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Investigation on an application of silver substrates
for sensitive surface plasmon resonance

imaging detection
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A surface plasmon resonance (SPR) imaging biosensor based on silver substrates was investigated to demon-
strate that silver could be used as a substrate material for sensitive detection of biomolecular interactions,
despite its poor chemical stability. The calculation results showed that oxidation of silver film may lead to a
decrease in the sensitivity due to a variation in SPR characteristics such as a broader curve width and shal-
lower minimum reflectance at resonance. The effect of a change in the refractive index of target analytes on the
sensitivity was also explored. In particular, it is noteworthy that Ag/Au bimetallic substrates with a thin gold
protection layer to prevent oxidation of a silver film can provide a significant amplification of SPR imaging
signals in comparison with conventional gold substrates. © 2010 Optical Society of America
OCIS codes: 130.6010, 240.6680, 310.6845.
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. INTRODUCTION
he phenomenon of surface plasmon resonance (SPR) has
volved into a promising technique for biological analysis
pplications since it provides rapid, label-free, and quan-
itative sensing capability [1,2]. In principle, SPR charac-
eristics are sensitive to environmental changes caused
y an immobilization of biomolecules, and thus this tech-
ique has been employed to characterize bio-affinity in-
eractions onto a thin metal film. Fluorescence-based bio-
ensors have been developed quickly as well [3,4];
owever, they require complicated processes of binding
uorescence tags and are afflicted with a lack of quanti-
ative accuracy and photobleaching [5]. For this reason,
urface-sensitive optical biosensing based on SPR is ap-
lied heavily to the detection of biochemical reactions,
uch as antigen/antibody, protein/protein, and deoxyri-
ose nucleic acid (DNA) interactions [6].
In general, four detection methods have been used
ainly as a SPR biosensor, involving wavelength interro-

ation, angle interrogation, phase measurement, and in-
ensity measurement [7]. Recently, since development of a
igh-throughput system has been emerged as one of the
ost important SPR sensing applications with increasing

emands for a rapid measure of a large number of
amples, most of the relevant studies have employed an
ntensity-based detection scheme, called SPR imaging.
his approach that measures reflectance changes induced
y a slight variation in the refractive index on a sensor
urface has drawn much interest due to the simplicity in
tructure without any moving parts and the adaptability
o multi-channel configurations.

The sensitivity of a SPR imaging sensor is another im-
ortant concern [8]. Currently, while silver films with a
arrower SPR curve in the visible band yield higher sen-
1084-7529/10/102229-8/$15.00 © 2
itivity than gold films, they have never been widely used
n SPR imaging biosensors because silver is known to be
ighly susceptible to oxidation. On the other hand, re-
ardless of the advantage of gold films, which tend to be
hemically stable, SPR imaging systems based on gold
ubstrates suffer from relatively low detection accuracy
rising from insufficient sensitivity. In other words, re-
arding stability and reliability considerations in actual
xperiments, although the use of a thin gold film might be
better choice, silver films would be potential candidates

or practical SPR substrates if coated silver surfaces could
e made chemically inert [9].
Therefore, in this paper, we theoretically consider a

PR imaging structure based on a thin silver film in order
o improve the sensitivity of intensity measurements.
irst, since a silver oxide layer can be formed experimen-

ally by reactive sputtering of pure silver in an oxygen-
ontaining argon atmosphere or by thermal or electron-
eam evaporation of pure silver followed by oxidation in
n oxygen plasma [10], the effect of a silver oxide forma-
ion on the SPR imaging performance is investigated. Due
o its nonzero imaginary dielectric constant, the growth of
silver oxide layer may produce extra damping of propa-

ating surface plasmons, resulting in an increased SPR
urve width. Second, the reflectance change also occurs
rom the resonance shift created by the changes in the re-
ractive index at the sensor surface. It is thus an obvious
ext step to explore the influence of a concentration of
ound analytes on the SPR imaging characteristics.
hird, in order to overcome the drawbacks of silver oxide

ormation, an alternative structure of bimetallic Ag/Au
urfaces, where a thin gold film is coated over the silver
ubstrate, is proposed. Employing a bimetallic substrate
nables one to eliminate the possibility of silver oxidation
010 Optical Society of America



a
f
s
p
t

2
A
i
p
w
S
K
t
a
t
o
o
m
(
t
=
s
a
=
c
(
s
t

a
l
M
t
a

w

H
fi
n

w
f
s

t
p
F

W
r
a
t
l
i
d
t

c
n
fl
a
a

I
i
t
[
p
c
i
r

F
t
=
a
a
a

2230 J. Opt. Soc. Am. A/Vol. 27, No. 10 /October 2010 S. H. Choi and K. M. Byun
nd simultaneously to achieve optimal SPR imaging per-
ormance for eventual biosensing applications. As a re-
ult, from this study, we intend to demonstrate a viable
otential for applying silver substrates to a sensitive de-
ection of biomolecular interactions.

. NUMERICAL MODEL
schematic diagram of a SPR imaging system is shown

n Fig. 1. Uniform silver films are deposited on a SF10
rism substrate via an attachment layer of chromium
ith a thickness fixed at d1=2 nm. Note that, while the
PR platform in Fig. 1 is practically based on the
retschmann configuration employing a prism coupler,

he prism substrate in this theoretical study is defined as
semi-infinite dielectric medium. The initial thickness of

he silver layer is 40 nm, and it is converted into a silver
xide �Ag2O� layer under the atmospheric condition of an
xygen-containing plasma [11]. Binding analytes are
odeled as a 1-nm-thick self-assembled monolayer

SAM), which covers the whole sensor surface. A
ransverse-magnetic (TM)-polarized light with �
633 nm is used to illuminate the prism/thin silver film
ample at a predetermined incidence angle that produces

maximal intensity change. The optical constants �
�n ,k� of the SF10 prism substrate and thin layers of
hromium, silver, and silver oxide were determined as
1.723,0), (3.48,4.36), (0.059,4.243), and (2.50,0.11), re-
pectively, at �=633 nm [12–14]. The refractive index of
he water solution was assumed to be 1.33.

When a TM-polarized light is incident into the SPR im-
ging system at an angle � as shown in Fig. 1, the ana-
ytical solution of reflectance R is represented by a 2�2

-matrix, which is a serial product of the interface ma-
rix Ijk (j=0, 1, 2, 3, 4, and k= j+1) and the layer matrix Lj
s follows [15]:

R = �M12

M22
�2

, �1�

here

M = �M11 M12

M21 M22
� = I01L1I12L2I23L3I34L4I45, �2�

ig. 1. Schematic diagram of a thin-film-based SPR configura-
ion with a silver oxide coating. TM-polarized light with �
633 nm propagating into a SF10 prism substrate is incident on
n adhesion layer of chromium �d1=2 nm�, a thin silver film �d2�,
nd a silver oxide film �d3� with an incidence angle of �. Binding
nalytes are modeled as 1 nm thick SAM in water solution.
Ijk = � 1 rjk

rjk 1 �, Lj = �eikzjdj 0

0 e−ikzjdj� . �3�

ere, rjk, kzj, and dj represent the Fresnel reflection coef-
cient, the wave-vector in the z-direction, and the thick-
ess of the jth layer, respectively. rjk and kzj are given by

rjk =

�kzj

�j
−

kzk

�k
�

�kzj

�j
+

kzk

�k
� , �4�

kzj =��j��

c �
2

− kx
2, with kx = ��0

�

c
sin �, �5�

here � is the angular frequency, c is the speed of light in
ree-space, and �0 is the optical constant of a prism sub-
trate.

On the other hand, the reflection characteristics for
ransverse-electric (TE) polarization are determined sim-
ly by replacing the expression of Eq. (4) [16] with the
resnel reflection coefficient, which is given by

rjk =

� kzj

��j�k

−
kzk

��j�k
�

� kzj

��j�k

+
kzk

��j�k
� . �6�

hile the use of guided-mode plasmon resonances occur-
ing for oxidized silver films in TE polarization might be
n interesting way to extend the dynamic range of an op-
ical biosensor [13], its reflection characteristic with a
argely broad resonance curve is not appropriate for SPR
maging detection where sharp absorption resonances are
emanded. Thus, in this study, we intend to demonstrate
he theoretical investigations only for TM polarization.

Assuming that biomolecular reactions produce a
hange in the refractive index n4 of a SAM layer and do
ot induce a change in its thickness, a variance of the re-
ectance R occurs with increasing n4 when the incidence
ngle is fixed, and therefore the sensitivity of a SPR im-
ging biosensor is defined as

S =
dR

dn4
. �7�

n order to calculate the sensitivity of Eq. (7), a Lorentz-
an approximation of the reflectivity derived for the exci-
ation of surface plasmons has been generally used
17,18]. However, since the conventional Lorentzian ap-
roximation approach is not simply applicable to our SPR
onfiguration with a six-layer structure [17], the sensitiv-
ty S was obtained by differentiating Eq. (7) directly with
espect to n , and this can be expressed as follows:
4
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S =
dR

dn4
=

d

dn4
�M12

M22
�2

= 	�
d

dn4

M12
�
M22
 − 
M12
� d

dn4

M22
�


M22
2
�2�M12

M22
� .

�8�

ow, to determine �d /dn4�
M12
 and �d /dn4�
M22
 in Eq.
8), the derivative of matrix M with respect to n4 is calcu-
ated as

d

dn4
M = �

d

dn4
M11

d

dn4
M12

d

dn4
M21

d

dn4
M22


 =
d

dn4
�� 1 r01

r01 1 �
��eikz1d1 0

0 e−ikz1d1�� 1 r12

r12 1 ��eikz2d2 0

0 e−ikz2d2�
�� 1 r23

r23 1 ��eikz3d3 0

0 e−ikz3d3�� 1 r34

r34 1 �
��eikz4d4 0

0 e−ikz4d4�� 1 r45

r45 1 �� = � 1 r01

r01 1 �
��eikz1d1 0

0 e−ikz1d1�� 1 r12

r12 1 ��eikz2d2 0

0 e−ikz2d2�
�� 1 r23

r23 1 ��eikz3d3 0

0 e−ikz3d3� d

dn4
�� 1 r34

r34 1 ��
��eikz4d4 0

0 e−ikz4d4�� 1 r45

r45 1 � + � 1 r01

r01 1 �
��eikz1d1 0

0 e−ikz1d1�� 1 r12

r12 1 ��eikz2d2 0

0 e−ikz2d2�
�� 1 r23

r23 1 ��eikz3d3 0

0 e−ikz3d3�
�� 1 r34

r34 1 � d

dn4
��eikz4d4 0

0 e−ikz4d4��� 1 r45

r45 1 �
+ � 1 r01

r01 1 ��eikz1d1 0

0 e−ikz1d1�� 1 r12

r12 1 �
��eikz2d2 0

0 e−ikz2d2�� 1 r23

r23 1 ��eikz3d3 0

0 e−ikz3d3�
�� 1 r34

r34 1 ��eikz4d4 0

0 e−ikz4d4� d

dn4
�� 1 r45

r45 1 �� .

�9�

To compute the differential form of the individual inter-
ace matrix Ijk and layer matrix Lj, two components of rjk
nd eikzjdj should be differentiated. After substituting Eq.
5) and differentiating rjk with respect to n4, we obtain a
ifferentiation form of Eq. (4) as
d

dnj
�rjk� = −

d

dnk
�rjk� =

d

dnj	
kzj

nj
2 −

kzk

�k

kzj

nj
2 +

kzk

�k

�
=

�kzj

nj
2 −

kzk

�k
��2kzj

nj
3 −

w2

c2njkzj
�

�kzj

nj
2 +

kzk

�k
�2 −

�2kzj

nj
3 −

w2

c2njkzj
�

�kzj

nj
2 +

kzk

�k
� .

�10�

Also, by introducing Eq. (5) in eikzjdj, the differentiation
orm of eikzjdj with respect to n4 is obtained as

d

dnj
�eikzjdj� =

d

dnj
�eidj�nj

2��/c�2−kx
2
� =

idjw
2ei2kzjdj

c2kzj
. �11�

inally, by obtaining �d /dn4�
M12
 and �d /dn4�
M22
 from
q. (9) and inserting them into Eq. (8), one can calculate

he sensitivity S for a target that induces a refractive in-
ex change of n4.

. RESULTS AND DISCUSSION
. Effect of Silver Oxidation
igure 2 shows the characteristics of reflectance R and its
ensitivity dR /dn4 when an initial thickness of the silver
lm is 40 nm, and the superstrate of a pure water solu-
ion surrounds a SAM layer with a refractive index of
4=1.5. When a homogeneous Ag2O layer is formed by
xidizing a thin silver film, the oxidation is accompanied
y an increment in thickness. Previously, it was reported
hat the growth of the Ag2O layer occurs at the expense of
he underlying Ag film, and its thickness is approximately
qual to 1.5 times that of the converted Ag layer [13]. In
ig. 2(a), the reflectance curves are calculated when the
g2O thicknesses are 0, 6, 12, 18, 30, 42, and 60 nm. The
esonance angle increases with the Ag2O thickness in a
ide range from 54.7° for no oxidation to more than 85°

or thick Ag2O formation over 30 nm. Also, the reflectivity
f a SPR biosensor becomes broader with a growing silver
xide layer because thicker oxide coatings lead to reso-
ant excitations of surface plasmons prompted by photons
ith a larger incidence angle. These changes in the SPR
ngle and curve width by silver oxidation are quite con-
istent with the previous study for partly oxidized silver
lms [13].
In principle, the sensitivity value corresponds to the

lope in the reflectance curve. Hence, the sensitivity at
he resonance angle is obtained to be almost zero. As an
xample, when the Ag2O thickness is 6 nm, the SPR angle
s 57.6°, and its magnitude of sensitivity is determined to
e 0.008 in Fig. 2(b), while the positive and negative peak
ensitivities are 0.308 at 56.7° and �0.131 at 58.4°. In
articular, as the gradient in reflectivity is steeper for in-
idence conditions preceding the resonance angle, the
agnitude of the positive peak is generally larger than

hat of the negative one. It is found from Fig. 2(b) that the
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aximum in sensitivity is decreased with increasing
g2O thickness because the oxide layer makes SPR
urves broader.

In Fig. 3, the peak values of the sensitivity dR /dn4
ere calculated as a function of the silver film when n4
1.33, i.e., no SAM layer in water. The maximum sensi-

ivity was obtained to be as high as 1.64 at d2=60 nm and
3=0 nm. Similar to the results in Fig. 2(b), Fig. 3 shows
decreasing sensitivity with the thickness of Ag2O in all

ases. Note that an oxidation of silver film occurs along
he direction of a solid white arrow implying the thick-
ess ratio of a formation of Ag2O to a converted silver
lm. A high sensitivity larger than 1 is observed at a nar-
ow band of d3�5 nm when the silver film thickness is
etween 45 and 70 nm. Notable reduction in sensitivity is
ainly attributed to the plasmon resonance occurring at
higher incidence angle and correspondingly broader and

hallower SPR curves. Interestingly, these trends re-
emble the dramatic change in the SPR signal induced by
hin carbon coatings evaporated onto silver films, where

ig. 2. (a) SPR reflectance R and (b) its sensitivity dR /dn4 as fu
t the expense of the underlying silver film. The initial thicknes

ig. 3. (Color online) Peak sensitivity of SPR imaging when the
hickness of the Ag2O layer increases. The silver thickness varies
rom 0 to 90 nm and n4=1.33. The white arrow indicates the oxi-
ation progress of the silver film with an initial thickness of
0 nm.
he strong absorption of the substrate caused a significant
egree of plasmon damping [19]. It seems that a similar
bsorptive damping process associated with Ag2O forma-
ion is responsible for the SPR changes, as the oxide layer
ossesses a nonzero imaginary dielectric component. This
ffect is confirmed by calculation data in Fig. 4, demon-
trating the deterioration in sensitivity characteristics for
ilver substrates with the highest sensitivity, i.e., d2
60 nm, caused by the growth of a silver oxide layer. The
esults present a significant change in the curve angular
idth (CAW) and minimum reflectance at resonance

MRR) characteristics upon the degree of silver oxidation.
onsequently, it should be emphasized that preventing
ilver oxidation is a crucial concern in an actual fabrica-
ion of a silver-film-based SPR imaging biosensor for im-
roving the sensitivity and spatial resolution.

. Effect of SAM Formation
lso of interest is the influence of biomolecular interac-

ions on the sensitivity of a SPR imaging biosensor. Since
PR characteristics in terms of the resonance angle are
hanged significantly with an adsorption of target ana-
ytes, target dependence is closely linked to the resonance
roadening, especially if a significant target refractive in-
ex change is involved. As stipulated by the plasmon dis-
ersion relation, the SPR signal is intrinsically nonlinear
ith the local change in the environments, and achieving
igh sensitivity becomes therefore complicated due to this
onlinearity and correlated resonance broadening [20].
igure 5 shows the calculated peak sensitivity, in the case
hat a biomolecular interaction forms a SAM with respect
o the refractive index of n4=1.50 in water solutions.

hile overall trends are consistent compared to the re-
ults in Fig. 3, the sensitivity values are smaller than
hose of n4=1.33 in most cases.

To confirm this, we calculated SPR curves and sensitiv-
ty characteristics for a silver substrate of d2=60 nm and
3=0 nm. Figure 6 shows that the resonance shifts to a
igher angle, and the peak sensitivity decreases slightly
s n4 varies from 1.33 to 1.70. Increasing local refractive
ndex change caused by a SAM formation on a metal film
eads to a SPR angle shift and contributes to the broad-
ning of the SPR curve, finally resulting in a reduction in

s of incidence angle when the growth of silver oxide layer occurs
ver film is d2=40 nm and n4=1.50.
nction
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he imaging sensitivity. However, as changes in both CAW
nd MRR are not significant as shown in Fig. 6(a), the
eak sensitivity is not more rapidly reduced than for
g2O formation in Fig. 4(b). In short, the variation in SPR

ig. 4. (a) SPR reflectance and (b) its sensitivity when the thick
m and n4=1.33.

ig. 5. (Color online) Peak sensitivity of SPR imaging when the
hickness of Ag2O layer increases. The silver thickness varies
rom 0 to 90 nm and n4=1.50.

Fig. 6. (a) SPR reflectance and (b) its sensitivity for d
2
ignals by the SAM formation can be attributed to a
roader SPR curve and often degrades the sensitivity of
he SPR imaging biosensor.

. Effect of Bimetallic Substrates
n order to surmount the drawbacks of the Ag2O forma-
ion, a bimetallic surface where a thin gold coating is di-
ectly deposited over a silver substrate to protect it from
xidation is proposed as an alternative SPR imaging
tructure. In Fig. 7, the peak sensitivity was obtained as a
unction of silver and gold film thicknesses. In general,
he sensitivity was decreased monotonically when the
hickness of gold film is increased. This is because a gold
ayer with a larger attenuation than silver may cause an
nefficient excitation of surface plasmons [2]. Figure 8 il-
ustrates the resonance and sensitivity characteristics
alculated for d2=60 nm. Compared to the SPR structure
ithout an additional gold layer, bimetallic substrates
resented a noticeable increment of MRR and conse-
uently lead to a reduced sensitivity for thicker gold
hicknesses. It is therefore important to realize an ex-
remely thin gold layer less than dAu�3 nm so that the
ensitivity obtained from the silver layer would not be de-
enerated by an introduction of thin gold layers. In terms
f practical implementation of a bimetallic substrate, al-

f Ag2O layer increases. The initial thickness of a silver film is 60

m and d =0 nm, when n is changed from 1.33 to 1.70.
ness o
=60 n
 3 4
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hough difficulties in fabrication may increase, ultrathin
old films can be obtained by sputtering a gold target by
eans of argon and oxygen ion beams [21].
It should be also emphasized that a bimetallic sub-

trate is advantageous in terms of the imaging sensitivity
ompared to a conventional gold substrate with a high re-
istance to oxidation. While the results for a thin-gold-
lm-based SPR imaging biosensor are not shown, when
4=1.33 and d4=1 nm, the peak sensitivity is obtained to
e 0.283 at the gold thickness of 56 nm. In Fig. 7, it is
hown that the sensitivity of bimetallic Ag/Au substrates
xhibits a better performance than for gold substrate at a
ide range of Ag and Au thicknesses, implying that the
imetallic substrate can be used as an effective way to
chieve a high sensitivity as well as to prevent a silver
xidation.

Moreover, it is intriguing to find in Fig. 7 that, for a sil-
er film thickness ranging from 30 to 40 nm, the bimetal-
ic substrate shows a slight increase in sensitivity, which
s contrary to the results of Fig. 8. Also, for 40 nm�d2

45 nm, its sensitivity does not change significantly with
gold deposition, and thus when a gold film thickness is

ig. 7. (Color online) Peak sensitivity of SPR imaging when the
hickness of gold layer increases up to 20 nm. Silver film thick-
ess varies from 10 to 90 nm and n4=1.33.

ig. 8. (a) SPR reflectance and (b) its sensitivity for d2=60 nm
nm.
arger than 5 nm, bimetallic surfaces showed a better sen-
itivity than even for d2=60 nm whose initial sensitivity
t d3=0 nm was highest. It is attributed to the fact that,
or d2�45 nm, the attachment of gold film plays an im-
ortant role in assisting an efficient excitation of plas-
ons rather than in absorbing the propagating plasmons

upported by the silver film. The results imply an inter-
sting postulation that we may select the silver layer
hickness of Ag/Au bimetallic substrates depending on the
inimally controllable coating thickness of a gold film. In

ther words, if the reliable resolution of gold coating in
abrication processes is provided by less than 3 nm, it is
esired to achieve a silver thickness of d2�60 nm. If a sil-
er thickness is chosen at around 40 nm, however, an ul-
rathin gold film is not mandatory, and the performance of
imetallic substrates is less sensitive to fabrication errors
n gold thickness, although the maximally achievable sen-
itivity can be degraded.

Additionally, we considered the effect of the SAM for-
ation on the sensitivity of Ag/Au bimetallic substrates

n Fig. 9. As it is expected, the sensitivity of SPR imaging
ends to underperform that of the initial condition that
4=1.33 due to a resonance shift and closely related
roadening of SPR characteristics. Although the advan-
age of a gold coating becomes less noteworthy with an in-
reasing refractive index, its important roles of prevent-
ng the sensitivity performance from being degraded
reatly and of keeping the silver surface unoxidized re-
ain still effective, especially for very thin gold films.
Finally, as an application example of the bimetallic

lm-based SPR imaging configuration, a binding event of
NA hybridization occurring at the sensor surface is nu-
erically demonstrated. When the refractive index and

he effective thickness of a single-stranded DNA are as-
umed to be n4=1.462 at �=633 nm and d4=3 nm [22,23],
he maximum sensitivity of a conventional gold-film-
ased SPR imaging system was obtained to be 0.680 at a
old thickness of 56 nm and an incidence of 58.7°. On the
ther hand, for Ag/Au bimetallic substrates, the highest
ensitivity of 3.059 was achieved when the silver thick-
ess is fixed at 50 nm and gold deposition is not applied,
nd the peak sensitivity was decreased monotonically
ith an increasing gold thickness. This trend is identical

=1.33, when the thickness of gold layer increases with a step of
and n4
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o the results in Figs. 7 and 8. For example, for 5 nm thick
old deposition, which can be reliably obtained by an ac-
ual fabrication, the sensitivity was found to have a maxi-
um of 1.980 at an incidence angle of 55.5°, implying 2.9

imes better sensitivity.

ig. 10. Linear regression analyses between reflectance and re-
ractive index n4 for SPR imaging configurations with gold
square) and bimetallic (triangle) substrates. As the refractive in-
ex of the dielectric medium surrounding the sensor surface in-
reases from 1.462 to 1.480 in steps of 0.03, the reflectance am-
litude increases linearly, and the slope, which implies the
ensor sensitivity, of a bimetallic substrate shows about three
imes better performance than for a gold substrate. The solid
ines denote the linear fit of our theoretical results.

ig. 9. (Color online) Peak sensitivity of SPR imaging when n4
ame as that in Fig. 7.
In order to graphically demonstrate the sensitivity im-
rovement for bimetallic substrates, a change in reflec-
ance amplitude is calculated when the refractive index
4 varies from 1.462 (i.e., single-stranded DNA) to 1.480

i.e., double-stranded DNA) in steps of 0.03. Figure 10
hows that, for a conventional gold substrate, the reflec-
ance increases from 0.228 to 0.240; thus the reflectance
hange is 0.012, while the reflectance of a SPR imaging
ystem with a bimetallic substrate changes from 0.232 to
.268, and the net contrast is 0.036. In addition, using the
inear regression analyses with a function of y=Ax+B,
he linear coefficient �A� and the correlation coefficient
R�, where R denotes the degree of the linearity, are equal
o A=0.676 and R=0.9999 for a gold substrate and A
1.992 and R=0.9999 for a bimetallic one. In other words,

he shift is completely linear over a wide range of the
NA hybridization reaction, and especially a bimetallic

ubstrate presents about three times greater sensitivity
n SPR imaging than a traditional gold substrate.

. CONCLUSION
n this study, we examined the sensitivity characteristics
f a SPR imaging biosensor based on silver substrates.
ubstantial variations in sensitivity were found among
arious considerations for silver substrates such as the
xidation process that forms a thin Ag2O layer on a silver
lm, a varied refractive index of a SAM layer occurring at

1.40, (b) 1.50, (c) 1.60, and (d) 1.70. The scale of color bar is the
is (a)
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he sensor surface, and an implementation of Ag/Au bime-
allic structures to prevent a silver oxidation. First, sen-
itivity in SPR imaging had a peak value of 1.64 at the
ilver thickness of 60 nm and tended to be decreased with
growing Ag2O formation. These trends are associated
ith an absorptive damping process cause by the Ag2O

ayer with a nonzero imaginary optical constant and the
orrelated changes in CAW and MRR characteristics in
PR curves. Next, the target dependence of the sensitiv-

ty suggested that a silver-film-based SPR imaging struc-
ure can be designed based on estimated refractive index
hanges induced by target interactions. More importantly,
g/Au bimetallic substrates were proposed to avoid un-
esired oxidation while keeping a good sensitivity of sil-
er films. For very thin gold coatings, bimetallic sub-
trates exhibited a high sensitivity, which is comparable
o the result of silver substrates with no protection layer.
or a gold deposition of 5 nm, quantitative analyses
howed that the SPR signal can be amplified up to three
imes for Ag/Au substrates, yielding an enhanced sensing
erformance than the case of a conventional gold sub-
trate. This study demonstrated a significant potential for
pplying Ag/Au bimetallic substrates to a sensitive SPR
maging detection of various biomolecular interactions.
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