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We investigated the effect of surface roughness on the sensor performance of extinction-based localized
surface plasmon resonance (LSPR) biosensors. The sensor measures resonance wavelength shifts in
transmittance caused by biomolecular interactions that are amplified by periodic nanostructures.
The numerical computation was conducted using rigorous coupled-wave analysis with Gaussian random
surface profiles. The results suggest that, when a surface has a roughness smaller than 2nm in height
deviation, the sensitivity of a LSPR biosensor is not significantly influenced regardless of correlation
length (CL). However, we found that the extinction peak amplitude and curve width are affected sub-
stantially by a decrease in CL. At a less than 100nm CL, surface roughness can induce interference
between localized surface plasmons excited by the surface and nanowires, which can lead to major de-
gradation of sensor performance. © 2008 Optical Society of America

OCIS codes: 050.2770, 130.6010, 240.5770, 240.6680.

1. Introduction

It has been well known that noble metal nanostruc-
tures, generally Au or Ag, strongly interact with light
through resonant excitation of collective electron
oscillations [1]. This resonance induces localized
surface plasmons (LSPs) and shows dramatic en-
hancement of local electromagnetic fields caused
by substantial absorption and strong light scattering
[2,3]. The enhanced fields are formed in the immedi-
ate vicinity of the nanostructure and decay signifi-
cantly with the distance from the surface. The
resonance frequency and extinction amplitude of the
LSP modes depend on the size, shape, and geometry
of the nanostructures [4–6].
While thin-film-based conventional surface plas-

mon resonance (SPR) biosensors can provide label-
free and real-time detection [7–9], many research
groups have been exploring optical biosensors based
on extraordinary optical properties of metallic nano-

structures for improved sensor characteristics, for
example, significantly enhanced sensitivity [10–13].
Here, we investigate an extinction-based localized
surface plasmon resonance (LSPR) biosensor that
measures wavelength resonance shifts in trans-
mitted light that arise from biomolecular interac-
tions and are amplified by enhanced fields near
periodic nanowires. Relative to conventional SPR, an
optical setup to characterize an extinction-based
LSPR biosensor is compact and potentially easier
to use because it is based on wavelength scanning at
normal incidence and allows the light source and the
detector to be positioned on opposite sides. A more
important possibility of an extinction-based LSPR
biosensor is its capability of high throughput moni-
toring, for example, in DNA research and proteomics
for which thousands of binding interactions should
be examined rapidly so that each nanostructure
can act as its own transducer [14]. The performance
of LSPR biosensors has been studied both theoreti-
cally and experimentally. For example, the resonance
wavelength of LSPR spectrum, λLSPR, is known to
be linearly correlated with local refractive-index
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changes induced by binding analytes at the nano-
structure surface [15,16].
In a recent study, we investigated the optical prop-

erty of excited LSP modes that can be controlled by
varying the geometry of the nanostructure [17]. An
intrinsic assumption of the study is that the surface
of an extinction-based LSPR biosensor is perfectly
flat. In practice, however, the real surface on a sub-
strate and on nanostructures is always rough to some
degree, caused by inherent imperfections of fabrica-
tion processes. Thus, surface roughness could affect
the LSPR characteristics significantly. From atomic
force microscopy (AFM) measurements of sample
chips fabricated on typical glass slide substrates,
the surface profile was found to approximate Gaus-
sian random surfaces [18]. Based on these results,
appropriate ranges of values for surface height devia-
tion (δ) and correlation length (CL) were determined
to model Gaussian random surface profiles that we
used to explore the effect of a rough surface on SPR
biosensor characteristics. Here, surface height devia-
tion δ is quantitatively defined as the root-mean-
square (rms) deviation from a mean plane. It was ob-
served that, when a surface is not significantly rough
with δ ¼ 0:5 − 2:0nm, there is little effect on the per-
formance of a conventional SPR biosensor regardless
of the CL because the excited surface plasmons along
the metal surface are still dominant and there is less
interference from rough surfaces. On the other hand,
since metallic nanostructures introduced to excite
LSP modes are generally a few tens of nanometers in
size, the resonant field enhancement of a LSPR bio-
sensor can be intensely influenced by small changes
in the surface profile.
We demonstrate that surface roughness could af-

fect the performance of an extinction-based LSPR
biosensor with periodic metallic nanowires. More
specifically, the sensor structure is modeled as metal-
lic nanowires on a rough surface by superimposing
periodic rectangular gratings on one-dimensional
Gaussian random surfaces. We compare two cases
of periodic nanowires superposed on a flat or random
Gaussian surface. Here, a flat surface indicates a
generic dielectric substrate with no Gaussian ran-
dom component and bears no relation to the exis-
tence of nanowire arrays. In other words, ridges and
grooves of flat nanowires do not take statistical pro-
files. Furthermore, the effect of a rough surface will
be quantitatively discussed in terms of sensitivity,
extinction peak amplitude, and extinction curve
width.
In Section 2 we describe Gaussian random surface

profiles of interest and a numerical model based on
rigorous coupled-wave analysis (RCWA). In Section 3
numerical results on an extinction-based LSPR bio-
sensor with periodic nanowires on random surfaces
are presented and discussed in comparison with an
ideal sensor model with a flat surface profile, which
is followed by concluding remarks in Section 4.

2. Numerical Modeling of Gaussian Random Surfaces

Figure 1 is a schematic diagram of an extinction-
based LSPR biosensor with periodic metallic nano-
wires. Silver nanowires, 20nm thick, are regularly
patterned on an SF10 glass substrate and support
the excitations of LSP modes. One-dimensional rec-
tangular silver nanowires with a period of Λ ¼
100nm have a volume factor of f ¼ 0:5 (i.e., width
wNW ¼ 50nm). Here, the volume factor is defined
as a volume ratio of silver nanowires. Binding ana-
lytes are modeled as a dielectric self-assembled
monolayer (SAM) with a thickness of 3nm, which
covers both silver nanowires and a glass substrate.
We assume broadband TM-polarized light at normal
incidence, the electric field of which oscillates paral-
lel to the nanowire grating vector. The dielectric func-
tions of SF10 glass and silver were taken from
Ref. [19]. The refractive index of phosphate-buffered
saline (PBS) is assumed to be 1.33.

The surface profiles in Fig. 1 were modulated by
Gaussian random statistics with different random
surface profiles, as shown in Fig. 2. The Gaussian
random surfaces generated are characterized by
δ ¼ 0:5, 1.0, and 2:0nm and a CL of 20, 50, 100,
200, and 500nm. The overall surface dimension un-
der consideration is set to 5 μm. It should be noted
that it is statistically more relevant to average the
performance of many realizations of rough surfaces
for a given δ and CL. However, the overall surface
dimension of 5 μm is much larger than the CLs con-
sidered in this study, so that a number of statistical
variations are included in a constructed surface
profile, which can result in average LSPR character-
istics, indicating that the use of a single rough sur-
face, if its overall surface dimension is sufficiently
large compared with the CLs, can provide valid in-
sights on the average roughness performance [16].
Moreover, a binding SAM coated on a randomly cor-
rugated nanowire surface is assumed to replicate the
surface profile of a substrate under the SAM.

Fig. 1. Schematic diagram of an extinction-based LSPR biosen-
sor. Broadband TM-polarized light with unit amplitude is nor-
mally incident. Periodic 20nm thick silver nanowires with a period
of Λ ¼ 100nm and a width of wNW ¼ 50 nm are regularly
patterned on an SF10 glass substrate. A 3nm thick dielectric
SAM covers both the glass substrate and the nanowires in PBS
ambience.

1 November 2008 / Vol. 47, No. 31 / APPLIED OPTICS 5887



To describe the optical response of silver nano-
wires, extinction spectra were calculated by RCWA
[20]. This algorithm has been successfully applied
to explain the experimental results for periodic or
aperiodic structures with a dimension less than the
wavelength of the incident light [21,22]. Convergence
in computation was accomplished by including a suf-
ficient number of spatial harmonic components [23].
As a quantitative measure of the optical response,
optical extinction is defined as − logT, where T de-
notes transmittance as a function of the wavelength
of light and is obtained from the diffraction efficiency
of propagating orders, assuming that the light source
is a unit-amplitude plane wave and that the permit-
tivity in a metallic grating region can be written as a
Fourier series expansion.

3. Results and Discussion

Consider first the extinction spectra as a function of
wavelength for the flat surface presented in Fig. 3.
For an extinction-based LSPR biosensor without a
binding layer, the resonance wavelength appears
at λ ¼ 350nm in Fig. 3(a). In the presence of a bind-
ing interaction, if the refractive index of the SAM
(nSAM) varies from 1.5 to 2.0, a secondary peak arises
that shows a significant shift toward a longer wave-
length [see Fig. 3(b)]. To contrast extinction spectra

with and without binding, we calculated the differ-
ence as shown in Fig. 4(a). It was clearly confirmed
that an increase in nSAM leads to a larger extinction
peak amplitude, a narrower curve width, and most
notably a redshift of λLSPR. These changes in LSPR
characteristics are attributed to an enhanced inter-
action between the excited LSP modes and the bind-
ing analytes [24]. Figure 4(b) provides a resonance
shift curve using a sigmoidal fit. Sensitivity S ¼
∂λLSPR=∂nSAM is also shown with the maximum
sensitivity determined to be 134nm=RIU at approxi-
mately nSAM ¼ 1:7, where RIU represents refractive-
index unit.

We now present the effect of surface roughness on
the LSPR biosensor characteristics in terms of sensi-
tivity, extinction peak amplitude, and extinction
curve width. To compare with the results obtained
from ideal flat surfaces, extinction spectra with and
without binding were computed for all the cases of
rough surfaces.

First, Fig. 5 shows calculated resonance peak
shifts, which correspond to the sensitivity, as a func-
tion of CLs at δ ¼ 0:5nm. It is revealed that the effect
of CLs on the sensitivity is insignificant. Presumably,
the existence of surface roughness can discourage ef-
ficient interaction between local electromagnetic
fields and binding analytes, resulting in a decrease

Fig. 2. Surface profiles of a glass substrate in the presence of periodic silver nanowires. For a nanowire-based LSPR configuration, the
surface profile is modeled as the sum of rectangular silver gratings and Gaussian random surfaces. The overall surface length is 5 μm and
the surface height deviation is δ ¼ 0:5nm. The solid and dotted curves represent the surface profiles of a glass substrate with nanowires
and 3nm thick binding analytes. The CLs are (a) 20, (b) 50, (c) 100, (d) 200, and (e) 500nm.
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in sensitivity. However, reduced CL (i.e., increased
roughness) increases the overall surface reaction
area where binding samples can interact with
localized plasmons and compensate for the reduced
sensitivity. As a result, the sensitivity remains al-
most unaffected by the CL.
Second, the effect of surface roughness on extinc-

tion peak amplitude is presented in Fig. 6. When
the CL decreases, we observe weaker excitation of
LSP modes compared with that of a flat surface that
is equivalent to a rough surface with an infinite CL.
If the CL approaches zero, the correlation in the sur-
face profile disappears more rapidly and a comple-
tely random profile emerges within a given surface
height deviation δ. As an aperiodic component of
the surface becomes dominant, it degrades excited
LSP modes that are due to interference between a
highly random surface and the periodic nanowire ar-
rays. Numerical results show that extinction ampli-
tudes normalized by that of an ideal flat surface at a

Fig. 3. (a) Extinction spectrum of silver nanowire arrays on a flat
surface. With no binding analytes, λLSPR ¼ 350nm. The extinction
peak amplitude and curve width are 0.6729 and 26nm, respec-
tively. (b) Extinction spectra of silver nanowire arrays on a flat sur-
face as nSAM increases from 1.5 to 2.0 in steps of 0.1. The secondary
peak redshifts with an increasing nSAM.

Fig. 4. (a) Difference of extinction spectra with and without bind-
ing analytes assuming a flat surface profile. As nSAM increases from
1.5 to 2.0, sharper extinction spectra with higher peaks are ob-
tained. (b) Resonance wavelength (λLSPR) in (a) with nSAM (squares).
The solid curves are the optimal sigmoidal fit and its sensitivity
characteristics.

Fig. 5. Calculated characteristics between λLSPR and nSAM with
perfectly flat and Gaussian random surfaces at δ ¼ 0:5nm and
CLs ranging from 20 to 500nm.
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CL of 20 and 200 nm are 0.7544 and 0.9331 for
nSAM ¼ 1:7. This suggests that an intensity degrada-
tion of the LSPR biosensing signal by more than 20%
can be introduced through extremely rough surfaces.
Third, extinction curve widths defined as full

width at half-maximum (FWHM) were calculated
at various CLs. The results in Fig. 7 show that the
curve width is reduced gradually as the CL is in-
creased and that it approaches the value for a flat
surface when the CL exceeds approximately
200nm. For CLs smaller than 100nm, the LSPR
spectrum becomes broader. The interpretation for
this broadening is that, as the CL decreases, surface
roughness tends to induce multiple resonances be-
tween binding analytes and LSP modes excited by
a large number of Fourier components that consti-
tute the rough surface, which gives rise to a broad
extinction curve. Interestingly, when nSAM is larger
than 1.8 and the CL is smaller than 100nm, the
FWHM is noticeably larger by more than 10%.

As biosensors, it is desirable for extinction-based
LSPR biosensors to have a smaller FWHM and a lar-
ger peak amplitude, because a deeper and narrower
resonance spectrum allows for efficient detection of
the resonance shift and precise analysis of biosensing
events. To analyze the quality factor of an optical bio-
sensor quantitatively and compare its overall perfor-
mance, a figure of merit (FOM) is introduced as [25]

FOM ¼ mðnm=RIUÞ
FWHMðnmÞEmax; ð1Þ

where m is the slope of λLSPR over the whole nSAM
range and is equal to the sensitivity of a LSPR bio-
sensor. The FWHM and Emax are the extinction curve
width and the maximum extinction amplitude. From
our calculations, FOM values for a flat surface were
determined to be 0.1424 for nSAM ¼ 1:5, 1.5078 for
nSAM ¼ 1:7, and 1.7633 for nSAM ¼ 1:8, respectively
(Fig. 8). In fact, FOMs can be fitted as a Gaussian
curve, as shown in Fig. 8. The maximum FOM was
found at nSAM ¼ 1:8, suggesting optimal optical char-
acteristics of relatively high sensitivity, a large ex-
tinction peak, and a narrow FWHM. To explore
the influence of a Gaussian random surface on the
sensor performance, FOM values were calculated
as a function of the CLs and normalized by that of
an ideal flat surface, as shown in Fig. 9. For nSAM ¼
1:7 with the highest sensitivity, normalized FOMs
were equal to 0.8008 at a CL of 50 nm and 0.9331
at a CL of 200 nm. . The FOM curve indicates that
an extinction-based LSPR biosensor suffers from re-
duced performance by approximately 10% when the
CL is < 100nm and further decreased by more than
20% for highly random surfaces (a CL < 50nm).

Furthermore, the LSPR biosensing structure was
investigated for larger δ at 1.0 and 2:0nm. Although
the detail is not presented here, the general trends
were found not to be significantly different from that
of δ ¼ 0:5nm, i.e., little changes in sensitivity, smal-
ler extinction peak amplitude, and broader curve

Fig. 6. Normalized extinction peak amplitude with respect to
CLs at δ ¼ 0:5nm as nSAM varies from 1.5 to 2.0.

Fig. 7. Extinction curve width with CLs at δ ¼ 0:5nm as nSAM
varies from 1.5 (uppermost) to 2.0 (lowermost). The dotted lines
indicate the FWHM values of perfectly flat nanowires for a given
nSAM. Symbol types and labels are identical to those in Fig. 6.

Fig. 8. FOMs as a function of nSAM for a flat surface. The solid
curve represents its Gaussian fit.

5890 APPLIED OPTICS / Vol. 47, No. 31 / 1 November 2008



width with decreased CLs. It was suggested that, for
a surface with δ < 2nm, the plasmons localized at
nanowires experience less interference from a rough
surface, since a strong electromagnetic field is
present but not localized [26]. However, for δ > 5nm,
excited plasmons are strongly scattered and move
with increased disorder, less like a propagating wave.
In particular, for rough surfaces, as the accumulated
electromagnetic fields lead to highly enhanced and
localized plasmons that are out of phase with the
LSP modes excited through nanowires, a rough sur-
face can give rise to destructive coupling and sub-
stantial degradation of LSPR sensor performance.
In terms of actual fabrication, an extinction-based

LSPR structure can be fabricated by use of various
semiconductor processes, for example, through elec-
tron-beam lithography followed by metal sputtering
and liftoff. This study suggests that careful selection
of fabrication processes for an extinction-based LSPR
biosensor is extremely important, because the perfor-
mance can be compromised significantly depending
on the surface quality.

4. Concluding Remarks

We have considered the effect of surface roughness
on the performance of an extinction-based LSPR bio-
sensor. Our calculations show that, when δ < 2nm,
its influence on the sensitivity is limited regardless
of the CL, since the roughness is sufficiently small
and thus the excitation of localized plasmons experi-
ences less interference from rough surfaces. On the
other hand, as far as extinction peak amplitude and
curve width are concerned, the degradation was ob-
vious. In particular, compared with an ideal flat sur-
face, even δ ¼ 0:5nm has a substantial effect on the
extinction peak amplitude and the curve width of
FWHM, resulting in performance deterioration of
more than 20% at a CL < 100nm. Moreover, if
δ > 5nm, possibly as a result of suboptimal fabrica-
tion processes, it is expected that very rough surfaces

can induce highly enhanced localized plasmons,
which leads to significant performance degradation
in LSPR biosensors. This study suggests that surface
roughness must be taken into consideration when
one designs and fabricates an extinction-based LSPR
biosensor for desired sensor performance.
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