width of the

PC nanostructure is far below 100 nm, which makes the fab-

rication of high-quality sensors more challenging.

Herein, a series of IR PCs with varying degrees of asym-

metry were fabricated by a combination of EBL and ion

beam milling processes to fulfill the fabrication of IR PCs.

The implementation of symmetry reduction relies on reduc-

ing the intersection angle of X-shaped PCs, and the
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transmission and biosensing properties were measured. It is

found that the intensities of the transmission peak depend

strongly on the asymmetry of the X-shaped PCs. The finite-

difference time-domain (FDTD) method was used to simu-

late the electromagnetic response of the PC, which was

found to be in good agreement with the experimental result.

A self-assembly monolayer of octadecanethiol (ODT) and

biotin was immobilized on the gold nanostructures by soak-

ing the PCs in solutions of ODT and biotin in chronological

sequence. The PC-based sensor with a 30� intersection angle

possesses the highest sensing ability of the binding event of

streptavidin and biotin in the near-IR region.

II. EXPERIMENT

A. PC fabrication

As we aimed to fabricate PCs which will response at near

infrared region, the length and line-width of the arms, which

should be much smaller than the radiated wavelength of infrared

light, and the film thickness (30 nm) were chosen by FDTD

simulations. The width and length of the arms of the X-shaped

PCs studied in this paper were designed to be 30 and 240 nm,

respectively, with a lattice constant of 400 nm where the only

difference among these PCs is the intersection angle of the two

arms. To reduce the defect density and shrink the line-width of

the PCs, ion beam etching was used as an alternative to the lift-

off process. The fabrication process, which is a combination of

EBL and ion beam milling processes, is shown schematically in

Fig. 1(a). The pattern was laterally defined by standard EBL on

a flat fused quartz plate where the quartz substrates were first

sputtered with a gold thin film layer with a thickness of 30 nm

to decrease the charging effect. Prior to deposition, the quartz

plates were immersed sequentially in acetone, isopropyl alcohol,

and deionized water in an ultrasonic bath, with each step per-

formed for 10 min, and then blown dry with nitrogen. Then

commercial electron beam resist, polymethylmethacrylate (2%

PMMA 950, Microchem), was spin-coated at 4000 rpm and

baked at 180 �C for 1 min on a hot plate, with a final film thick-

ness of about 60 nm. A Raith 150 EBL system was used to

define the patterns and, after development, the patterned sam-

ples were mounted on a rotating sample stage which was tilted

in a certain angle and were etched by an ion beam milling sys-

tem (LKJ-150, Beijing Institute of Advanced Ion Beam Tech-

nology). To ensure a clear Au surface on the PC, the sample

was cleaned by oxygen plasma (PVA TePla, PS210) for 10 min

under the power (600 W) to remove the residual PMMA resist.

Figures 1(b)–1(e) are scanning electron microscope

(SEM) images of PCs with different intersection angles of

30� (B), 45� (C), 60� (D), and 90� (E), respectively. Scale

bars in the SEM images are 1 lm. The “atoms” of the PCs

are arranged into periodic arrays and the lattice constant is

400 nm. The pattern seems fairly uniform with the slit line-

width being around 30 nm in all PCs with larger intersection

angles except for a slight deformation of the shape of the slit

in the PC with a 30� intersection angles. This shape deforma-

tion is caused partly by electron repulsion during the lithog-

raphy process and partly by the grain of the Au film during

the etching process.

B. Measurement and FDTD simulation of PC
transmission properties

Transmission measurements of PCs and PC-based biosen-

sors were carried out at room temperature using a home-made

integrated microscope-spectrometer system under two inci-

dent polarizations (0� and 90�) to obtain the transmission

spectra. The polarizations were defined with the E-field of the

incident light parallel (0� polarization) or perpendicular (90�

polarization) to the symmetrical axis which is located in the

shape corners of the PC unit, as shown in Fig. 2(c). The sys-

tem includes a spectrometer iHR-320 from HORIBA Jobin-

Yvon, an OLYMPUS BX51 microscope, and detectors. A

100� objective lens, with a numerical aperture of 0.85, was

used to collect the enhanced far-field light transmitted through

the slit of each PC sample, then the light was dispersed by a

monochromator with three selectable gratings of the iHR-320

spectrometer and then detected by a two-channel detector.

To simulate the transmission spectra of PCs, we

employed the FDTD method using a flexible free-software

package MEEP.12 In the simulations, the Drude–Lorentz

model was used to describe the dispersion of the gold film,

the grid size of the FDTD calculation was 1 nm, and the PC

structure was placed on a semi-infinite quartz substrate with

a refractive index of 1.46.

C. Biosensor preparation and sensing properties

To examine the feasibility of this plasmonic crystal bio-

sensor for label-free biosensing, we employed the biotin–

FIG. 1. (Color online) (a) Schematic diagram of the fabrication process of

PCs. The substrate is quartz with a thickness of 0.5 mm, which was coated

with a 30 nm gold by sputtering. Then, a thin film of (60 nm) PMMA was

spin-coated on the substrate. (b)–(e) are SEM images of PCs with different

intersection angles 30� (b), 45� (c), 60� (d), and 90� (e), and with a period

p¼ 400 nm, unit length l¼ 240 nm, and a line-width w¼ 30 nm. Scale bars

in the SEM images are 1 lm.
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streptavidin binding model. Biotin, ODT, and streptavidin

were purchased from Sigma-Aldrich Chemicals and used as

obtained without further purification. The functionalization

and biorecognition taking place on the PC-based biosensor

are simplified into three steps (i.e., ODT functionalization,

biotinylation, and streptavidin immobilization), as shown in

Fig. 3. As the PC surface is a nanoconstructed gold film, it is

easy to functionalize the surface with an alkanethiol self-

assembled monolayer (SAM). The stability, uniform surface

FIG. 3. (Color online) Schematic diagram of biosensor preparation proc-

esses. (a) ODT functionalization: the self-assembled monolayer of ODT on

gold film, (b) biotinylation: the immobilization of biotin to ODT SAM, and

(c) immobilization of streptavidin with biotin.

FIG. 2. (Color online) FDTD simulation of the transmission properties of

PCs under two different incident light polarizations (0� and 90�). (a) Trans-

mission spectra of PCs under 0� polarization; (b) Transmission spectra of

PCs under 90� polarization. (c) The configuration used in the FDTD simula-

tion. The labels (S-30, S-45, S-60, and S-90) of spectra in (a) and (b) are the

short forms of samples with intersection angles of 30�, 45�, 60�, and 90�,
respectively.
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structure, and relative ease of varying the functionalities

have made SAMs of alkanethiols suitable matrices for fabri-

cation of PC-based biosensors. Moreover, the immobiliza-

tion of biomolecules using a SAM-functionalized surface

requires only a small amount of biomolecules and results in

the binding of the desired molecule in the near vicinity of

the gold surface. In order to get a well-ordered SAM, ODT,

a long-chain alkanethiol, was used. As-fabricated PC sam-

ples were rinsed in ethanol for 5 min and dried under a

stream of dry nitrogen to remove dust from the surface and

then the samples were immersed in a 5 mM ODT solution in

ethanol. To get a uniform and stable SAM on the surface of

our samples, the PC was soaked overnight in the ODT solu-

tion at room temperature.

Biotinylation of the Au surface was achieved by immers-

ing the ODT-SAM-functionalized PC in a 5 mM solution of

biotin in a phosphate buffer solution for 2 h at room tempera-

ture. The terminal alkane chain of the ODT-functionalized

samples guaranteed a certain level of stability for the ODT-

biotin complexes. To eliminate the effect of nonspecific

interactions, the biotinylated PCs were placed in a phosphate

buffer solution for 30 min, rinsed with deionized water, and

dried with a stream of nitrogen gas. Streptavidin immobiliza-

tion on the biotinylated surface was achieved by exposing

the samples to a 0.1 mg/ml solution of steptavidin in a phos-

phate buffer solution for 2 h at room temperature. After the

immobilization of streptavidin, the samples were rinsed in a

phosphate buffer solution for 5 min to wash off the physi-

sorbed streptavidin molecules, and dried under a stream of

nitrogen gas.

For investigating the sensing property of the biosensor,

the transmission measurements were carried out after bioti-

nylation and streptavidin immobilization of the PC-based

biosensors. Transmission spectra of PC-based biosensors

were taken with the same microscope-spectrometer system

used for the transmission measurement of the PC. The illu-

minating light emitted from a Halogen lamp was then polar-

ized and made to be normally incident to the surface of the

PC-based biosensor via a condenser lens and finally col-

lected with an objective lens (100�, NA¼ 0.85). The trans-

mission spectra of PC-based biosensors were taken under 0�

polarization, as defined in subsection B. All transmission

spectra were normalized to a reference spectrum taken on

the bare part of the flat fused quartz plate under identical

conditions to obtain the transmittance of the biosensors.

III. RESULTS AND DISCUSSION

The SEM images of the X-shaped PCs shown in Fig. 1

indicate that the combination of EBL and argon ion beam

milling has advantages over other fabrication strategies in

that no defects such as line-width and shape deformations

were introduced during the fabrication process. For the fabri-

cation of PCs in visible and near-IR frequencies, etching

instead of lift-off is a more suitable pattern transfer tech-

nique. A slight shape deformation of the PC with a 30� inter-

section angle is unavoidable because the electron repulsion,

caused by the charging effect of the insulating substrate,

becomes more significant in the case of direct writing of

denser structures using an electron beam.

To evaluate the effect of asymmetry on the transmission

properties of PCs with different intersection angles, we

measured and calculated the normal incidence transmission

spectra of these PCs. Figures 2(a) and 2(b) present the trans-

mission spectra of the PCs under two incident polarizations

(0� and 90�) simulated by FDTD, respectively, and the sche-

matic diagram on the top-right corner on Fig. 2 shows the

configuration of the polarizations and the PCs. From the

FDTD simulation results in Fig. 2, we can see that the trans-

mission spectra of an orthogonally crossed PC (with a 90�

intersection angle) under two polarizations are identical.

This indicates that symmetry of a cruciform shape endows

the orthogonally crossed PC with the ability to respond inde-

pendent of polarization for normal incidence. Results from

an experimental and theoretical study of a multilayer

cruciform-shaped metamaterial by Helgert et al.13 point to

the same conclusion. With the reduction of the symmetry of

the X-shaped PCs, the transmission spectra of PCs with

acute intersection angles under 0� polarization become dis-

tinct from those of 90� polarization. The peaks located at

500 and 1100 nm are identified as general light transmission

of the relatively thin film of gold and enhanced transmission

attributed to the resonances of SPPs, respectively. The

appearance of peaks at 700–800 nm in the spectra of PCs

with increasing asymmetry is believed to be as a conse-

quence of resonance of localized surface plasmon modes.

The resonance of localized surface plasmon modes is sensi-

tive to the shape of the hole, and is therefore also called

shape-resonance. Though the localized surface plasmon

mode is confined to the surface, its contribution can be

detected from far-field especially when the electric field of

the incident light is parallel to the long axis of the slit. This

is the reason for the absence of the peaks in the correspond-

ing region of the spectra of PCs under 90� polarization in

Fig. 2(b).

Due to the nature of the localized surface plasmon reso-

nance, it is useful to detect the near-field interaction of the

absorption of analytes in the vicinity of the metal surface at

a range of a few ten or hundred nanometers. From the dis-

cussion of the asymmetry-dependent transmission properties

of PCs, we found that the localized surface plasmon modu-

lates the far-field transmission spectrum only when the inter-

section angle of the PC is an acute angle. Therefore, for the

purpose of finding a platform for a biosensor we do not need

to investigate the transmission properties of orthogonally

crossed PCs. The experimental asymmetry-dependent trans-

mission spectra of PCs under 0� and 90� polarizations are

shown in Figs. 4(a) and 4(b), respectively. Compared to the

simulated spectra in Fig. 2(a), the peak caused by the reso-

nance of the localized surface plasmon mode experiences a

red-shift of about 100 nm while the positions of the other

two peaks remain unchanged [see spectra in Fig. 4(a)]. The

red-shift can be attributed to the difference between the

actual line-width and shape and that the model used in the

FDTD simulation. Additionally, the imperfection of the gold

film can also affect the resonance of the localized surface
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plasmon and thus broadens the peaks. On the other hand, the

experimental transmission spectra of PCs under 90� polariza-

tion show remarkable agreement with those in the FDTD

simulation.

The biotin–streptavidin biorecognition events of PC-

based biosensors are shown in Fig. 5. The green and purple

lines represent the transmission spectra of the PC-based bio-

sensor after biotinylation and immobilization of streptavidin,

respectively. The sensitivity of the biosensors based on sur-

face plasmon resonance is usually characterized by the

change in the environmental refractive index, i.e., the fre-

quency shift or relative intensity variation per refractive

index unit.

The intensity difference between the peaks at about

800 nm in the spectra in Fig. 5(c) is fairly large compared

with those in Figs. 5(a) and 5(b). This indicates that the in-

tensity variation is a more reliable parameter than frequency

shift for detection of the biotin–streptavidin binding event.

To quantitatively evaluate the sensing abilities of the biosen-

sors in our work, refractive index sensitivity (S) of the PC-

based biosensor was calculated by

S¼DI=I0

Dn
¼

Istreptavidin�Ibiotin

Ibiotin
� 100%

nstreptavidin � nbiotin

;

where Istreptavidin and Ibiotin are the transmission intensity

maxima of streptavidin and biotin at a wavelength of

800 nm, respectively; and nstreptavidin and nbiotin are the re-

fractive indices of streptavidin and biotin molecules, respec-

tively. We assumed that the biotin molecules have a

FIG. 5. (Color online) Transmission spectra of the PC-based biosensor after

biotinylation (green line) and immobilization of streptavidin (purple line) by

the PC-based biosensors with the intersection angle of the two arms being

60� (a), 45� (b), and 30� (c) under incident light at 0� polarization. Scale

bars in the SEM images are 100 nm.

FIG. 4. (Color online) Experimental transmission spectra of PCs. Optical

measurements were carried out under 0� (a) and 90� (b) incident

polarization.
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refractive index of 1.5014 and streptavidin molecules have a

refractive index of 1.57.15 For the X-shaped biosensor with

an intersection of 30�, the relative intensity change is

54.68%, so the refractive index sensitivity is calculated to be

781.1%/RIU at a wavelength of 800 nm, which indicates that

the X-shaped biosensor with an intersection of 30� has a

rather good performance.

The refractive index sensitivities of PC-based biosensors

with intersection angles of 60� and 45� are 17.0%/RIU and

31.6%/RIU, respectively. These results reveal that the PC-

based biosensor with a 30� intersection angle is superior to

those with larger intersection angles in biosensing. More-

over, it is also evident that the asymmetry of PCs caused by

reducing the intersection angle of PC-based biosensors does

help to enhance the sensitivity. He et al.16 theoretically stud-

ied the transmission characteristics of a metallic film with

asymmetric cross-shaped holes, and they found that the

transmission spectra can be adjusted by redistribution of the

oscillating charges on the metal film caused by changing the

geometrical parameters of asymmetric metamaterials. As an-

alyzed above, the intensities of the transmission peaks

depend strongly on the asymmetry of the X-shaped PCs

when they are measured under 0� incident polarization.

IV. SUMMARY AND CONCLUSIONS

In summary, we have developed a robust fabrication pro-

cess for high-quality PCs which can respond to light in the

visible and IR region by a combination of EBL and argon

ion beam milling techniques. The transmission properties of

the PCs were investigated by experiment and FDTD simula-

tion with normally incident light under two different polar-

izations. The experimental and simulated results reveal that

the PCs possess a highly sensitive response to the shape and

polarization of the incident light. The intensities of the trans-

mission peaks depend strongly on the asymmetric parame-

ters of the cross-shaped hole. With the reduction of the

symmetry of the X-shaped PCs, the transmission spectra of

PCs show a new peak at the near-IR frequency (900 nm).

Then, PC-based biosensors were prepared by self-assembly

ODT on the PCs followed by biotinylation and immobiliza-

tion of streptavidin to biotin. The sensing properties of the

PC-based biosensors were studied by comparing the

response spectra before and after the immobilization of the

streptavidin, and it was found that the PCs with a 30� angle

are superior to those with larger intersection angles in bio-

sensor application. Although more optimization work needs

to be done, the present results are promising for enhancing

the sensitivity of PC-based biosensors.
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