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We examine the correlation between the plasmon field distribution and the sensitivity enhancement for
both reflection- and transmission-type localized surface plasmon resonance (LSPR) biosensors with sur-
face-relief gold nanogratings. In our calculation, the near-field characteristics are obtained from the
finite-difference time-domain method and compared with the refractive index sensitivity as a unit target
sample moves along the sensor surface. The numerical results show that the highest enhancement of
sensitivity is found at the lower grating corners where an interplay between the target sample and
the locally enhanced field can occur efficiently. This study suggests that, by localizing biomolecular
interactions to the highly enhanced field, we can achieve a significantly improved LSPR detection with
high sensitivity and a great linearity in a wide dynamic range. © 2011 Optical Society of America
OCIS codes: 050.2770, 280.4788, 240.6680.

1. Introduction

The surface plasmon resonance (SPR) phenomenon
has been extensively utilized for monitoring biomole-
cular interactions on a noble metal film [1]. Surface
plasmons (SPs) are collective charge oscillations pro-
pagating along the interface between a metal and a
dielectric. The amplitude of SP waves generally
reaches a maximum under the condition that the mo-
mentum matching between an incident photon and
an SP is achieved. In SPR-based optical biosensing,
we can analyze the adsorption of target analytes
coupled with surface-immobilized ligands by track-
ing the change in the resonance position. A conven-
tional SPR biosensor based on the standard
Kretschmann configuration generally works as a re-
flection type in the sense that a photodetector mea-
sures the reflected light [2]. For this scheme, the

resonance appears as a deep absorption band in
the reflectivity versus incidence angle or wavelength.

Contrary to the propagating SP waves, metallic
nanostructures lead to a substantial enhancement
of local electromagnetic fields as a result of the
strong light absorption and scattering, called loca-
lized SPs (LSPs) [3]. The frequency of the LSP
resonance (LSPR) band is the characteristic of the
material, size, shape, and distribution of the nano-
structure as well as its surrounding local environ-
ments. Since the experimental setup, often using a
wavelength interrogation scheme, employs a white
light with a normal incidence and the LSPR spec-
trum is obtained by delivering the transmitted light
onto a spectrometer via an objective lens and optical
fibers, its sensing configuration belongs to a trans-
mission type [4]. While the LSPR biosensor generally
suffers from relatively lower sensor sensitivity due
to the resolution limit of the spectroscopy instrumen-
tation and the restricted sensing range of a few
tens of nanometers, an exposure of biomolecular
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interactions to highly localized fields, called hot
spots, may yield a stronger resonance shift, thereby
significantly enhancing the sensor sensitivity [5,6].
Recent comparison studies between SPR and LSPR
biosensors demonstrated that their overall sensitiv-
ities are approximately equivalent for unit volume of
target analytes [7,8].

Among various plasmonic biosensing schemes, the
approach on which we have focused is to enhance the
SPR detection by incorporating LSPR-based surface-
relief nanostructures such as gold nanogratings and
nanoholes [9,10]. The improved sensitivity based on
the surface nanostructure is associated with an in-
crease of reaction area and, more importantly, a
strong interplay of target analytes with the excited
LSP modes. In other words, it has been supposed
that when a biomolecular interaction is exposed to
highly localized fields, the resonance shift as a result
of the biointeraction would be stronger [11]. While
the sensitivity may not be governed by only one fac-
tor, our theoretical and experimental results have
verified that this effect may be true.

Despite such a critical contribution of the resonant
LSP modes to sensitivity enhancement, a more in-
depth investigation on the correlation between the
local field amplification and the sensor sensitivity
has not been addressed yet. Thus, in this study, we
intend to demonstrate how to make the most of the
nanostructured plasmonic substrates by coinciding
the localized target molecules and the evanescent
near fields. Instead of a simple use of metallic nano-
structures, selective target localization in the local
hot spots would open up a possibility of maximizing
the detection sensitivity.

2. Numerical Model

Optical characteristics of subwavelengthmetallic na-
nogratings can be obtained numerically using rigor-
ous coupled-wave analysis (RCWA) [12–14]. RCWA
has been successfully applied to describing experi-
mental results of periodic nanostructures [15,16]. In
this study, convergence of RCWA is achieved by
including 30 space harmonic orders in the computa-
tion. In addition, the finite-difference time-domain
(FDTD) method has been used to visualize the near-
field distribution. The minimum grid size for the
FDTD is set to be 0:5nm.

Schematic diagrams of gold-nanograting-based
LSPR configurations are shown in Fig. 1. First, for
a reflection-type LSPR biosensor, periodic nanograt-
ings patterned on a flat gold film with a thickness of
df ¼ 40nm support the excitation of LSPmodes. Rec-
tangular gold gratings with a period of Λ ¼ 60nm
have a width of 30nm and a thickness of dg ¼ 10nm.
The whole gold surface is assumed to be open to an
immobilization of ligands with which the target mo-
lecules combine. In particular, while not shown in the
illustration, a single biomolecule complex is modeled
as a 2nm × 2nm dielectric medium per period to in-
vestigate the influence of target localization on the
sensor sensitivity. In this model, its change in optical

property during the binding process is simulated as
the refractive index change ranging from 1.40 for li-
gand immobilization to 1.60 for target adsorption in
a phosphate-buffered saline (PBS) solution whose re-
fractive index is 1.33. A polarized light at λ ¼ 633nm
is incident through the gold/SF10 substrate and the
reflectance curve is obtained from RCWA calcula-
tions as the light incidence is scanned with an angu-
lar resolution of 0:01°.

Second, for transmission type one, we consider
gold nanogratings directly deposited on an SF10
substrate as presented in Fig. 1(b). The geometric
parameters of gold nanogratings and biomolecule
complexes are the same as those for the reflection
type. TM-polarized light, the electric field of which
oscillates in parallel to the grating vector, is normally
incident to the grating structure surrounded by PBS
solution. To calculate the extinction characteristics of
the transmitted light, the wavelength is scanned
with a spectral resolution of 0:1nm. In both cases
of reflection and transmission types, the frequency-
dependent permittivities of SF10 and gold are taken
from Ref. [17].

Fig. 1. Schematic of (a) reflection-type and (b) transmission-type
LSPR sensing configurations. For reflection type, TM-polarized
light with λ ¼ 633nm is incident through gold/SF10 substrate with
an angle of θ. Gold nanogratings with a thickness of dg ¼ 10nm are
regularly patterned on the planar gold film (thickness df ¼ 40nm)
in PBS environments. The grating structure of a rectangular pro-
file has a period ofΛ ¼ 60nm and a duty cycle ¼ 0:5. For transmis-
sion type, TM-polarized white light source is normally incident to
the gold nanogratings directly deposited on SF10 glass substrate.
Geometric parameters of a gold nanograting are the same as those
for the reflection type.
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3. Results and Discussion

A. Reflection-Type LSPR Biosensor

Let us start by considering a conventional SPR struc-
ture without gold nanogratings. While the results
are not illustrated here, when a refractive index of
2nm × 2nm dielectric square with a periodicity of
Λ ¼ 60nm varies from 1.40 to 1.60, the SPR angles
are equal to 59:25° and 59:27° regardless of adsorp-
tion site, and the net shift is 0:02°. In fact, actual bio-
molecular interactions take place at the whole sensor
surface and, thus, the formation of a uniform biolayer
and the estimation of the sensitivity in response to its
small change in refractive index seem reasonable.
However, the amount of target molecules that is
needed to achieve a resonance shift can be varied
when surface-relief nanostructures are applied to
the sensor substrate. In other words, since a contrast
of the total amount of target adsorption needs to be
eliminated in evaluating the contribution of local field
enhancement to the sensitivity characteristic, the
sensitivity comparison based on unit target volume
would be more appropriate. Hence, as a performance
measure, we have employed the sensitivity enhance-
ment factor per unit target volume (SEFUTV), which is
a ratio of SPR shift due to a refractive index change in
unit volume of 2nm × 2nm on an LSPR substrate to
that of a thin-film-based SPR structure. As a result,
SEFUTV excludes the effect of a surface reaction area
on the sensitivity and directly addresses the contribu-
tion of LSP modes to the sensitivity improvement.

In what follows, the shift of the resonance angle by
an adsorption of the unit dielectric element is calcu-
lated in a reflection-type LSPR structure when the
dielectric moves along the grating surface presented
in Fig. 1(a). Several notes are worth a look in the re-
sults presented in Fig. 2. First, overall trends of a
greater resonance shift in the vicinity of the grat-
ing corners are obvious. When the refractive index
changes from 1.40 to 1.60, the highest SPR angle
shift is obtained to be 0:39° at the two lower vertices
of a gold nanograting, which corresponds to a
sensitivity ¼ 1:95°=refractive index unit (RIU) and

an SEFUTV ¼ 19:5. Also, at the upper grating
corners, a few SEFUTV peaks that show a significant
resonance change of more than 0:25° are found. In-
terestingly, among the three immobilization sites
of nanograting top, sidewall, and bottom, the sensi-
tivity enhancement associated with the target loca-
lized on the grating sidewalls is by far the largest.
On the other hand, the dielectric element present
on the nanograting top and bottom produces a minor
change in resonance angle except at the grating cor-
ner and the lowest shift is determined as 0:01°, half
that of a conventional SPR substrate, on a unit
volume basis. We believe that this nonuniform sen-
sitivity characteristic is strongly related to an inho-
mogeneous distribution of the field intensity over the
LSPR sensor surface.

Additionally, in comparison with the case without
target localization in which a refractive index of a
2nm thick dielectric layer covering the entire surface
of a planar SPR substrate increases from 1.40 to 1.60,
the resonance shift of 0:34° is found numerically and
is smaller than the maximum resonance angle shift
of 0:39° obtained from a unit dielectric element
attached to a lower grating corner. This supports
an intriguing postulation that one can realize an ex-
tremely sensitive LSPR biosensor by guiding the im-
mobilization of ligands selectively onto the more
sensitive region, such as nanograting corners and
sidewalls.

Next, in order to confirm the correlation between
the refractive index sensitivity and the local field en-
hancement, we visualize the electromagnetic fields
near the sensor surface based on the FDTD method.
Figure 3 shows the field distribution of EX at a
resonance incidence of θ ¼ 73:36° and provides
horizontal and vertical field amplitudes at the gold
nanograting. Obviously, the metallic gratings redis-
tribute the propagating SP waves such that higher
field strength is found at the grating corners. The

Fig. 2. Resonance angle shift characteristic for reflection-type
LSPR substrate when a 2nm × 2nm dielectric element moves
along the sensor surface. When its refractive index increases from
1.40 to 1.60, the highest sensitivity is obtained to be 1:95°=RIU at
the lower corners of a gold nanograting and the minimum sensi-
tivity of 0:05°=RIU is found at the center areas between gold
nanogratings.

Fig. 3. (Color online) Horizontal and vertical field distributions of
EX for reflection-type LSPR structures with a gold grating of
Λ ¼ 60nm, duty cycle ¼ 0:5, and dg ¼ 10nm. The two-dimensional
image obtained from the FDTD calculation is normalized by the
field amplitude of 30.
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FDTD calculation presents that primary peaks are
located on the two lower edges of the nanograting
and the secondary peaks on the upper sides. On
the assumption of an incident light of unit amplitude,
the maximum field amplitudes obtained are EX ¼
94:0, HY ¼ 12:8, and EZ ¼ 65:0, respectively. Since
locally enhanced plasmon is distributed at a very
short distance from the substrate and its amplitude
decays exponentially when one moves further away
from the grating surface, individual plasmon peaks
associated with the four grating corners can be re-
garded as resonant LSP modes [18].

It is also worth keeping an eye on where these hot
spots occur. Figure 3 shows that all the maximum
fields are located within 1nm of the surface in the
vicinity of grating vertices. Because of this field en-
hancement, target analytes adsorbed at the nano-
grating corners participate more vigorously on
average than those on the other grating regions,
leading to the most prominent improvement of sen-
sitivity, as shown in Fig. 2. Among the four vertices of
a gold nanograting, relatively larger field amplifica-
tion is found at the lower grating edges where the
excited LSP modes can be partially absorbed by a
planar gold film. Despite such possible attenuation,
the strongest LSP fields obtained at the lower grat-
ing edges lead to the largest resonance shift through
an efficient interplay between the target analytes
with a unit volume and the enhanced LSPs. This in-
terpretation supports a strong correlation between
the plasmon field distribution and the spatial sensi-
tivity profile.

Further, it is interesting in Fig. 3 that the grating
sidewalls with a larger field amplification tend to
produce a higher sensitivity. Since more amplified
fields appear at the grating sidewalls, constructive
interactions between the excited LSP modes and
the target on the sidewalls yield an enhanced sensi-
tivity by more than 6 times, compared to those on the
grating top and bottom. In short, the selective target
adsorption overlapping the main resonances at the
grating edges and their adjacent areas of grating
sidewalls may play an important role in achieving

a notable improvement of the refractive index
sensitivity.

The results of another FDTD shown in Fig. 4 imply
time-varying characteristics of LSP modes at the
gold gratings in the same LSPR structure as Fig. 3.
In this computation, the real part of the field compo-
nentEX is normalized by a value of 5. Media 1, linked
to Fig. 4, exhibits how the proposed LSPR substrate
produces local plasmon fields at the grating corners
via the coupling with propagating SPs. For more ef-
ficient excitation of the highest LSP fields at the low-
er edges, an intermediate dielectric spacer between
the gold nanograting and the underlying gold film
could be used, while the difficulty in an actual fabri-
cation may increase [19].

B. Transmission-Type LSPR Biosensor

In contrast to the reflection-type LSPR biosensor, the
transmission-type one is fully based on the LSP
modes; thus, its performance is free from an inter-
play with a thin metal film supporting a propagating
SP wave. Moreover, due to the compact optical setup
based on wavelength scanning at normal incidence,
its important characteristic is the capability for
high-throughput monitoring, for example in DNA re-
search and proteomics for which thousands of bind-
ing interactions should be examined rapidly [20]. For
the proposed transmission-type LSPR configuration
shown in Fig. 1(b), extinction spectra for periodic gold
nanogratings are calculated to quantify the sensor
sensitivity with respect to changes in the refractive
index of the 2nm × 2nm dielectric sample. Optical
extinction is defined as − logðTÞ, where T denotes
the transmittance as a function of the light’s wave-
length. The resonance wavelength shift is evaluated
as the dielectric square moves along the LSPR
substrate with a gold nanograting of a period of
Λ ¼ 60nm, dg ¼ 10nm, and a duty cycle ¼ 0:5.

In Fig. 5, the overall trends are consistent with
those for the reflection type. The refractive index
change occurring at the grating corners produces a
significant LSPR shift and the highest refractive in-
dex sensitivities are obtained to be 5:0nm=RIU at

Fig. 4. (Color online) Real part of the field component EX in the
sameLSPR structure as Fig. 3.Media 1 shows time-varying near-field
characteristics induced by a gold nanograting and a planar gold film
when the field amplitude is normalized by a value of 5.

Fig. 5. Resonance wavelength shift characteristic for transmis-
sion-type LSPR substrate when a 2nm × 2nm dielectric element
moves along the sensor surface. When its refractive index in-
creases from 1.40 to 1.60, the highest sensitivity is obtained to
be 5:0nm=RIU at the lower corners of a gold nanograting and
the minimum sensitivity of 0:0nm=RIU is found at the center
areas between gold nanogratings.
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the lower grating corners. Also, as the second sensi-
tivity peaks of 2:5nm=RIU are found near the upper
grating corners, it is obvious that the binding events
associated with the localization at the grating cor-
ners make a significant contribution to achieving a
high sensitivity. On the other hand, the sidewall ef-
fect does not appear prominent in the transmission
type, and, in particular, no refractive index shift is
found when the dielectric element is deposited on
a glass substrate and is more than 10nm apart from
the gold gratings. We suppose that the evanescent
field produced at the analyte interface is responsible
for this nonuniform distribution of the sensor sensi-
tivity in the same way as the reflection-type LSPR
substrate.

To verify the correlation between the refractive in-
dex sensitivity and the local plasmon field, we pro-
vide horizontal and vertical field amplitudes of EX
at a normal incidence as presented in Fig. 6. The
FDTD results show that the two main resonances
are found on the lower corners of the nanograting
and the secondary peaks on the two upper corners.
Of importance is that the field distribution is highly
consistent with the sensitivity profile of Fig. 5. On
the assumption of an incident light of a unit ampli-
tude, maximum field amplitudes are obtained as
EX ¼ 30:3, HY ¼ 4:0, and EZ ¼ 23:2. Among indivi-
dual hot spots associated with the four grating cor-
ners, maximal field amplification is found at the
lower grating edges in perfect symmetry. Hence,
due to the largest field enhancement and its strong
interplay with the dielectric sample, we can achieve
the greatest sensitivity at the lower grating corners
for the unit sample volume.

Media 2, linked to Fig. 7, shows the generation of
LSP modes in the gold nanogratings at a normal in-
cidence of λ ¼ 632:8nm. While we cannot clearly
identify the resonant LSP mode at each grating cor-
ner due to its extremely short decay length, we can

confirm the coupling of an incidence beam with the
gold nanogratings in the near-field region. From
the FDTD results in Figs. 3 and 6, the decay length
of the LSP mode in the transmission-type LSPR sub-
strate is much shorter than that of the reflection-type
one. In addition, as no significant field amplification
is found at the grating sidewalls, the refractive index
sensitivity on the grating sidewall is actually modest
compared to those of the other grating sides. When
the field amplitude is normalized by 5, readers
may notice that the plasmon fields at the grating
sidewalls in Fig. 7 are not as dominant as the results
for the reflection type in Fig. 4.

Consequently, unlike the reflection-type LSPR bio-
sensor based on the interaction between the propa-
gating SP and LSP modes, the field enhancement
for the transmission type is simply governed by
the resonant LSP characteristics. Based on this plas-
monic interpretation for the LSPR sensitivity con-
cept, we can develop a simple but efficient LSPR
biosensing scheme by incorporating a pointed metal-
lic nanostructure on a glass substrate and guiding
the surface reactions selectively onto the sharp point
where the field intensity is greatest. Recently, rapid
development of nanofabrication techniques made it
possible to realize a highly sensitive LSPR sensor
with high-density arrays of metallic nanostructure
with a pointed shape [21,22]. For example, Kontio
et al. demonstrated that nanoimprint lithography
combined with electron-beam evaporation provides
a cost-efficient, rapid, and reproducible method to
fabricate conical nanostructures with very sharp tips
on flat surfaces in high volumes [22]. In particular, it
is noteworthy that strong local fields at the tips
enhanced the second harmonic generation by over
2 orders of magnitude compared with nonsharp na-
notips. On the other hand, when it is not practically
easy to fabricate the sharp edges or to guide the tar-
get molecules into the hot spots, another possibility
is to obtain a large volume with a relatively large
field enhancement through a direct interaction be-
tween plasmonic structures [23]. Design optimiza-
tion of plasmonic substrates for larger field volume
with a stronger enhancement can be an effective

Fig. 6. (Color online) Horizontal and vertical field distributions of
EX for transmission-type LSPR structures with a gold grating of
Λ ¼ 60nm, duty cycle ¼ 0:5, and dg ¼ 10nm. The two-dimensional
image obtained from the FDTD calculation is normalized by the
field amplitude of 20.

Fig. 7. (Color online) Real part of the field component EX in the
same LSPR structure as Fig. 6. Media 2 shows time-varying near-
field characteristics induced by a gold nanograting when the field
amplitude is normalized by a value of 5.
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approach for developing a high-sensitivity LSPR
biosensor.

C. Linear Sensing Performance

The target attachment to a lower grating edge where
the maximum resonance shift occurs has been pro-
posed as an optimal localization and is now evalu-
ated in terms of the linearity, which is another
important sensing performance. For reflection and
transmission LSPR types, resonance angle or wave-
length is calculated as a function of the refractive in-
dex, which ranges from 1.33 (i.e., without a binding
event in PBS solution) to 1.60 in accordance with the
concentration of adsorbed analytes. This wide refrac-
tive index change is intended to consider the whole
binding process including both the adsorption of
receptors and the adsorption of target analytes.
Figure 8 shows that, for reflection-type LSPRs, the
resonance angle shifts from 73:46° to 73:85° as a re-
fractive index of the dielectric square varies from
1.40 to 1.60. In particular, from the inset of Fig. 8,
a linear relationship over the whole range of refrac-
tive indices is evident with R ¼ 0:99746 (R is the
correlation coefficient that denotes the linearity ob-
tainable in the sensor performance). Also, extinction
spectra of transmission-type LSPR configurations
are presented in Fig. 9 and the inset of linear regres-
sion analyses demonstrates that the resonance shift
in response to an increase in the refractive index is
extremely linear with R ¼ 0:99881. As a result, we
confirm that the selective target localization can
be an effective way to realize an enhanced LSPR de-
tection with high sensitivity and a great linearity in a
wide dynamic range.

Finally, in regard to actual implementation, selec-
tive adsorption of biomolecules can be achieved by
opening a small area of ultrathin dielectric mask
layers through a slanted evaporation technique

[24]. Since a lower corner of the gold nanograting
where the mask layer is not covered is exposed to
the receptors in a closed fluidic channel, both ligands
and target analytes can be better localized. While
realizing a thin dielectric mask layer in a reproduci-
ble manner still remains a challenge, the relevant
experimental work is currently under way using
nanoimprint lithography and angled evaporation
techniques.

4. Conclusion

In this study, we have investigated the correlation
between the plasmon field distribution and the
refractive index sensitivity using surface-relief gold
nanogratings. For both reflection- and transmission-
type LSPR structures, our numerical results show
that the remarkable improvement in surface sensi-
tivity is highly associated with the localized field am-
plitude of hot spots occurring at the grating corners.
While this study is theoretical, the result is quite no-
ticeable in the sense that it shows the possibilities of
enhancing the sensitivity by 1 order of magnitude for
the unit’s target volume and increasing the sensor
efficiency by preventing the target molecules from
being wasted in the weak field. In an actual sensing
application, as the guided ligand immobilization al-
lows the target analytes to be targeted to the region
with high field intensity, target molecules, especially
those with a very low concentration, can produce an
appreciable resonance shift. Finally, including the
limit of detection, which is another important per-
formance indicator representing the smallest change
in the refractive index that produces a detectable
change in the sensor output [25], our subsequent
studies will have more in-depth discussions on the
overall sensor performance after a further struc-
tural optimization of the proposed reflection- and
transmission-type LSPR structures.

Fig. 8. Reflectance curves of the reflection-type LSPR structure
as a refractive index nd of the dielectric element increases from
1.40 to 1.60. The inset shows the linear regression analysis be-
tween nd and the resonance angle shift.

Fig. 9. Extinction spectra of the transmission-type LSPR struc-
ture as a refractive index nd of the dielectric element increases
from 1.40 to 1.60. The inset shows the linear regression analysis
between nd and the resonance wavelength shift.
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