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We have investigated the effect of surface roughness on the sensitivity of conventional and nanowire-based
surface plasmon resonance (SPR) biosensors. The theoretical research was conducted using rigorous coupled-
wave analysis with Gaussian surface profiles of gold films determined by atomic force microscopy. The results
suggest that, when surface roughness ranges near 1 nm, the sensitivity of a conventional SPR system is not
significantly affected regardless of the correlation length. For a nanowire-based SPR biosensor, however, we
have found that the sensitivity degrades substantially with decreasing correlation length. In particular, at a
correlation length smaller than 100 nm, a random rough surface may induce destructive coupling between ex-
cited localized surface plasmons, which can lead to prominent reduction of sensitivity enhancement. © 2007
Optical Society of America

OCIS codes: 050.2770, 130.6010, 240.0310, 240.6680.
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. INTRODUCTION
hen TM-polarized light is incident on a dielectric–metal

nterface, a collective motion of electrons, surface plas-
ons (SPs), is created at a specific incidence angle, which

s known as surface plasmon resonance1 (SPR). The exci-
ation of SPs, as a result of the momentum matching be-
ween incident photons and SPs, is accompanied by radia-
ive and thermal damping of the incident light energy,
hereby the light intensity reflected from a thin metal
lm becomes minimal. A small change in refractive indi-
es of the environment surrounding the metal surface in-
uces a shift of the SPR condition. By measuring the reso-
ance shift, one can monitor biological and chemical

nteractions on a quantitative basis in real time. Since the
ntroduction of Kretschmann’s configuration in 1972,2

PR-based biosensors have been widely used as optical
iosensors to detect and analyze various biochemical
eactions.3–6

In recent years, localized surface plasmons (LSPs) have
rawn tremendous interest for SPR signal amplification.7

s metallic nanostructures are illuminated, incident pho-
ons are coupled into SP modes localized in the nanostruc-
ures. LSPs typically involve a large number of modes,
nd momentum matching usually is achieved at higher
omentum than bulk SP modes. Excited LSP modes can

nduce resonant field enhancements through strong ab-
1084-7529/07/020522-8/$15.00 © 2
orption and highly efficient light scattering. Such en-
ancement of local electromagnetic fields is mainly de-
endent on the size, shape, and distribution of the
anostructures. Modified SPR biosensing systems that
onsist of noninteracting or interacting metallic nano-
tructures have been proposed for various sensing
pplications.8–11 Experimental results show that LSP
esonance (LSPR) biosensors amplify the detected shift of
esonance angle or wavelength and thus lead to an im-
rovement of sensitivity by more than ten times com-
ared with a conventional SPR biosensor without metallic
anostructures.
In previous studies, we investigated the effects of gold

anowires numerically to design a SPR biosensor with ex-
remely high sensitivity using regularly patterned one-
imensional nanowires.12–15 Despite fundamental re-
traints imposed by surface plasmon polariton (SPP)–LSP
nteractions, resonantly excited LSP modes from gold
anowires and optical coupling between the LSP modes
an dramatically increase local resonant fields. The re-
ults showed that local-field enhancement significantly
ffects the sensor performance and has positive correla-
ion with the sensitivity. An assumption inherent in these
tudies is that the surface of thin films and nanowires is
erfectly flat. In practice, however, surface roughness al-
ays exists on a substrate and thin films, which may af-

ect the properties of the excited LSP modes substantially.
007 Optical Society of America
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The impact of rough surfaces on SPR characteristics
as been extensively investigated in Ref. 1, where Ra-
ther considered the surface roughness rather thoroughly
n two regimes. When the surface is of small roughness in
he range of 0.5–2 nm, nonradiative SPs become radia-
ive as a result of the optical coupling between excited
Ps and photons. In addition, a strong electromagnetic
eld takes place in the metal surface when it is not local-

zed. On the other hand, for roughness larger than 5 nm,
xcited plasmons are strongly scattered and move with
ncreased disorder, less like a propagating wave. Espe-
ially, for very rough surfaces, a significant change in the
ispersion relation is observed as the accumulation of
lectromagnetic fields results in highly enhanced and lo-
alized plasmons. Michel et al. also studied the influence
f rough corrugation on SPR responses, and they revealed
he scattering properties due to the excitation of SPs on a
andomly rough surface involving a periodic component.16

In this work, we focus on the effect of roughness on the
ensitivity of a nanowire-based SPR sensor. Since the size
f metallic nanostructures introduced to excite LSPs is
enerally in the range of a few tens of nanometers, the
esonant field enhancement can be substantially influ-
nced by small changes in a surface profile. As a result,
PR biosensors with nanowires may suffer from degraded
ensitivity. More specifically, we investigate the impact of
he surface fluctuation on the sensitivity of a LSPR-based
iosensor by modeling metallic nanowires on a rough sur-
ace as the sum of periodic rectangular gratings and one-
imensional Gaussian random surfaces. The random sur-
ace with Gaussian statistics is a fundamental model with
wo independent parameters: the surface roughness ���,
hich for clarification is quantitatively defined as the

oot-mean-square (rms) surface height deviation from a
ean plane, and the correlation length (CL) of the surface

rofile. In this study, these parameters have been deter-
ined experimentally by atomic force microscopy (AFM)
easurements of thin gold films deposited on a generic

lass substrate.
Furthermore, we explore and compare two cases: (i) a

old surface with flat or Gaussian random profiles for a
onventional SPR system and (ii) periodic gold nanowires
uperposed on a flat or random Gaussian gold surface for
nanowire-mediated SPR system. Here, a flat surface in-
icates a thin gold film with no Gaussian random compo-
ent and bears no relation to the existence of nanowire
rrays. In other words, flat nanowires indicate that the
ops and valleys of nanowires do not take statistical pro-
les. To measure the effect of the surface fluctuation on
he sensitivity, we define target analytes as a self-
ssembled monolayer (SAM), which covers both gold
anowires and a gold film. Although the study is con-
ucted on a SPR sensor structure that employs one-
imensional nanowires to excite LSPs, the results can be
qually valid to interpret more complicated nanostruc-
ures.

The presentation is organized as follows. In Section 2,
andom Gaussian rough surfaces of interest and a model
ased on rigorous coupled-wave analysis (RCWA) are de-
cribed. Numerical results on the sensitivity of nanowire-
ased SPR biosensors with random surfaces are pre-
ented and discussed in comparison with a conventional
PR structure in Section 3, which is followed by conclud-
ng remarks in Section 4.

. NUMERICAL METHODS
o extract parameters of a typical surface employed in a
PR biosensor, we have measured surface profiles of a
hin gold film deposited on a slide glass using an atomic
orce microscope (PSIA, XE-150, contact mode). A 40 nm
hick gold film was thermally evaporated under pressure
f 4�10−6 Torr on a BK7 glass substrate after a 2 nm
hrome layer was applied to increase the adhesion of gold
o the slide glass. The glass substrate is a generic slide
lass (Marienfeld GmbH, Germany). Three of the fabri-
ated samples have been prepared for AFM measure-
ents. AFM images have been acquired with a scanning

ength of 5 �m. The probability density function of sur-
ace height data measured of a sample and its autocor-
eation function are shown in Fig. 1. The height distribu-
ion and its Gaussian fit are well matched for all three
amples, and thus they successfully approximate Gauss-
an random surfaces to the first degree. Table 1 summa-
izes the measured rms roughness values and 1/e CLs for

ig. 1. (a) Measured height probability density of sample C
squares) using the AFM. The solid curve is its optimal Gaussian
t. (b) Numerical distribution of the height correlation of sample
(squares) and its Gaussian fit (solid curve).
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he three samples. Note that the CLs of the random sur-
aces exhibit notable deviations from a few tens of nanom-
ters to more than 100 nm in dimension. This discrepancy
f the CLs is presumably associated with the surface con-
ition of glass substrates as well as the specific metal
eposition process. Based on, Table 1, a range of values
ave been considered for the CL in modeling random
aussian surfaces.
Figure 2 presents schematic diagrams of a conventional

nd a nanowire-based SPR biosensor with rectangular
old nanowires. The surface profiles in Fig. 2 were subse-
uently modulated by Gaussian random statistics with
our different random surface profiles, shown in Fig. 3,
nd used in our calculation for a conventional SPR sys-
em. The Gaussian random surface is characterized with
=1 nm and CL=50, 100, 200, and 500 nm. The overall
urface dimension under consideration is set to be 5 �m.
n additional layer of binding analytes coated on a ran-
omly corrugated gold surface has been modeled as a
nm thick SAM with refractive index nSAM=1.52643 and

s assumed to replicate the gold surface profile under the
AM. Note that it is statistically more relevant to average
he performance of many realizations of rough surfaces
or a given CL. However, for short CLs less than 100 nm,
he overall surface dimension of 5 �m is much larger than
he CLs, so that a significant number of variations are in-

Table 1. Experimentally Measured rms Roughness
Values and CLs for Three Samples (A, B, C) of

Thin Gold Films on Glass Substrates

easurement Sample A Sample B Sample C

ms roughness, � �nm� 1.16 0.75 0.97
orrelation length, CL (nm) 150 100 60

ig. 2. (a) Schematic diagram of a conventional SPR biosensor.
TM-polarized light with a wavelength �=633 nm is incident at

n angle �. Layers 1, 2, 3, and 4 indicate a BK7 glass substrate,
n attachment layer of chrome, a thin gold film, and target ana-
ytes, respectively, in air environment. The thicknesses of the
ayers are 2 nm �d2�, 40 nm �d3�, and 3 nm �d4�. (b) Schematic
iagram of a nanowire-based SPR biosensor with periodic gold
anowires on a gold film. Compared with a conventional SPR
onfiguration in (a), the structures are identical except for an ad-
itional layer of 20 nm thick nanowire arrays.
luded in the constructed surface profiles, which can re-
ult in average SPR characteristics for the random rough
urfaces. On the other hand, a surface with longer CLs
bviously approaches the flat surface. This indicates that
he use of a single rough surface, if its overall surface di-
ension is sufficiently large compared with CLs, can pro-

ide valid insights on the average roughness perfor-
ance.
Similarly, nanowire arrays modeled with random rough

urfaces are shown in Fig. 4. The solid and dotted curves
epresent rectangular nanowire gratings deposited on the
old film with a Gaussian random statistic and 3 nm
hick binding analytes, respectively. The binding layer
overs both surfaces of the thin film and nanowires. At
ach CL, the surface profile of the thin-film baseline is as-
umed to be identical to that of Fig. 3. The nanowire
epth and the period ��� are fixed at 20 and 200 nm, re-
pectively, with a fill factor f=0.5.

Once the surface profiles are designed, RCWA has been
sed to calculate the sensitivity of SPR biosensors and to
tudy the impact of the surface fluctuation on the sensi-
ivity enhancement in a nanowire-based SPR
iosensor.17,18 RCWA has been successfully applied to ob-
aining optical characteristics of various nanostructures
nd explaining the measurements that involve
anostructures.19–22 As illustrated in Fig. 2, TM-polarized

llumination with �=633 nm is assumed to be incident on
metal–dielectric interface at an angle �. The dielectric

unctions �n ,k� of a glass substrate, chrome, and gold are,
espectively, given as (1.515, 0), (3.48, 4.36), and (0.18,
.0) at �=633 nm.23

. RESULTS AND DISCUSSION
o evaluate the performance on a quantitative basis, a
ensitivity enhancement factor (SEF) has been defined as

SEF = ��SPR/��SPR_REF, �1�

here ��SPR_REF represents the plasmon resonance angle
ifference induced by the presence of binding analytes for
flat gold surface without nanowires. ��SPR is the reso-

ance angle difference calculated for the surface under
est, for instance, a flat surface without nanowires or a
ough, i.e., Gaussian random, surface for conventional or
anowire-based SPR structures.
The SEF has been calculated for the surface profiles of

old films modulated by random rough surfaces at four
ifferent CLs. First, we consider the influence of the
aussian random surface on the sensitivity of a conven-

ional SPR configuration, as shown in Fig. 2(a). Figure 5
resents the calculated reflectance as a function of inci-
ence angle for a flat and a Gaussian random surface. For
he ideal flat surface, resonance angles with and without
inding analytes are, respectively, 45.65° and 45.13°: thus
he resonance shift ���SPR_REF� in Eq. (1) is 0.52°. When
he gold film takes a Gaussian profile at CL=50 nm, the
PR angles increase to 45.90° with analytes and 45.35°
ithout analytes: the shift then is 0.55°. Table 2 summa-

izes SPR characteristics of Gaussian surfaces with vary-
ng CLs that range from 50 to 500 nm. It shows that reso-
ance angles ��SPR� as well as the resonance angle shift

�� � demonstrate a minor increment as CL decreases.
SPR
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t is interesting to note that, for CL�200 nm, the sensi-
ivity of a rough surface with a Gaussian random profile
ecomes slightly larger than that of a flat gold surface.
hile it is easy to presume hastily that the introduction

f roughness may enhance the sensitivity for any Gauss-
an surface with a small CL, it is also necessary to con-
ider the results in Table 2 in terms of the deviation
ange. For example, when the overall surface length is
�m and CL=50 nm, the deviation range, which can be

stimated to be proportional to N−1/2 with N as the ratio
f the surface length to CL, is equal to 10%. Since the cal-
ulated increase of the SEF by 6% at CL=50 nm falls in
his range, the sensitivity increase may result from a par-
icular Gaussian surface, and it is thus difficult to con-
lude that an increment of sensitivity is expected for an
rbitrary Gaussian surface profile of a small CL.
By comparison, it has been observed that the perfor-
ance of a conventional SPR structure is affected very

ittle when the film roughness � is as small as 1 nm. In
his case, the effect of surface fluctuation on the sensitiv-
ty is practically limited and insignificant irrespective of
he CL, since the excited SPs propagating along the metal
urface are still dominant and there is less interference
rom rough surfaces.

ig. 3. Gaussian random profiles of a gold surface used in the
ength is 5 �m, and the surface roughness �=1 nm. The solid a

nm thick binding analytes on a gold film. The CLs are (a) 50, (
Second, we are interested in the impact of roughness on
nanowire-based SPR configuration in terms of sensitiv-

ty as CLs of a Gaussian random surface are varied. In a
anowire-based SPR biosensor, shown in Fig. 2(b), one-
imensional rectangular nanowires are used to induce ex-
itation of LSP modes. Compared with a conventional
PR structure of Fig. 2(a), the presence of nanostructures
ear the metal surface creates a large disturbance of the
ispersion relation of SPP modes. In particular, when the
SP resonance condition is satisfied, propagating SPP
odes are highly damped while the local fields are con-

iderably enhanced, which consequently leads to im-
roved sensitivity. This well-known performance of LSP
odes can be confirmed in Fig. 6. Gold nanowire arrays

abricated on a flat gold surface with �=200 nm and f
0.5 shift the resonance angle �SPR by 0.95°, which re-
ults in SEF=1.83. As will be described later, this SEF
alue can be further improved as the nanowire period de-
reases to smaller than 200 nm.

The existence of surface roughness may deteriorate the
ensitivity of a nanowire-based SPR biosensor. For the
aussian random surface with CL=50 nm, ��SPR=0.57°,

.e., SEF=1.10. The reflectance characteristics of the
tructure are also shown in Fig. 6. Table 3 lists the calcu-

ation for a conventional SPR configuration. The overall surface
ted curves represent the surface profiles of a thin gold film and
, (c) 200, and (d) 500 nm.
calcul
nd dot
b) 100
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ation results regarding the sensitivity enhancement at
ifferent CLs. The SEF is reduced in general with a de-

ig. 4. Surface profiles of a gold film involving periodic nanowir
led as a sum of rectangular gratings and Gaussian random sur
0 nm thick. The overall surface length is 5 �m, and the surface
rofiles of a gold film involving nanowires and 3 nm thick binding
L, the Gaussian random profile is assumed to be identical to th

ig. 5. Calculated reflectance curves for perfectly flat and rough
urfaces in a conventional SPR biosensor shown in Fig. 2(a). The
olid curves are for a flat surface with the resonance angles
5.65° (with binding analytes) and 45.13° (without binding ana-
ytes). The dotted curves are for a Gaussian random surface with
=1 nm and CL=50 nm. The resonance angles with and without
inding analytes are 45.90° and 45.35°, respectively.
reasing CL. For CL�100 nm, SEF drops significantly,
hich far exceeds the deviation range and thus validly
emonstrates that the excitation of LSP modes induced
y periodic nanowires is disrupted by the Gaussian rough
urface.

To effectively investigate the influence of the rough sur-
ace on the sensitivity, we have considered nanowire ar-
ays with a period shorter than 200 nm (see Fig. 7). Gen-
rally, with a shorter nanowire period, near-field
nteractions between neighboring nanowires encourage
lectromagnetic coupling that is responsible for intensely
nhanced local fields. Figure 7 upholds that SEF values
or flat nanowire arrays are notably improved by reducing

Table 2. Calculation Results of SPR
Characteristics of Gaussian Random Surfaces for

a Conventional SPR Configuration

Correlation Length (nm)

haracteristic 50 100 200 500

SPR (w/o analytes) (deg) 45.35 45.17 45.16 45.15

SPR (w/ analytes) (deg) 45.90 45.71 45.68 45.63
�SPR (deg) 0.55 0.54 0.52 0.48
EF 1.06 1.04 1.00 0.92

a nanowire-based SPR configuration, the surface profile is mod-
The nanowire arrays with a fill factor f=0.5 and �=200 nm are
ness �=1 nm. The solid and dotted curves represent the surface
tes. The CLs are (a) 50, (b) 100, (c) 200, and (d) 500 nm. For each
ig. 3.
es. For
faces.
rough
analy



n
t
w
n
n
m
v

s
i
w
c
q
g
t
m
s
i
=
g
i

f
i

s
p
t

w
s
C
w
a
o
f
�
t
i
f
s

t
r
a
r
l
q
t
t
o
a
i
E
r
t

t
e
d
m
i

C

�

�

�

S

F
s
T
w
a
n
=
l

F
a
p
p

Byun et al. Vol. 24, No. 2 /February 2007 /J. Opt. Soc. Am. A 527
anowire periods. Figure 7 also suggests that the sensi-
ivity, if CL is fixed, becomes enhanced with shorter nano-
ire periods for a LSP-based sensor that employs rough
anowires. From the results, it is confirmed that the sig-
ificant improvement of sensitivity by the excited LSP
odes is a typical characteristic for a SPR biosensor in-

olving nanostructures.12,13

With a decrease in the CL, we observe less enhanced
ensitivity compared with flat nanowires (the dotted lines
n Fig. 7), which in effect is equivalent to a rough surface
ith an infinite CL. When the CL approaches zero, the

orrelation present in the surface profile disappears more
uickly, and a completely random profile emerges within
iven surface randomness. As an aperiodic component of
he surface becomes prominent, it suppresses excited LSP
odes due to the interference between highly random

urfaces and periodic nanowire arrays. Numerical results
n the case of �=80 nm find that the SEF values for CL
20 and 200 nm are 2.31 and 3.20, respectively. This sug-
ests that sensitivity degradation larger than 30% may be
ntroduced by extremely rough surfaces.

Maradudin and co-workers present the effects of sur-
ace roughness on the dispersion relation of the propagat-
ng SPs.24,25 They proved the splitting of the SP disper-

Table 3. Calculation Results of SPR
Characteristics of Gaussian Random Surfaces for

a Nanowire-based SPR Configurationa

Correlation Length (nm)

haracteristic 50 100 200 500

SPR (w/o analytes) (deg) 47.36 47.10 47.07 46.91

SPR (w/ analytes) (deg) 47.93 47.88 47.95 47.85
�SPR (deg) 0.57 0.78 0.88 0.94
EF 1.10 1.50 1.69 1.81

aNanowire period and depth are 200 and 20 nm

ig. 6. Calculated reflectance curves for perfectly flat and rough
urface’s in a nanowire-based SPR biosensor shown in Fig. 2(b).
he solid curves are for nanowires on a flat surface (flat nano-
ires) with resonance angles of 46.90° (with binding analytes)
nd 47.85° (without binding analytes). The dotted curves are for
anowires on a Gaussian random surface with �=1 nm and CL
50 nm. The resonance angles with and without binding ana-

ytes are 47.36° and 47.93°, respectively.
ion curve was caused by surface roughness. In the
resence of roughness, the frequency of SPPs was ob-
ained as

w±�	� = w0 ±
2�2


��w0�

�

a

f�	�

�1 + 1
2 ��/a�2	2�1/2 , �2�

here w0 is the resonance frequency of me SPs on a flat
urface. � and � are the rms surface roughness and the
L, respectively. 	 is the dimensionless wave vector (=k�,
here k is the magnitude of the wave vector), and f�	� is
n infinite series as a function of 	. From Eq. (2), the sec-
nd term indicates the perturbative roughness-induced
requency shift and is largely proportional to the ratio
� /�� with minor dependence on �� /��2. The splitting of
he SP dispersion curve vanishes as 	 approaches zero or
nfinity. In either case, SP is associated with a flat sur-
ace. Thus, its resonant frequency is equal to that of a flat
urface �w0�.

We also confirm that qualitative trends inferred from
he above expression agree decently with our numerical
esults for a range of the parameters that we use to char-
cterize the surface profile. When �=1 nm and the CL ���
anges from 50 to 500 nm, comparable with SP wave-
ength, the ratio �� /�� is quite small, and the resonant fre-
uency variation also becomes limited. Thus, at a rela-
ively large CL in Table 2, the resonance angle is close to
hat of a flat surface. With a decrease of CL, the deviation
f frequency shift is larger, and the resonance angle �SPR
s well as its shift ��SPR generally increases, as presented
n Table 2. With reference to the explicit expressions of
q. (2), it is expected that if ��1 nm, the effect of surface
oughness on the sensitivity of a conventional SPR sys-
em would be more pronounced.

In the case of a nanowire-based SPR system, the exis-
ence of nanowires on a metal surface may lead to consid-
rable deformation of the dispersion relation of SPPs as
escribed earlier. When localized plasmons confined to
etallic nanowires are dominantly excited, the propagat-

ng SPs are extremely damped, and the local-field en-

ig. 7. SEF characteristics with a varying CL at �=80 nm (tri-
ngles), 100 nm (circles), and 200 nm (squares). The dotted lines
resent the SEF values of flat nanowires for a given nanowire
eriod.
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ancement induces amplification of SPR signals. In
articular, for interacting nanowires, if ���, electromag-
etic coupling between nanowires has prominent impact
n the resonance condition. With a considerably short pe-
iod, short-range interactions incur near-field coupling
hat creates highly sensitive plasmons confined to metal
oundaries and leads to additional resonance.26,27 How-
ver, when there is a rough surface with a short CL com-
arable with the nanowire dimension, SEF drops
bruptly owing to the destructive coupling mechanism be-
ween nanowires as LSPs are driven out of phase and re-
ult in disordered interactions.28 If ��1 nm, although it
s not considered here in detail, the disturbance effect of
he random surface on the coupling of local fields becomes
ore prominent, which gives rise to additional degrada-

ion of the resonance modes.
In terms of actual implementation of a LSPR-based bio-

ensor, the use of nanowires regularly patterned on a thin
etal film yields a structure that can provide highly im-

roved efficiency with reproducible performance. This
tudy suggests the need for considering the surface pa-
ameters of a metal film and their effects on the sensitiv-
ty, since the sensitivity that can be achieved in a
anowire-based SPR biosensor can be compromised de-
ending on the surface quality.

. CONCLUSION
n this paper, we have considered the effect of surface
oughness on the sensitivity of a SPR biosensor. Our cal-
ulation results showed that for a conventional SPR con-
guration the surface roughness has a limited influence
n the sensitivity enhancement regardless of the CL. Al-
hough a trivial increment of sensitivity is observed with

decreasing CL, it appears insignificant to justify the
ensitivity increase for an arbitrary Gaussian rough sur-
ace. Moreover, the disturbance of the dispersion relation
nd resonance condition is negligible, since the roughness
f 1 nm is sufficiently small and thus the excitation of
ropagating SPs is still dominant. However, when surface
oughness increases significantly, possibly due to the im-
erfection of the fabrication process, very rough surfaces
an induce notable deformation in the dispersion relation
nd highly enhanced localized plasmons, which results in
reat discrepancy between expected and actual SEF char-
cteristics of a conventional SPR system.
We have also investigated a nanowire-based SPR con-

guration in which LSPs are mainly at work to improve
he sensitivity. In contrast to a conventional scheme, sur-
ace roughness as small as 1 nm showed a substantial ef-
ect on the sensitivity while its enhancement deteriorated
y more than 30% at a short CL�100 nm. As the excited
ocalized plasmons on a fiat surface are interacting posi-
ively with neighbors in short distances, the presence of
urface fluctuation causes disordered coupling between
anowires and consequently discourages the enhance-
ent of the sensitivity. It has been confirmed that the in-

uence of the destructive interactions on the sensitivity
egradation was substantial for nanowires with �
200 nm. From this study, it is highly recommended that

he surface roughness be taken into consideration when
esigning and fabricating a SPR biosensor for desired
ensitivity performance.
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