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We experimentally demonstrate a surface plasmon resonance

spectrometer sensor by using an e-beam-patterned super-period

gold nanodisc grating on a glass substrate. The super-period gold

nanodisc grating has a small subwavelength period and a large

diffraction grating period. The small subwavelength period enhances

localized surface plasmon resonance, and the large diffraction

grating period diffracts surface plasmon resonance radiation into

different directions corresponding to different wavelengths. Surface

plasmon resonance spectra are measured in the first order

diffraction spatial profiles captured by a charge-coupled device

(CCD) in addition to the traditional way of measurement using an

external optical spectrometer in the zeroth order transmission. A

surface plasmon resonance sensor for the bovine serum albumin

protein nanolayer bonding is demonstrated by measuring the

surface plasmon resonance shift in the first order diffraction spatial

intensity profiles captured by the CCD.

Index Headings: Surface plasmon resonance spectroscopy; Diffrac-

tion grating; Biosensor; Nanophotonics.

INTRODUCTION

Localized surface plasmon resonance (LSPR) in metal

nanoparticles has been extensively investigated for

more than a decade.1–6 The optical properties of metal

nanoparticles with different particle size,7 particle

shape,7,8 and array period9 have been well investigated,

especially for two-dimensional (2D) gold nanodisc

arrays. Metal nanoparticles with different geometries

and compositions have been used for various biochem-

ical sensor applications.10–23 LSPR enhances light-

matter interactions and therefore enables better sensi-

tivity of biochemical sensors.13,16,20,23 The transduction

mechanism of the LSPR sensor is based on the surface

plasmon resonance shift caused by the change of

refractive index of the medium near the surface of metal

nanostructures.10 Previously, surface plasmon reso-

nance spectra were measured in the zeroth order

transmission or reflection by using optical spectrome-

ters.17 Recently a surface plasmon resonance spectral

measurement technique without using external optical

spectrometers was reported for measuring surface

plasmon resonance of metal nanoslit and nanohole

arrays by patterning the metal nanostructures into

diffraction gratings.24–28 In this work, we fabricated a

super-period gold nanodisc grating, and with the super-

period gold nanodisc grating, a surface plasmon

resonance spectrometer sensor for bovine serum albu-

min (BSA) protein bonding was demonstrated.

In this work, we demonstrated a surface plasmon

resonance spectrometer sensor with the super-period

gold nanodisc grating for the detection of the bonding of

BSA proteins on the gold nanodisc surface. In our super-

period gold nanodisc spectrometer sensor, surface

plasmon resonance was measured in the spatial

intensity profile of the first order diffraction with a

charge-coupled device (CCD). The measured surface

plasmon resonance spectra were compared with the

transmission spectra measured in the zeroth order

transmission with a commercial optical spectrometer.

Our surface plasmon resonance spectral measurement

technique is similar to the dark field microscope

spectroscopy, which measures the spectrum of scattered

light by eliminating the bright background from the

incidence.

FABRICATION OF SUPER-PERIOD GOLD
NANODISC GRATING

We fabricated a super-period gold nanodisc grating on

a glass wafer. Figure 1a shows the schematic of a super-

period gold nanodisc array grating on a glass substrate.

The small period of the nanodiscs is p, which is in the

subwavelength regime. The large period K is five times

the small period p and can be realized by removing one

column of nanodiscs for every five columns from the 2D

square lattice array. The large period K functions as a

diffraction grating period. In the device we made, the

small period is 480 nm and the large period is 2400 nm.

The super-period gold nanodisc grating was fabricat-

ed on a glass wafer substrate by using a standard e-

beam lithography and lift-off process. Before the

fabrication, the glass wafer was first cleaned by acetone,

methanol, and isopropyl alcohol (IPA), and then an e-

beam resist layer (495PMMA A4) of 200 nm was spin-

coated on the glass substrate at 2500 rpm and pre-baked

at 180 8C for 90 s. Next, a conductive polymer (AquaSAVE

53za) layer was spin-coated on the photoresist layer to

enable e-beam focusing on the glass substrate. E-beam

lithography was used to pattern the 2D nanodisc array by

using an e-beam machine (LEO 1550 scanning electron

microscope [SEM], followed by development in a 1:3

methyl isobutyl ketone to IPA solution. Then an oxygen

plasma descumming process was carried out to remove

e-beam resist residues. A 1.5 nm thin adhesion layer of

titanium was evaporated on the patterned surface and
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followed by thermal evaporation of a 50 nm gold layer on

the titanium adhesion layer by using a CVC thermal

evaporator. Then, a lift-off process was carried out in an

acetone solution for 12 h to lift off the gold on the e-beam

resist. Finally, the device was annealed on a hot plate at

200 8C for 5 min and slowly cooled down to room

temperature. Figure 1b shows a SEM picture of the

fabricated gold nanodisc array on a glass substrate. The

diameter of the nanodiscs is 170 nm. The thickness of the

gold nanodiscs is 50 nm, measured by using a surface

profilometer (KLA-Tencor P-10). The total patterned

device area is 240 3 240 lm2.

EXPERIMENTAL RESULTS

We have measured the surface plasmon resonance

from the first order diffraction of the super-period grating

by capturing the spatial intensity profile with a CCD

imager (Sony ICX204AL). In the measurement setup, a

spatially coherent white light (NKT Photonics SuperK)

was used as the broadband light source. The spectral

range of the white light is from 400 to 2400 nm. The

broadband white light was first collimated by a 103
microscope objective. The diameter of the collimated

beam was 4 mm. The collimated beam first propagates

through a linear polarizer for the control of the

polarization state. The polarization parallel to the

diffraction grating lines is transverse electric (TE)

polarization. The polarization perpendicular to the

diffraction grating lines is transverse magnetic (TM)

polarization. The collimated beam then was focused onto

the nanodisc grating device at the normal incidence by a

convex optical lens with 400 mm focal length. The

diameter of the focused beam on the device is about

185 lm. The CCD was placed to capture the angularly

dispersed first order diffraction.27 A narrow band laser

line optical transmission filter with a center wavelength

of 632.8 nm was used to select a single wavelength for

the calibration of the measurement setup. We first

captured the spot of 632.8 nm wavelength light of the

zeroth order transmission and the first order diffraction.

The distance between the first order diffraction spot and

the zeroth order transmission spot of the 632.8 nm

wavelength was measured with a micrometer and also

by counting the number of the CCD pixels between the

centers of two bright spots. The distance between the

CCD and the device was then calculated with the

diffraction grating equation.29 The correspondence be-

tween the pixels on the CCD and the diffracted

wavelengths in the first order diffraction was obtained

by the diffraction grating equation. After the calibration,

the laser line optical filter was removed. The first order

diffraction spectrum can be obtained by processing the

intensity image captured by the CCD.

The spectral range and the resolution of the measure-

ment are determined by the number of CCD pixels, pixel

size, and the distance between the CCD and the

nanodisc grating device. Higher resolution can be

obtained by increasing the distance between the CCD

and the nanodisc grating device. For a specified CCD, a

larger distance between the CCD and the device

provides a higher spectral resolution. In our measure-

ment, the CCD has 10243 768 pixels with 4.65 lm square

pixel size. The CCD was placed at a distance of 21 mm

away from the device. After the diffraction measurement,

the zeroth order transmission from the device was

measured with a commercial optical spectrometer

(StellarNet C-SR 50) for comparison.

To demonstrate a surface plasmon resonance spec-

trometer sensor with the gold nanodisc grating, about

60 lL of a BSA solution (BSA in water) with a

concentration of 40 lg/mL was applied on the device

surface. A thin BSA layer of about 6 nm thick was left on

the surface after the water solvent evaporated. Bovine

serum albumin was chosen because it is a 66 kDa

protein that is routinely used in biochemical assays to

prevent nonspecific adsorption of proteins.30,31 Bovine

serum albumin also is widely used as a stabilizing agent

and biofunctionalized layer for the gold nanoparticles.32

The bonding of BSA proteins causes the redshift of

surface plasmon resonance. Surface plasmon reso-

nance spectra before and after the BSA layer bonding

were measured for the TE and TM polarization inci-

dence, respectively.

We observed a redshift after a thin BSA layer was

applied on the device for both TE and TM polarizations.

Measurement results for the TE polarization were

obtained and are shown in Fig. 2. Figure 2a shows the

color-coded first order diffraction image captured by the

CCD for the device exposed to air, corresponding to the

wavelength range from 500 to 950 nm. Figure 2b shows

the color-coded first order diffraction image from the

FIG. 1. (a) Schematic of a super-period gold nanodisc array grating on a glass substrate. (b) A SEM picture of the super-period gold nanodisc

grating fabricated on a glass substrate.
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device with a BSA layer bonded. In Figs. 2a and 2b, the

bright spots of CCD images correspond to the surface

plasmon resonance modes before and after the BSA layer

was applied. The location of the bright spot on the CCD is

determined by the surface plasmon resonance wave-

length. Figure 2c shows the first order surface plasmon

resonance diffraction spectra obtained from the CCD

images in Figs. 2a and 2b before and after the BSA layer

was deposited. In Fig. 2c, it can be seen that the plasmon

resonance peak wavelength in first order diffraction

shifted from 730.2 to 747.6 nm after BSA was applied.

Figure 2d shows the measured zeroth order transmission

spectra with a commercial spectrometer before (black

line) and after (red line) the BSA layer was applied. It can

be seen that there is a transmission dip in the zero order

transmission, while there is a resonance peak in the first

order diffraction, because the radiation scattering en-

hanced by LSPR is out of the phase from the incident light.

In the on-axis transmission direction, the transmitted light

intensity is reduced due to the out-of-phase interference

at the resonance. In the off-axis directions, such as the

direction of the first order diffraction, the light is the

coherent scattering light from the metal nanodiscs.

Therefore, there is a resonance peak in the first

diffraction. Because of the angular wavelength dispersion

of the diffraction grating, the resonance peak in the

spectral domain gives a bright spot in the spatial intensity

profile captured by the CCD. When a BSA layer is applied

to the device surface, LSPR has a redshift, which causes a

resonance wavelength shift from 710 to 721.5 nm in the

first order diffraction. In addition to the redshift of the

resonance wavelength, the bonding of the BSA layer

enhances surface plasmon energy confinement and has

increased surface plasmon energy loss inside gold

nanodiscs. Therefore, surface plasmon resonance

strength is reduced, and the resonance spectral linewidth

is broadened after the bonding of the BSA layer.

We repeated the measurement of the first order

diffraction and the zeroth order transmission spectra

for the TM polarization by rotating the linear polarizer 90

degrees. The results are shown in Fig. 3. Figure 3a is the

FIG. 2. The measurement results for the TE polarization incidence.

(a) The first order diffraction CCD image without BSA on the device.

(b) The first order diffraction CCD image with BSA on the device. (c)
The first order diffraction spectra with (red) and without (black) the BSA

layer. (d) The zeroth order transmission spectra with (red) and without

(black) the BSA layer on the device surface.

FIG. 3. Measurement results for TM polarization incidence. (a) The

CCD image without the BSA layer on the device. (b) The CCD image

with the BSA layer applied on the device. (c) The first order diffraction

spectra with and without BSA layer. (d) The zeroth order transmission

spectra with and without the BSA layer.
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color-coded first order diffraction image captured by the

CCD for the device exposed to air, corresponding to the

wavelength range from 500 to 950 nm. Figure 3b shows

the color-coded first order diffraction image from the

device with a BSA layer on the surface. In Fig. 3a and

Fig. 3b, the bright spots of CCD images correspond to the

surface plasmon resonance modes before and after the

BSA layer was deposited. The location of the bright spot

on the CCD is determined by the surface plasmon

resonance wavelength. Figure 3c shows measurements

of the first order diffraction spectra with and without the

BSA layer. It can be seen that the resonance peak

wavelength measured in the first order diffraction shifted

from 731.5 to 744.6 nm after BSA being applied. Figure 3d

shows the zeroth order transmission spectra from the

device with and without BSA on the device surface. It can

be seen that the resonance peak wavelength shifts from

717 to 728.5 nm after the BSA layer was applied. In

addition to the redshift of the resonance wavelength, the

bonding of the BSA layer causes enhanced surface

plasmon energy confinement and has increased energy

loss in gold nanodiscs. Therefore, the surface plasmon

resonance strength is reduced, and the resonance

spectral linewidth is broadened after the bonding of the

BSA layer.

SIMULATIONS AND DISCUSSIONS

The zeroth order transmission, the first order diffrac-

tion, and the near-field electric field intensity from the

super-period gold nanodisc grating are calculated for

different thicknesses of BSA layers by using a finite

difference time domain (FDTD) software developed by

Lumerical Solutions, Inc. Since the resonance wave-

length is sensitive to the thickness, a high-density mesh

was used in the FDTD simulations. The FDTD simulation

region consists of a unit cell from �1.2 to 1.2 lm in the

x-direction and from �0.24 to 0.24 lm in the y direction

with periodic boundary conditions, and from �2.1 to

2.1 lm in the z-direction with perfectly matched layer

boundary conditions. A super-period gold nanodisc

grating is on a thick glass substrate. The large grating

period, small grating period, disc diameter, and disc

height in the simulation are 2400, 480, 170, and 50 nm,

respectively. A thin BSA layer covers the gold discs as

well as spaces between the gold discs on the glass

substrate. The thickness of the BSA layer ranges from 0

to 20 nm. A plane wave source is placed in the glass

substrate 1.5 lm away from the gold nanodiscs. The

plane wave is normally incident on the super-period gold

nanodisc grating device and propagates along the z-

direction. The polarization along the y direction is TE

polarization, and the polarization along the x direction is

TM polarization. One 2D power monitor is placed at z =
þ1.5 lm for transmission/diffraction calculation and

another 2D monitor is placed at z = �1.7 lm for

reflection calculation. Two point monitors are placed at

the same height of the gold disc top surface and 10 nm

away from the edge of the gold discs along the direction

of incident polarization. The electric permittivity of the

gold used in simulations is from the reference.33 The

electric permittivity of the BSA is from the reference.34

The refractive index of the glass substrate is 1.45.

We observed that the resonance exhibited a redshift

and broadening in the zeroth order transmission, the

first order diffraction, and the near electric field intensity

spectra for TE polarization with an increase in BSA

thickness. Figure 4 shows the simulation results for the

TE polarized incidence. Figure 4a is the zeroth order

transmission from the device with different thicknesses

of the BSA layers. In Fig. 4a, it can be seen that the

resonance wavelength shifts from 710.2 to 719.7 nm after

5 nm BSA was applied. Figure 4b shows the first order

diffraction from the device with a different thickness of

the BSA layer. In Fig. 4b, it can be seen that the

resonance wavelength shifts from 715.7 to 725.7 nm in

the first order diffraction spectrum after 5 nm BSA was

applied. Figures 4c and 4d show the near electric field

intensity at 10 nm to the outer (disc 1) and inner (disc 2)

gold disc along the direction of electric field in a super-

period, respectively. The outer gold discs are next to the

gap between two unit cells in the x-direction, and the

inner gold discs are only next to the discs in the same

unit cell in the x direction. In Fig. 4c, it can be seen that

the resonance wavelength shifts from 717.7 to 727.2 nm

in the near electric field intensity spectrum after 5 nm

BSA was applied. In Fig. 4d, it can be seen that the near-

field resonance wavelength shifts from 722.7 to 733.2 nm

after 5 nm BSA layer was applied.

We observed the resonance wavelength in the

diffraction is more closely related to the near-field

resonance wavelength for the TE polarization. Figure 5

shows the resonance wavelengths versus the BSA

thickness for the TE polarization. It can be seen that

the wavelength of the zeroth order transmission reso-

nance minimum is smaller than the peak wavelengths of

the first order diffraction and the near-field intensity for

TE polarization. It can be also observed that the first

order diffraction resonance wavelength is approximately

the same as the near-field intensity resonance wave-

length of disc 1. The redshift from the zeroth order

transmission resonance wavelength to the first order

diffraction resonance wavelength is due to the interfer-

ence between the surface plasmon-enhanced coherent

scattering and the transmitted light through the super-

period gold nanodisc array. Near the metal nanodisc top

surface, the LSPR enhanced field is dominant. Conse-

quently, the near-field resonance wavelength is the

LSPR wavelength. The non-zeroth order diffractions from

the super-period gold nanodisc grating avoid transmis-

sion. Therefore, the resonance wavelength in the

diffraction is more closely related to the near-field

resonance wavelength. The blueshift from the near-field

resonance wavelength to the far-field zeroth order

transmission resonance wavelength has been known

and discussed previously.35–38 Our results for TE

polarized incidence are consistent with previous re-

ports.35–38

Figure 6 shows the simulation results for the TM

polarized incidence. Figure 6a shows the zeroth order

transmission from the device with different thicknesses

of the BSA layer. In Fig. 6a, it can be seen that the

resonance wavelength shifts from 711.7 to 720.7 nm in

simulation after 5 nm BSA was applied. Figure 6b shows

the first order diffraction from the device with a different

thickness of the BSA layer. In Fig. 6b, it can be seen that
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the resonance wavelength shifts from 713.2 to 722.2 nm

in the first order diffraction spectrum after 5 nm BSA was

applied. Figures 6c and 6d show the near electric field

intensity at 10 nm to the outer (disc 1) and inner (disc 2)

gold disc along the direction of electric field in a super-

period, respectively. In Fig. 6c, it can be seen that the

resonance wavelength shifts from 718.7 to 729.2 nm in

the near electric field intensity spectrum after 5 nm BSA

was applied. In Fig. 6d, it can be seen that the resonance

wavelength shifts from 718.2 to 727.7 nm in the near

electric field intensity spectrum after 5 nm BSA was

applied.

We observed the resonance wavelength in the

diffraction is more closely related to the zeroth order

transmission resonance wavelength for the TM polari-

zation. Figure 7 shows the resonance wavelengths

versus the BSA thickness for TM polarization. In Fig. 7,

it can be seen that the resonance wavelengths of the first

order diffraction and the zeroth order transmission are

approximately the same, especially when the BSA layer

is thick. It can be also observed that the near-field

intensity resonance wavelength of disc 1 is approxi-

mately the same as the near-field intensity resonance

wavelength of disc 2 for TM polarization.

FIG. 4. Simulation results for the TE polarization incidence. (a) The zeroth order transmission spectra for different BSA layer thicknesses. (b) The
first order diffraction spectra for different BSA layer thicknesses. (c) The electric field intensity resonance spectra at the position 10 nm away from

disc 1. (d) The electric field intensity resonance spectra at the position 10 nm away from disc 2.

FIG. 5. The resonance wavelength versus BSA layer thickness for TE

polarization. The resonance wavelengths are the zeroth order

transmission, the first order diffraction, the near electric field intensity

of disc 1, and the near electric field intensity of disc 2.
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We observed electric field intensity enhancement after

BSA being applied on the device for both polarizations,

with a stronger near electric field intensity for TM

polarization than that for TE polarization. Figure 8 shows

the near electric field intensity profiles on a near field

plane of 10 nm above the metal nanodisc surface. A 5 nm

BSA layer was on top to cover the device in our

simulations. Figures 8a and 8b show the near electric

field intensity profiles at the zeroth order transmission

resonance wavelength (719.2 nm) and the first order

diffraction resonance wavelength (725.7 nm) of TE

polarization, respectively. It can be seen that the electric

field is stronger at 725.7 nm wavelength than the electric

field at 719.2 nm. Figures 8c and 8d show the near

electric field intensity at the zeroth order transmission

resonance wavelength (720.7 nm) and at the first order

diffraction resonance peak wavelength (722.2 nm) for TM

polarization, respectively. It can be seen that the electric

field at 720.7 nm wavelength and electric field at

722.2 nm are approximately the same. In Figs. 8a and

8c, it can be also seen that the near electric field

intensity for TM polarization is stronger than the near

electric field intensity for TE polarization.

The sensitivity of surface plasmon resonance bio-

chemical sensors was traditionally defined as the ratio of

FIG. 6. Simulation results for the TM polarization incidence. (a) The zeroth order transmission. (b) The first order diffraction. (c) The near electric

field intensity at the position 10 nm to disc 1. (d) The near electric field intensity at the position 10 nm to disc 2.

FIG. 7. The resonance wavelength versus BSA layer thickness for TM

polarization. The resonance wavelengths are of the zeroth order

transmission, the first order diffraction, the near electric field intensity

of disc 1, and the near electric field intensity of disc 2.
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the shift of the resonance wavelength Dk and the

thickness Dd of the biochemical layer bonded on the

sensor surface.39 Since the index of refraction of the

bonding layer affects the resonance wavelength shift

significantly, here we define the sensitivity of our surface

plasmon resonance spectrometer sensor Sd as

Sd ¼
Dk

Dd 3ðns � noÞ
ð1Þ

where ns is the refractive index of bonding chemical

layer and no is the refractive index of the surrounding air.

The thickness of the BSA layer is approximately 6 nm.

The BSA layer has a refractive index of 1.572 at 632 nm

wavelength.34 The sensitivity of our spectrometer sensor

is 5.07 per refractive index unit (RIU) for TE polarization

and 3.82 per RIU for TM polarization.

CONCLUSION

A super-period gold nanodisc grating was fabricated

with e-beam lithography for demonstrating a surface

plasmon resonance spectrometer sensor. The super-

period nanodisc grating has two periods: a small

subwavelength period for enhancing LSPR and a large

diffraction grating period that directs spatially coherent

surface plasmon radiations into different directions.

Surface plasmon resonance scattering radiation spectra

were obtained by capturing the spatial intensity profiles

of the first order diffraction with a CCD. With the surface

plasmon resonance spectrometer, a sensor for detecting

nanometer scale BSA protein layer bonding on the

surface was demonstrated experimentally. The mea-

surement results of the surface plasmon resonance

spectrometer sensor were compared with the results

measured with a traditional optical spectrometer. The

demonstrated surface plasmon resonance spectrometer

sensor technique that measures the spectrum of off-axis

scattering light from nanoparticles by avoiding the

strong transmitted light has similarities with the dark

field microscope technique, but with additional integrat-

ed functions of optical spectral measurement and light

signal enhancement due to the spatial coherence of light

scattering from the array of the nanoparticles.
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