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Sensitivity Enhancement of Surface Plasmon
Resonance Imaging Using Periodic

Metallic Nanowires
Kyung Min Byun, Michael L. Shuler, Sung June Kim, Soon Joon Yoon, and Donghyun Kim

Abstract—A nanowire-mediated surface plasmon resonance
(SPR) imaging is numerically investigated for enhanced sensi-
tivity. The results calculated by rigorous coupled-wave analysis
present that interplays between localized surface plasmons and
surface plasmon polaritons contribute to sensitivity enhancement.
Compared to conventional thin film-based SPR imaging mea-
surement, an optimal nanowire structure can provide sensitivity
enhancement by 3.44 times as well as highly linear detection prop-
erty for quantification of surface reactions of interests. This paper
demonstrates the potential and limitation for a highly sensitive,
label-free, and real-time SPR imaging sensor based on periodic
metallic nanowires.

Index Terms—Imaging, metallic nanowires, optical sensors, sen-
sitivity, surface plasmons.

I. INTRODUCTION

SURFACE plasmon resonance (SPR) has been widely used
in a variety of biosensors, since it provides rapid, label-free,

and real-time sensing capability for monitoring biochemical in-
teractions on a surface [1], [2]. Fluorescence-based biosensors
have been developed quickly as well [3], [4]; however, they
require complicated processes of binding fluorescent tags and
have several disadvantages; for example, fluorescent proteins
are expensive, time-consuming, and afflicted with lack of quan-
titative accuracy and photobleaching [5]. For these reasons, a
surface-sensitive optical technique using SPR is used heavily
for detection of bio-affinity interactions.
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In recent years, with increasing demands for rapid mea-
surement of a large number of samples, development of a
high-throughput SPR microarray system has emerged as one of
the most important SPR sensing applications. In general, three
detection methods have been employed as an SPR imaging
system, involving wavelength interrogation [6], angle interro-
gation [7], [8], and intensity measurement [9], [10]. Most of the
relevant studies have employed intensity-based SPR imaging
that measures reflectance changes caused by a slight variation
in sensing layer thickness or refractive index on a sensor sur-
face, largely because of the simplicity in structure without any
moving component. For this reason, we will restrict our use of
SPR imaging to an intensity-based system that captures SPR
signals in images.

Regardless of the advantages of SPR imaging, however,
intensity-based method suffers from relatively low detection
accuracy because of insufficient sensitivity [11]. To overcome
the restrictions on sensitivity, many interesting studies have
been reported to enhance the sensitivity of SPR measurements.
For instance, several phase detection methods have been devel-
oped using interferometry techniques [12], [13]. Though phase
may produce more rapid changes than intensity, it has been
found that interferometry-based phase detection systems tend
to have small dynamic range and limitations in facilitating a
real-time SPR array sensing [11]. On the other hand, colloidal
metallic nanoparticles have been employed to amplify SPR
signals. It was empirically reported that applying nanoparticles
can enhance the sensitivity by more than an order compared
to conventional SPR biosensors [14], [15]. Although resonant
excitations of localized surface plasmon (LSP) modes using
metallic nanoparticles result in large sensitivity enhancement
[16], [17], this method is prone to application-specific process
variations, thus inevitably accompanied by irreproducible
sensitivity characteristics.

In this paper, we consider periodic metallic nanowires on a
thin metal film as an alternative structure to improve sensitivity
and reproducibility of SPR measurements. From our previous
studies using a non-imaging angle interrogation type of SPR
biosensors, the effect of nanowires was verified both theoreti-
cally and experimentally to enhance the sensitivity significantly
[18], [19], [20], [21]. It is thus an obvious next step in an evo-
lutionary path to investigate whether nanostructures such as pe-
riodic nanowires can equally enhance the sensitivity for SPR
imaging.

Recently, an SPR imaging study using 2-D nanoposts was
conducted at near-infrared (NIR) wavelength and showed the
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feasibility of sensitivity enhancement based on nanostructures,
although truly high-throughput data in an array were not
presented [22]. Experimental results showed that an optimal
nanopost structure on a thin gold film provided fivefold SPR
signal amplification. At long wavelengths, reflectance curves
sharpen significantly so that a narrow SPR curve produces high
sensing contrast and largely enhanced sensitivity [23], [24].
However, the use of NIR leads to a critical limitation for SPR
microarray imaging. Since surface plasmon propagation length
increases with wavelength, lateral image resolution of SPR
imaging is significantly aggravated in NIR compared to visible
wavelengths, which can be a concern in the case of imaging
microscopy rather than high-throughput interaction analysis
[24]. For example, the propagation length is about 2 m at

nm and 12 m at nm for an SPR sensor using
gold as supporting metal and water as an ambient medium [25].

In this paper, we investigate an enhanced SPR imaging struc-
ture based on periodic nanowires, in which excitations of and
interactions with LSP modes are mediated by nanowires in the
visible waveband. We intend to improve imaging resolution by
employing visible waveband and simultaneously to achieve op-
timal sensor sensitivity for eventual microscopy applications.
Design parameters of nanowires, such as nanowire period, size,
and volume factor (VF) were optimized to obtain maximum sen-
sitivity. In addition, extended analysis on linear sensing char-
acteristics was performed for improved detection accuracy of
nanowire-based SPR imaging measurements.

II. NUMERICAL MODELS

For numerical analysis, rigorous coupled-wave analysis
(RCWA) has been employed to calculate optical characteristics
of periodic nanowires on a thin gold film [26], [27]. RCWA
has been successfully applied to describing experiments with
nanostructures [19], [28], [29]. Convergence was accomplished
by including a sufficient number of spatial harmonic orders at
the expense of prolonged computation [30].

A schematic diagram of a nanowire-mediated SPR imaging
system is shown in Fig. 1. One-dimensional gold nanowires
with a period are assumed on a gold film with an attach-
ment layer of chromium. The thicknesses of gold and chromium
layers are fixed at 40 nm and 2 nm. Binding analytes are mod-
eled as a 1-nm-thick self-assembled monolayer (SAM), which
covers both gold nanowires and a gold film. We assumed 1,6-
hexanedithiol (HDT) for the dielectric SAM by approximating
it as a homogeneous layer with [31]. A
TM-polarized plane wave with fixed wavelength nm is
used to illuminate one side of a prism/thin gold film sample at a
predetermined incidence angle that produces a maximal inten-
sity change. The reflectance change arises from the resonance
shift created by changes in binding film thickness or refractive
index at the sensor surface. The refractive index of an SF10
prism substrate and thin layers of chromium and gold were de-
termined respectively as 1.723, , and at

nm [32]. The refractive index of a phosphate-buffered
saline (PBS) solution was assumed to be 1.33. In particular, we
estimated the effect of excited LSP modes by simplifying the
profile of nanowires as a rectangle with width as and depth

Fig. 1. Schematic diagram of a SPR imaging configuration with periodic gold
nanowires. A TM-polarized light with � � ��� nm is incident at an angle � .
A 40-nm-thick gold film is deposited on an SF10 prism substrate with an attach-
ment chromium layer. Gold nanowires (period: �, width: � and thickness:
� ) are regularly patterned on the gold film. Binding analytes are modeled as
a 1-nm-thick HDT SAM in PBS so1ution.

as . The impact of more complicated nanowire geome-
tries on SPR measurements was explored intensively in other
studies [18], [33]. Here, a volume factor (VF) is introduced as

, which means the ratio of the volume occupied by gold
nanowires. It is used to demonstrate that the nanowire width and
period play an important role in improving SPR imaging detec-
tion characteristics.

A big difference in SPR imaging from our earlier investi-
gations on non-imaging intensity-based SPR detection is that
the quantitative measure of the sensitivity improvement in SPR
imaging in reference to a conventional SPR imaging method is
a reflectance sensitivity enhancement factor (RSEF) that is de-
fined as

RSEF

(1)

where is the reflected intensity difference with binding
analytes from without. Subscripts NWSPR and SPR repre-
sent a nanowire-enhanced and a conventional SPR imaging
configuration.

III. RESULTS AND DISCUSSION

Fig. 2 presents the reflectance characteristics versus inci-
dence angle for conventional SPR detection without nanowires.
The resonance angles with and without analytes are 59.94 and
59.75 ; thus, the resonance shift is 0.19 . To determine a fixed
incidence angle in SPR imaging measurements, we calculated
the difference in SPR reflectance with and without analytes.
It was found that the change in percent reflectance reaches a
maximum of 3.41% ( in (1)) at 57.73 .

In Fig. 3, the SPR curves of a nanowire-mediated SPR con-
figuration are shown when and nanowire period

nm. The resonance angle change is 1.05 with a maximum
change at 11.42% in reflectance when . From the
results of Figs. 2 and 3, angular sensitivity enhancement factor
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Fig. 2. SPR curves for a conventional SPR imaging structure. The dashed and
solid lines represent with and without binding analytes and 4he resonance angles
are 59.94 and 59.75 , respectively. The dotted curve is the difference ����
between the SPR curves with and without analytes with a maximum at 3.41%
at � � ����� .

Fig. 3. SPR curves for a nanowire-mediated SPR imaging structuire at
nanowire period � � �	 nm, � � � 	�
, and � � �	 nm. The dashed and
solid lines represent with and without binding analytes with resonance angles
at 54.63 and 53.58 , respectively. The dotted curve is the difference ����
between the SPR curves with and without analytes with a maximum at 41.42%
at � � �
��
 .

(ASEF) [18] and RSEF were determined to be 5.53 and 3.35,
respectively. Note that reflectance amplitude and SPR angular
curve width have been affected by the presence of nanowires.
These parameters can be employed to explaining the relation
between ASEF and RSEF, which is to be discussed in more de-
tail subsequently.

Using (1), the impact of nanowire period ( , 100,
and 200 nm) on RSEF at various VFs was investigated
when nanowire depth is fixed at 20 nm. For one-dimensional
nanowires, a VF is equivalent to a fill factor or a volume con-
centration of nanowires. The resolution of VF was determined
to ensure validation of RCWA method, such that the nanowire
feature size is larger than , where denotes the Fermi
wavelength and is approximately 0.5 nm for gold.

Fig. 4. RSEF characteristics with VF for nanowires at � � �	 nm (squares),
100 nm (circles), and 200 nm (triangles). VF varies from 0 to 1. The dotted
line presents the relative sensitivity based on reflectance for a conventional SPR
imaging structure.

First of all, Fig. 4 shows that for all the nanowire periods,
RSEF can be enhanced when nm (for VF values
near ) and a gap between nanowires is less than
5 nm (for VF values near ). At small VFs that give
rise to improved RSEFs, a coupling effect between surface
plasmon polaritons (SPPs) excited on a bulk gold film and
LSPs in nanowires is more dominant than coupling of LSPs,
because the structural perturbation is not significant compared
to a bulk SPR structure with 40-nm or 60-nm thickness and
propagating SPPs are still efficient. The enhancement near

is associated with the interaction between SPPs and
strong excitations of LSPs in an individual nanowire. LSP
resonance (LSPR) excitation in a single nanostructure has
been known to be strong enough to analyze a small amount of
biomolecular binding events [34]. On the other hand, at high
VF values, extreme plasmon couplings between SPPs and LSPs
on a gold surface through nanogrooves are attributed to the en-
hanced sensitivity, though it is less effective than RSEF at low
VF values. Electromagnetic field enhancement by near-field
interactions typically generates hot spots around nano-sized
metallic structures [35], [36] and also leads to a significant
sensitivity gain [37]. Especially, in hot spots with a gap size
smaller than 10 nm, the local fields can be enhanced up to more
than times of the incident field intensity [38], [39]. Calcu-
lations using finite-difference time domain method, though not
shown, confirm that nonoverlapping and inefficient interactions
between highly excited LSPs and a target SAM layer at high
VFs result in a smaller RSEF than the enhancement that would
be due only to hot spots. Also note that physics of coupling
mechanisms and their impact on sensitivity enhancement were
discussed using dispersion relation in terms of effective media
in [40].

Second, for the values of VFs ranging from 0.2 to 0.9, RSEF
is calculated to be much lower than the dotted line, indicating
the relative sensitivity of a conventional SPR imaging detection
method. In this region, a higher VF generally produces stronger
LSPR and LSPs are more dominantly excited than SPPs, since
a larger nanowire volume and a smaller nanowire separation in-
duce stronger interactions between neighboring LSP modes.
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Fig. 5. Resonance angles with VF for nanowires at � � �� nm (squares),
100 nm (circles), and 200 nm (triangles).

However, because the reflectance amplitude and the SPR curve
width are affected by the presence of nanowires, LSPR enhance-
ment and an improved RSEF may not be positively correlated at
all times, in contrast to the results observed with angle-scanning
nanowire-based LSPR. As shown in Fig. 5, strongly excited LSP
modes occur at an increased resonance angle of .
This indicates that the perturbation introduced by the nanowires
modifies strongly the SPPs in the gold film. In other words,
the momentum matching is achieved at a higher wave-number,
and thus much higher energy is needed to excite a LSP mode.
Moreover, LSPR enhancement is essentially accompanied by
the broadening of an SPR curve in conjunction with the LSP
perturbation and deterioration of sensing contrast of SPR de-
tection due to the damping into a large number of LSP modes
[39], [41]. Here, the sensing contrast may be loosely defined as

, where is the reflectance
at total internal reflection, and is the minimum reflectance
at resonance. As a result, dominantly excited LSP modes in
nanowires lead to a larger resonance angle, a broader SPR curve,
and lower sensing contrast, and eventually result in substantial
reduction of RSEF compared with conventional SPR imaging.

Third, the results of Fig. 4 present the sensitivity improve-
ment with a decrease in . The peak RSEF was found to be
3.35 at for nm, 2.22 at for

nm, and 1.77 at for nm, respec-
tively. As decreases, the surface number density of nanowires
becomes larger, and this can induce stronger coupling between
LSPs. Intensity amplification of LSPs can increase interactions
with SPPs and, thus, produce a notable increment of maximum
ASEF and RSEF, as presented in Fig. 6(a). The distribution
of values and its exponential fit are well matched for
both ASEF and RSEF. Using the first-order exponential func-
tion of , the integration constant and the
exponential coefficient are equal to 10.17 and

for , and 5.33 and for
RSEF . That RSEF implies the
similarity of the overall behavior of and RSEF
with respect to nanowire period.

It is interesting to note that, in general, RSEF is smaller
than . This is because the reflectance change as a re-
sult of an SPR shift is accompanied by resonance broadening

Fig. 6. (a) Peak SEF plots with nanowire period ranging from 50 nm to 200 nm.
The peak SEFs are obtained to be 5.53 �� � �� nm�, 3.47 �� � ��� nm�, and
2.74 �� � ��� nm� for ASEF (circles), and 3.35 �� � �� nm�, 2.22 �� �
���nm�, and 1.77 �� � ��� nm� for RSEF (squares), respectively. The is solid
line is an exponential fit. (b) The ratio of	
�� to RSEF with nanowire
period. The ratio is equal to 1.650 �� � �� nm�, 1.565 �� � ��� nm�, and
1.546 �� � ��� nm�.

and reduced sensing contrast, which tends to decrease the re-
flectance change. In other words, the decrease of differential re-
flectance, which corresponds to the slope of an SPR curve near
the resonance angle, leads to a reduced reflectance change. It is
also found from the exponential coefficients of exponential fits
that increases slightly faster than RSEF with a
decrease in . Since excited LSP modes are strongly influenced
with a decrease of , the broadening of the SPR characteris-
tics can evoke a moderate increase of RSEF , and this in turn
produces an increase in the ratio between the two peak values
of ASEF and RSEF, i.e., RSEF [see Fig. 6(b)].

The dependence of RSEF on was investigated to further
optimize the sensitivity of nanowire-mediated SPR imaging de-
tection for various combinations of and VF. The combina-
tions were determined to provide maximum RSEF (shown in
Fig. 4). In general, if LSPs perturb SPPs weakly in shallow
nanowires, i.e., LSPs are dominated by SPPs, local field en-
hancement and sensitivity improvement over conventional SPR
structure is rather weak. On the other hand, if LSPs dominate
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Fig. 7. RSEF characteristics with nanowire thickness � varying from 5 nm
to 40 nm with a step of 5 nm. The RSEF reaches a maximum of 3.44 at � �

�� nm for� � �� nm (squares), 3.05 at � 10 nm for� � ��� nm (circles),
and l.77 at � � �� nm for � � ��� nm (triangles).

TABLE I
CALCULATION RESULTS OF THE OPTIMIZED NANOWIRE

STRUCTURE AT EACH NANOWIRE PERIOD

SPPs in thick nanowires, resonance characteristics tend to be
so broad that resonance can effectively disappear. Thus, an op-
timum nanowire depth exists as Fig. 7 shows, although the op-
timum may depend on other parameters. In Fig. 7, RSEF char-
acteristics were calculated for nm with a step of
5 nm. Table I summarizes the optimal structures of nanowires
and its RSEF. The optimized nanowire structure is nm,

nm , and nm with the highest
RSEF obtained as 3.44 at .

For nanowire-mediated SPR imaging detection to be useful
quantitatively, it is important that changes of reflectance be
linearly proportional to changes of refractive index on a sensor
surface, and thus to the amount of bound analytes. Based on an
assumption that the refractive index of 1-nm-thick SAM layer
changes from 1.33, i.e., without a SAM in PBS solution, to
1.60 in accordance with the concentration of adsorbed analytes,
Fig. 8 shows the calculated change in reflectance intensity
at a fixed incidence angle of when an optimal
nanowire structure with nm, nm, and

nm is employed on a 40-nm-thick gold film. For a
broad range of percent reflectance of more than 10%, a linear
relationship over the whole range of refractive indices is evi-
dent. From linear regression analyses, the change of reflectance
was extremely linear with ( is the correlation
coefficient that denotes the linearity obtainable in the sensor
performance). This indicates that the application of nanowires

Fig. 8. Linear regression analysis between reflectance and refractive index of
a 1-nm-thick SAM in PBS solution. As the refractive index increases from 1.33
to 1.60, the percent reflectance shifts from 23.05% to 38.59% linearly. The cor-
relation coefficient � is equal to 0 99966.

enables large and highly linear dynamic range as well as en-
hanced sensitivity for an intensity-based SPR imaging system.

Finally, an interesting possibility is to employ a dielectric
spacer layer below nanowires in order to modulate local plas-
monic fields thereby sensitivity. Although details will be ad-
dressed in a subsequent study, the presence of a spacer layer
was found to affect the interaction between LSPs and propa-
gating SPs [42].

In regard to actual implementation, periodic gold nanowires
on a gold film can be fabricated using electron-beam lithography
or nanoimprinting techniques as reported recently [43], [44],
although achieving high aspect ratio in a reproducible manner
still remains a challenge. The relevant fabrication work is cur-
rently under way with the attachment of a SAM using 11-mer-
captoundecylamine in a real-time multichannel fluidic system.

IV. CONCLUSION

We studied the impact of periodic nanowires on the sensi-
tivity enhancement in SPR imaging biosensors using RCWA.
Compared with conventional SPR imaging detection, periodic
gold nanowires on a gold film lead to large SPR signal ampli-
fication due to the excitations and coupling of bulk SPPs and
LSPs in gold nanowires. We found that periodic nanowires with
narrow width and small period present enhanced sensitivity in
terms of RSEF. It was also shown that RSEF is generally
less than , since RSEF is strongly influenced by the
broadening of a SPR curve and a decrease of sensing contrast,
accompanied by the presence of nanowires.

The peak RSEF achieved was 3.44 with nanowires of a rect-
angular profile at nm, nm, and

nm. For this optimum structure, the results calculated in
PBS solution present extremely linear sensing characteristics
over a broad range of binding refractive index. Our study on a
nanowire-mediated SPR imaging system demonstrates the pos-
sibility of sensitivity improvement and a potential to imple-
ment a rapid real-time SPR microarray imaging system with en-
hanced sensitivity.
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