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Although subwavelength dielectric gratings can be employed to achieve a high sensitivity of the sur-
face plasmon resonance (SPR) biosensor, the plasmonic interpretation verifying the resulting sensitivity
improvement remains unclear. The aim of this study is to elucidate the effects of the grating’s geo-
metric parameters on the amplification of SPR responses and to understand the physical mechanisms
associated with the enhancement. Our numerical results show that the proposed SPR substrate with
a dielectric grating can provide a better sensitivity due to the combined effects of surface reaction area
and field distribution at the binding region. An influence of adhesion layer on the sensor performance
is also discussed. The obtained results will be promising in high-sensitivity plasmonic biosensing

applications. © 2012 Optical Society of America

OCIS codes:  050.6624, 240.6680, 280.4788.

1. Introduction

The surface plasmon resonance (SPR) biosensor has
gained much attention because it allows label-free
and quantitative detection of biomolecular interac-
tions in real-time [1]. The SPR technique is based
on a coupling between incident light and free elec-
trons in metal. When a momentum of incident light
matches that of free electrons, the light energy is
completely absorbed and converted into a collective
oscillation of the free electrons, called surface plas-
mons (SPs). Since this coupling condition is depen-
dent on the refractive index of a dielectric medium
surrounding the metal surface, one can monitor
the binding events of biomolecules by measuring
the shift of resonance angle or wavelength. The
SPR sensor system typically uses the Kretschmann
configuration, where a thin metallic film prepared on
a glass substrate is attached to a prism coupler via
index-matching oil.
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Among several issues related to the SPR biosensor,
improvement of sensor sensitivity has been one of the
recent trends of theoretical and experimental stu-
dies. Together with the efforts toward multiplexing
and miniaturization, a variety of researches have
been conducted to answer the question of how the
plasmon excitation can be used advantageously in or-
der to overcome the sensitivity limit of traditional
SPR sensing devices [2]. In our previous investiga-
tions, use of periodic metallic nanostructures built
on a thin metal film resulted in a significant SPR sig-
nal amplification [3,4]. This approach could serves as
an effective way to increase a surface reaction area
and to generate a locally enhanced field by a reso-
nant excitation of localized surface plasmon (LSP)
modes. Since any corrugation, even at the nanometer
scale, can provide more binding spaces than an ide-
ally flat surface, introduction of metallic nanostruc-
tures can increase the number of ligands and target
molecules that participate in the binding interac-
tions, therefore, producing a higher resonance shift.
Furthermore, when adsorbed biomolecules are ex-
posed to localized plasmon fields, the resonance shift



as a result of the biointeraction could be stronger.
This interesting correlation between local field en-
hancement and SPR signal amplification has been
verified both theoretically and experimentally [5,6].
Moreover, the periodic metallic nanostructures can
be customized as desired to meet the specific sensi-
tivity requirements.

Despite these advantageous aspects, it has been
found that metallic nanostructures make the SPR
curve broader and shallower inevitably [7]. This de-
formation of SPR characteristics can increase the un-
certainty of the sensor output and affect its high
standard error in experimental measurement. More-
over, as a notable amplification in local field intensity
is generally found at the sharp edges of the metallic
nanostructures, guided ligand immobilization and
target localization into such regions with a highly
enhanced field are essential for preventing the
biomolecules from being wasted in the weak field [8].

Recently, there has been special attention being
paid to an alternative approach based on nonabsorb-
ing dielectric structures. For example, dielectric
structures with a high pore volume could simply im-
prove the sensor sensitivity by increasing the surface
reaction area [9]. Although nonabsorbing materials
on a thin metal film may induce a slightly broader
curve width because of resonant excitations at a high-
er plasmon angle, the dielectric overlayers possessing
a negligible extinction coefficient do not prompt an
absorptive plasmon damping. Hence, optimization
of dielectric nanostructures can be an effective ap-
proach for providing an enhanced sensitivity while
preventing the signal quality from being degenerated
significantly.

In this study, we intend to demonstrate the SPR
signal enhancement induced by a periodic dielectric
nanostructure. For this purpose, subwavelength di-
electric gratings are employed and their plasmonic
effects on the sensor sensitivity are explored. More
specifically, to assess the sensing performance of
the plasmonic substrate with dielectric gratings,
the SPR characteristics are investigated quantita-
tively for a wide range of grating periods and
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thicknesses. The results of this study could show a
possibility of improving and optimizing the nanos-
tructured plasmonic substrates for sensitive SPR
detection of biointeractions.

2. Numerical Model

Figure 1 shows a schematic diagram of the proposed
SPR biosensor. A thin gold film with a thickness of
45 nm is coated on an SF10 glass prism via an attach-
ment of 2 nm thick chromium layer. One-dimensional
rectangular grating with a period of A and a thick-
ness of d, is regularly patterned on the gold/SF10
glass substrate supporting the SP waves. A biomole-
cular reaction occurring at the grating surface is
modeled as a 2 nm thick dielectric layer that covers
the whole sensor surface. The refractive index of the
binding layer (np;,) is set to be 1.40 for ligand immo-
bilization, and this value increases up to 1.50 with
the interaction between capture and target probes.
This refractive index change is based on the measure-
ment data obtained from ellipsometric characteriza-
tions for DNA hybridization [10]. TM-polarized light
at the wavelength 4 = 633 nm illuminates the sub-
strate. The optical constants ¢ = (n, k) of SF10 sub-
strate, thin layers of chromium and gold, and
dielectric gratings are set to be (1.723, 0), (3.48,
4.36), (0.18, 3.00), and (1.50, 0) [e.g., polymethyl
methacrylate (PMMA)], respectively, at 1 = 633 nm
[11]. Also, the refractive index of a phosphate buf-
fered saline (PBS) solution is assumed to be 1.33.
For numerical simulations, we employ the rigorous
coupled-wave analysis (RCWA) method, which has
successfully been used to explain the experimental
results of grating structures [12]. Our RCWA routine
was proved to corroborate the experiments of earlier
SPR studies based on various periodic nanostruc-
tures. Note that, since the field varies more rapidly
in short distances of a grating with a size smaller
than a wavelength A, more space-harmonic orders
are required to achieve the convergence and to im-
prove the accuracy in calculations [13]. For the calcu-
lation presented in this study, 30 spatial harmonics
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Perspective view of the proposed SPR sensing configuration and its cross-sectional image. TM-polarized light with 4 = 633 nm is

incident through a gold/chromium/SF10 substrate with an angle of 6. Dielectric gratings are regularly patterned on the 45 nm thick planar
gold film in PBS solution. The grating structure of a rectangular profile has a period of A and a thickness of d,. A 2 nm thick binding layer is
assumed to cover the whole sensor surface uniformly.
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have been considered and convergence in RCWA
computation was successfully achieved.

As a quantitative measure of the sensitivity im-
provement, we make use of the sensitivity enhance-
ment factor (SEF), which is the ratio of the SPR angle
shift due to the refractive index change in the 2 nm
thick binding layer on the proposed SPR substrate
with dielectric gratings to that of a conventional
one. While SPR curves for a conventional SPR sys-
tem are not shown, the resonance angles are ob-
tained to be 59.75° for np;, = 1.40 and 59.94° for
ngr, = 1.50 in PBS solution; thus, the reference reso-
nance shift is 0.19°.

3. Numerical Results

A. Effect of Grating Thickness on Sensitivity
Enhancement

Figure 2 shows the SPR characteristics of the pro-
posed SPR structure when a dielectric grating has
a period of A = 100 nm and a width of 50 nm (i.e.,
a fill factor f = 0.5). As a grating thickness d, in-
creases from 0 to 200 nm with a step of 10 nm, reso-
nance angle tends to increase gradually because the
growing d, causes a local refractive index surround-
ing the metal film to be effectively increased. Also, a
strong dependence of the sensitivity on d, is obvious.
At an initial stage, the SPR angle shift presents a
growing trend because the surface reaction area is
increased with the grating thickness. However, when
d4 exceeds 100 nm, a slope of the SPR angle shift be-
comes decreased and then saturates at d, > 150 nm.
No further growth in sensitivity can be explained by
the limited penetration depth of propagating plas-
mon waves with exponentially decaying intensity.
Since the detection range of an SPR biosensor is con-
fined to the penetration depth [14], an increase of d,
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Fig. 2. Resonance angles (rectangles) and sensitivity character-
istic (circle) for an SPR structure with dielectric gratings of A =
100 nm and a fill factor f = 0.5 when the refractive index of the
binding layer increases from 1.40 to 1.50. The grating thickness
d, varies from 0 to 200 nm with a step of 10 nm.
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over the plasmon decay length can no longer make
contributions to the sensitivity enhancement.

What will follow is the correlation study between
the surface reaction area and the sensitivity im-
provement. To quantify the effect of the surface-
limited increase of a binding area on the enhanced
sensitivity, the surface area growth factor (SAGF),
the ratio of the surface reaction area of dielectric
grating-based SPR substrates to that of a conven-
tional SPR substrate, is employed. Although the
binding layer is assumed to cover an infinite sensor
surface, the SAGF can be derived regardless of the
surface dimension because the reaction area per per-
iod can be substituted for the binding events over the
whole sensor surface. Based on the geometric para-
meters shown in Fig. 1, we can obtain the expression
of SAGF = (A + 2d,)/A.

Direct comparison between SEF and SAGF in
Fig. 3 exhibits that the SEF increases with a grating
thickness until it reaches a maximum of 3.00. SEF is
well in accord with the SAGF when a grating is re-
latively thin; however, a discrepancy between them
grows significantly at d, > 80 nm. It is associated
with the fact that the influence of binding events
on the sensitivity characteristic becomes worse for
thick gratings due to an exponentially decaying eva-
nescent field. In this regard, we should recognize the
need for considering an impact of plasmon field dis-
tribution on the sensor sensitivity. It is, thus, be-
lieved that the sensor sensitivity is not governed
only by an increased surface area, but rather by both
the reaction area and the field distribution. The
first-order perturbation theory by Abdulhalim also
supports this interpretation, in that maximizing
the sensor sensitivity can be accomplished by in-
creasing the interaction volume or by increasing
the field intensity in the analyte region [15]. As a re-
sult, an overlap integral (OI) can be more useful in
analyzing the sensitivity characteristic than SAGF,
which is given by
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Fig. 3. Comparison between SEF (rectangles) and SAGF (circles)
when the grating thickness increases from 0 to 200 nm. The geo-
metric parameters of a dielectric grating are the same as those in
Fig. 2.
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where x and z represent the horizontal and vertical
axes in Fig. 1. The integral boundary in z-axis ran-
ging from z; to z; + 1 is determined from the fact that
the plasmon field is evanescent and the amplitude
decays approximately to zero after moving the dis-
tance of one wavelength from a gold surface. Ang;,
is the refractive index change caused by the binding
event of target molecules. In our numerical model,
Ang;, = 0.1 within the interaction area and other-
wise, Anpg;, = 0. Briefly, the OI directly addresses
the combined effects of surface reaction area and
field distribution on the sensitivity enhancement.
We have computed the near-field intensity using
the finite-difference time-domain (FDTD) method.
The FDTD results in Flg 4 show that the field am-
plitude reaches a maximum at the metal surface
and then falls exponentially along the z-axis. The
peak amplitude of Ex is, respectively, obtained to
be 3.8 for d; = 0 nm, 5.1 for d, = 100 nm, and 5.5
for d; = 200 nm. This slight increment of the peak
value may partially contribute to the sensitivity im-
provement with a growing d,, although the field en-
hancement appears less significant compared with
the LSP modes produced by metallic nanostructures.
Enhancement comparison of SEF, SAGF, and OI
enhancement factor (OIEF) is demonstrated in
Table 1. For unit period of A = 100 nm, a traditional
SPR system without dielectric gratings is deter-
mined to have Olggpniror = 14.43 by Eq. (1) and thus,
OIEF can be defined as the ratio of the OI obtained
from the SPR structure with dielectric gratings to the
Olgontror- Since the OIs of d, = 100 and 200 nm are
equal to 34.33 and 41.82, the OIEF is 2.4 for d, =
100 nm and 2.9 for d, =200 nm, respectively.
When the three enhancement factors are directly
compared, it is evidently found that the SEF is more
consistent with the OI than the SAGF. Strong corre-
lation between SEF and OI shows an interesting pos-
sibility that an evaluation of a near-field quantity
can predict the far-field performance, such as sensor
sensitivity.
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Fig. 4. Vertical field profiles of Ex along the z axis when the SPR
structures possess dielectric gratings of d, = 0, 100, and 200 nm.

Table 1. Enhancement Factors of SEF, SAGF, and OIEF When
a Grating Period is 100 nm and its Thicknesses are 100 and
200 nm
Enhancement dy = 100 nm dy = 200 nm
SEF 2.6 3.0
SAGF 3.0 5.0
OIEF 2.4 2.9

B. Effect of Grating Period on Sensitivity Enhancement

Reduction of a grating period A is another effective
way to increase the surface reaction area. While it is
required to develop a high-resolution manufacturing
process for fabricating subwavelength nanostruc-
tures, the recent advance in plasmonics allows us
to open up the possibilities of nanostructuring the
substrates in a controllable way [16]. For example,
nonconventional lithographic techniques such as na-
noimprint lithography (NIL) and nanosphere litho-
graphy can be used to generate largely patterned
areas of sub-100 nm resolution at a low cost. Since
NIL is based on the direct mechanical deformation
of the resist, the resolution achievable with NIL is
beyond the limitations caused by light diffraction
or beam scattering in other optical lithographies.
It has been experimentally demonstrated that na-
noscale patterns as small as 10 nm could be success-
fully transferred by this method [17].

Considering the achievable feature size in NIL-
based fabrication, we investigate the effect of the
grating period on the sensitivity enhancement in a
wide range of 50 nm < A £1000 nm. It is clearly ob-
served in Fig. 5 that when d, is fixed at 50 nm, the
correlation between SEF and SAGF is very strong
over the whole range of the grating period. In parti-
cular, the SEF displays an exponential growth from
1.05 for A = 1000 nm to 1.21 for A = 400 nm, 1.53
for A = 200 nm, 2.00 for A = 100 nm, and 3.11 for
A =50 nm. As A decreases, overall surface area
tends to be larger and this can induce a notable
amplification of the SPR signal.
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Fig. 5. Correlation analysis between SEF (rectangle) and SAGF
(circle) for a thin grating of d, = 50 nm when A changes from 50 to
1000 nm.
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Figure 6 presents the SEF characteristics for
A =50, 100, 200, and 400 nm, as a function of the
grating thickness, and a few notes are worth a look
in the results. First of all, the qualitative trends of
increased SEF with a larger grating thickness re-
semble the results discussed in Subsection 3.A. It
is attributed to the fact that thicker gratings can pro-
vide more rooms for target analytes attached to the
sensor substrate. Moreover, when a grating thick-
ness is larger than 100 nm, the rate of SEF growth
becomes lower and finally decreases to zero. Limited
penetration depth of plasmon waves tends to sup-
press further increase of sensitivity characteristics,
so that the structure stops improving the sensitivity
performance of the SPR biosensor.

Special attention should be given to an abrupt
reduction of SEF at the period of A = 200 nm. It is
possibly due to an effect of radiation damping, which
indicates that the incident light is interfered by the
diffracted beam [18]. When the grating vector K(=
2z/N) and the wavevector kgpr satisfy K = 2kgpg,
one backward diffraction order is generated by the
grating, and it propagates with an angle of Ogpg,
which can be described by

2z

K = K 2kSPR = ZkO@ sin GSPR’ (2)

where ¢, is a dielectric constant of glass prism. At
this condition, the diffracted light has a reflection an-
gle of Ogpgr, and its trace exactly overlaps the inci-
dence beam. As a result, the incident beam can be
highly degenerated through a destructive coupling
between the incidence and the diffracted light. Since
intensity of the diffracted beam is strong enough to
be comparable to the incidence, SPR characteristics
can be affected significantly. Figure 7(a) shows the
dependence of a resonance angle on the grating
thickness at A = 200 nm before and after target
binding event. For both cases, the resonance angles
are determined in the range of 60° < fgpg < 70°. If
these SPR characteristics are compared with the
data in Fig. 7(b), the curve K = 2kgspr at around
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Fig. 6. SEF characteristics with respect to the grating period A

when grating thickness d, increases.
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Fig. 7. (a) Resonance angles as a function of the grating thickness
at A = 200 nm before and after target binding and (b) the condi-
tion satisfying K = 2kgpg. Along the curve of K = 2kgpg, the radia-
tive damping effect is caused by the interference between the
incidence and the diffracted light.

A = 200 nm corresponds well with the resonance an-
gle range in which an abrupt change in SEF profile is
observed in Fig. 6. It should be also emphasized that,
when A = 200 nm and d, > 100 nm, the SEF value
becomes smaller than 1, implying that the use of sub-
wavelength gratings may degrade the sensitivity
performance, compared to a conventional SPR con-
figuration. Hence, in actual SPR implementation,
dielectric grating structures should be carefully
designed to avoid such radiative damping.

C. Effect of Chromium Adhesion Layer on Sensitivity
Enhancement

In terms of an actual production of dielectric subwa-
velength gratings on a metal film, one may take ad-
vantage of the molding technique based on NIL.
Although implementing the geometric parameters
of the grating molds with a high precision and
achieving a uniform pattern in a reproducible man-
ner remain a challenge, the relevant experimental
work is currently under way in our group. For exam-
ple, a gold film is evaporated onto an SF10 glass sub-
strate after an evaporation of chromium adhesion
layer. A silicon dioxide (SiO,) layer is then grown
on the gold film via the thermal oxidation method.
After the nanoscale patterning process of transfer-
ring the imprinted patterns, a large-area stamp with



high feature density can create a deep thickness con-
trast in the imprint resist. Subsequently, the dielec-
tric SiO, grating is formed by anisotropic dry etching
with a 9:1 C,Fg—O; mixture, and the lift-off
approach can be utilized to remove the patterned
residual polymers.

In the fabrication process of designed dielectric
gratings, a thickness control of the adhesion layer
is another important issue for successful realization
of grating-based SPR samples. The thin transition
metal films, such as chromium, titanium, and tung-
sten are generally employed as an adhesion promo-
ter between the noble metal film and the glass
substrate [19]. They not only improve the adhesion
but also enhance the stability of the noble metal film.
If the adhesion film is not used, the metal film sup-
porting plasmon excitation can be peeled off or da-
maged by severe processes, such as oxidation and
dry etching and/or subsequent SPR experiments.
On the other hand, when a thick adhesion is em-
ployed, SPR characteristics can be degenerated by
a large imaginary part of its complex dielectric con-
stant. In this section, the influences of the thickness
of chromium adhesion film on the sensor perfor-
mance will be briefly explored.

When a thickness of gold film is 45 nm and a dielec-
tric grating has a period of A = 100 nm and f = 0.5,
the resonance angle shift before and after binding
events is numerically calculated for a wide range
of chromium thickness. According to Fig. 8(a), the
sensitivity characteristic does not change signifi-
cantly as the thickness of chromium layer increases
up to 15 nm. On the one hand, the influence of chro-
mium layer is prominent only at a thickness over
20 nm. On the other hand, the chromium layer affects
the reflectance at a resonance angle more domi-
nantly. In Fig. 8(b), in contrast to the case of adhesion
thickness less than 5 nm showing an almost complete
absorption in the SPR curve, the minimum reflec-
tance increases notably with the adhesion layer
when the thickness is greater than 5 nm, which is
attributable to a high absorption property of chro-
mium. Although the contribution of the chromium
film is not constant as d, increases, it is obviously ob-
served that the influence of the chromium becomes
stronger as an adhesion thickness increases. In par-
ticular, since increment in reflectance may aggravate
the uncertainty of the sensor output and affect a high
standard error in experiments, the maximally allow-
able thickness of the chromium layer should not
exceed 5 nm.

4. Discussion

This section demonstrates that the proposed SPR
design with a dielectric grating may yield better
sensing performance than the SPR scheme with a
metallic grating. For comparison study, a grating per-
iod is fixed at A = 50 nm, based on the previous re-
sults that an extremely sensitive plasmonic sensor
typically requires metallic gratings of sub-50 nm
linewidth [3]. First, an effect of grating thickness
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Fig. 8. Sensor performance of (a) resonance angle shift and
(b) minimum reflectance as the thickness of chromium film in-
creases. The dielectric gratings have a period of A =100 nm
and f = 0.5.

on the SPR characteristics is investigated for metal-
lic and dielectric gratings. As mentioned in Section 1,
we find in Fig. 9(a) that reflectance curves for metal-
lic gratings are significantly distorted depending
on the grating thickness d,, which is associated with
a multiple excitation of localized plasmon modes
occurring at the metallic gratings and their destruc-
tive interference with propagating SP modes [5]. As
the grating thickness increases, a broader and shal-
lower dip at resonance makes detection of binding
events insensitive and inaccurate. Hence, the opti-
mal metallic grating is determined at d, =5 nm
and its sensitivity improvement of 5.7 times is ob-
tained, compared with a thin-film-based SPR system
without any gratings.

On the other hand, Fig. 9(b) shows that the curve
width and the minimum reflectance in SPR curves
for dielectric gratings are not significantly influenced
by the growing d,. In addition to such sharp and deep
SPR curves, the SPR sensor system with a dielectric
grating can provide a noteworthy sensitivity en-
hancement. From our RCWA calculations, enhanced
sensitivity over 4.5 times is achieved by a dielectric
grating of d, > 100 nm, and the highest improve-
ment up to 5.4 times is obtained at the maximum
thickness of d, = 200 nm. More importantly, as a di-
electric grating-based SPR structure can offer an

10 July 2012 / Vol. 51, No. 20 / APPLIED OPTICS 4727
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Fig. 9. Reflectance curves of SPR biosensors with (a) metallic and
(b) dielectric gratings when A =50 nm and f = 0.5. The solid
curves indicate the results of a thin-film-based SPR system with-
out grating structures.

improved sensitivity at a wide range of grating thick-
ness, it enables better performance reliability and
robustness to fabrication errors than the metallic
grating-based one.

Subsequently, in order to evaluate an overall sen-
sor performance more quantitatively, we employ a
figure of merit (FOM) as follows:

_ mldeg /RIU]

FOM = FWHM][deg]

-(1- MRR),

where m is the slope of the resonance angle over
a refractive index range in the binding site, which
corresponds to the sensor sensitivity. The FOM is
a quality factor that takes the full width at half-
maximum (FWHM) and the minimum reflectance
at resonance (MRR) into account. A smaller FWHM
and a lower MRR are, therefore, required because
a deeper and narrower resonance peak allows an
efficient detection of resonance shift and a precise
analysis of sensing events.

Based on an assumption that the refractive index
ngi, of a 2 nm thick binding layer with a uniform cov-
erage varies from 1.40 to 1.50 in PBS solution, the
SPR Dbiosensor with a metallic grating of A =
50 nm and d, = 5 nm is found to have a FOM value
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Fig. 10. FOM values of the dielectric-grating-based SPR system.
The dotted line indicates the FOM value of the SPR sensor with a
metallic grating of A =50 nm and d, = 5 nm.

of 1.12, while a conventional SPR system without
grating structures has a FOM = 0.25. Figure 10
shows FOM results for the proposed SPR structure
when the thickness of a dielectric grating increases.
The FOM value displays a gentle increment because
the change in d, causes the sensor sensitivity m to
increase, while FWHM and MRR are not highly
affected by the grating thickness. In particular, note
that, when d, is larger than 140 nm, the SPR biosen-
sor with a dielectric grating exhibits greater sensing
performance than the one with an optimized metallic

grating.

5. Conclusion

In this study, we have investigated the sensitivity im-
provement of SPR detection by incorporating subwa-
velength dielectric gratings. Using the RCWA
method, we have calculated the SEF dependence
on the geometric parameters of the grating, such
as thickness and period. Theoretical results showed
that larger SEF can be feasible by increasing the
thickness and reducing the period, which is asso-
ciated with the increased surface reaction area. An
abrupt fluctuation in SEF characteristic at A =
200 nm was clarified based on the radiative damping
effect. In particular, for quantitative analysis on the
sensitivity enhancement, we employed the OI, and
the strong correlation between OIEF and SEF was
numerically verified. Finally, influence of chromium
film on the sensor performance was studied. While
the sensitivity of the resonance shift is not signifi-
cantly affected by adhesion layer, the proposed
SPR structure may suffer from an increase of mini-
mum reflectance depending on a chromium thick-
ness. This study could be helpful in optimizing
the plasmonic substrate with subwavelength dielec-
tric gratings toward an improvement of sensor
sensitivity.
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