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Abstract—Ag–Au bimetallic surface plasmon resonance
(SPR) sensors operating in the Kretschmann configuration
were investigated by numerical modeling and experiment.
While Ag-based sensors have good sensitivity, they suf-
fer from poor stability, and the addition of an Au capping
layer offers improved chemical resistance and reliable ana-
lyte bonding via thiol–gold interactions. Sensors were eval-
uated with an Ag–Au combined thickness of 50 nm but
different thickness ratios, and SPR reflectivity curves were
obtained for 632.8 nm wavelength light incident over a range
of angles. Numerical modeling using the transfer matrix
method showed the SPR response improving as Au thick-
ness decreased, giving the best results for 45 nm of Ag
and 5 nm of Au. Experimental characterization of fabricated
Ag–Au bimetallic sensors was carried out with a custom
SPR testbed. Performance parameters, including minimum
reflectivity, full-width at half-maximum (FWHM), stability, and
sensitivity were measured and the results were compared to those of single-layer Ag and Au sensors. A 5 nm Au
coating was unable to preserve stable bimetallic sensor performance; however, increasing the Au thickness to 10 nm was
sufficient to protect the Ag sensing layer, allowing only a small variation in the minimum reflectivity and FWHM when
exposed to analytes for multiple hours. The sensitivity of the single-layer Ag, bimetallic Ag–Au, and Au sensors was
measured as 3041%/refractive index unit (RIU), 1817%/RIU, and 1229%/RIU, respectively. The sensitivity of the thickness-
optimized bimetallic layer was ∼1.5× that of the single-layer Au sensor.

Index Terms— Bimetallic sensor, Kretschmann configuration, sensitivity, surface plasmon resonance (SPR).

I. INTRODUCTION

SURFACE plasmon resonance (SPR) biosensors are an
indispensable analytical tool for the rapid and sensitive
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detection of chemical and biological molecules by measuring
changes in refractive index in the nanoscale vicinity of the
sensor chip [1]. SPR instruments have the potential to provide
information about the concentration and real-time kinetic
data of a biomolecular interaction, including the association
and dissociation of ligands with an analyte [1], comparable
to other biosensing platforms such as electrochemical [2],
fluorescence [3], calorimetric [4], and quartz crystal monitors
(QCMs) [5]. Applications of these sensors include medical
diagnostics [6], [7], [8], [9], food control [10], and environ-
mental monitoring [11], [12].

Au and Ag are frequent candidates for SPR sensors due
to their high electrical conductivity. Ag thin film sensors
tend to be more cost-effective than Au devices and pro-
duce a sharp resonance dip in their reflection spectra, which
leads to higher sensitivity and signal-to-noise ratios than
equivalent Au sensors when the intensity or phase of light
reflected by the SPR sensor are measured to detect changes
in the refractive index of an analyte [22]. However, the
poor chemical stability of Ag thin films prevents their use
in practical applications, as Ag corrodes in air, and the
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process is accelerated in an aqueous solution [23]. On the
other hand, Au sensors produce a larger shift in resonant
angle as analyte refractive index changes [25], making them
better suited to sensing schemes that sweep the wavelength
or angle of the incoming light. Au also has good chemi-
cal resistance, better stability, and higher thiol affinity than
Ag [24], making it the preferred option in many commercial
systems.

Several attempts have been made to improve the sen-
sitivity and robustness of Ag and Au SPR sensors: plas-
monic structures, such as metal nanoparticles [13], metallic
nanoslits [14], nanoholes [15], colloidal Au nanoparticles [16],
2-D nanomaterials [17], and multilayer structures [18] have
been successfully explored as the sensing layer to improve
sensitivity. However, better performance was realized only at
the cost of increased complexity of optical configuration and
sensor chip fabrication. Recently, significant efforts have been
taken to develop different multilayer structures instead of a
single planar Au layer sensor chip [19], [20], [21]. Multilayer
planar structures are relatively easy to fabricate and can be
easily measured using the same SPR measurement setup used
for single-layer chips, avoiding additional complexity in the
SPR instrumentation.

Different multilayer approaches have evolved so far to
utilize the optical properties of Ag by providing a thin
and dense protective layer by the use of materials such as
Au [26], [27], [28], dielectrics [29], [30], or self-assembled
monolayers [31]. The first experimental application of bimetal-
lic Ag–Au layers for SPR sensing was carried out in
1995 [32]. Subsequent theoretical reports discussed differ-
ent methods to improve the sensitivity of bimetallic SPR
sensors [27], [33], [34], [35], [36], [37], [38], [39], [40].
In 2002, Wu and Ho numerically analyzed an Ag–Au bimetal-
lic SPR sensor using Fresnel’s equations and found that
thicknesses of 48 nm Ag and 2 nm Au gave the best
performance [34].

Several other reports are available for Ag–Au bimetallic
sensors [27], [33], [35], [38], [40]; however, only a few
use the intensity interrogation method [33], [35]. Alieva and
Konopsky [35] performed experiments on Ag–Au bimetallic
layers in a real biosensor system, using phase interrogation.
Ong et al. [27], with the support of analytical calculation using
the transfer matrix method, investigated the SPR responses of
Ag–Au bimetallic sensors experimentally using the angular
interrogation method. Wang et al. [38] fabricated a bimetal-
lic Ag–Au sensor and obtained a maximum sensitivity of
5250%/refractive index unit (RIU) in Milli-Q water analyte
using the intensity interrogation method. Prabowo et al. [40]
demonstrated the applicability of a white LED source oper-
ating at two different wavelengths (510 and 580 nm) in
measuring the SPR response of an Ag–Au bimetallic layer and
obtained a high sensitivity of 4859%/RIU; however, stability
was not discussed in their work. Despite several theoretical
studies of Ag–Au bimetallic SPR sensors over the past two
decades [4], [13], experimental studies have largely avoided
the question of stability of Ag–Au bimetallic SPR sensors in
a corrosive atmosphere.

Fig. 1. Schematic of the bimetallic SPR sensor. Immersion oil ensures
good optical contact between the BK7 prism and the glass slide. Due
to the poor adhesion of Ag and Au with the glass, a very thin (∼2 nm)
adhesion layer (seed layer) is used between glass and metal. Ge is used
as the seed layer for Ag and Cr for Au. Air, water, and sodium chloride
(NaCl) solutions are used as the analyte media.

This article reports a systematic analytical and experimen-
tal study of Ag–Au bimetallic SPR sensor chips based on
the intensity interrogation method. First, the transfer matrix
method was used to optimize the thickness of the Ag and
Au films in the bimetallic structure. High-performance Ag–Au
bimetallic sensor chips, shown in Fig. 1, were then fabricated,
and the sensitivity and chemical stability of these Ag–Au
sensor chips were measured using a custom SPR testbed.

II. ANALYTICAL MODELING

The SPR sensor chip was modeled as a five-layer system
consisting of: 1) a semi-infinite Schott BK7 glass layer,
representing a prism, microscope slide substrate, and refractive
index matching oil that ensured optical homogeneity between
them; 2) a germanium (Ge) or chromium (Cr) seed layer; 3) the
Ag sensing layer; 4) the Au capping layer; and 5) a semi-
infinite analyte layer, which was either air, water, or NaCl
solution. Specifying semi-infinite layers at the extremes of
the model allowed a 1-D model to be used, which was able
to produce helpful results without the need to consider the
dependence of the prism thickness on beam position nor
the geometry of the analyte channel. In our previous work,
we determined that a total metallic thickness of 50 nm demon-
strated optimum SPR performance [41], in the form of very
low SPR minimum reflectance, as shown in Fig. S1. Therefore,
we designed our bimetallic system to have a total thickness of
50 nm between Ag and Au. The material properties of different
layers used for modeling are given in Table I.

The reflectivity of an ideal SPR sensor can be calculated
by considering the optical impedance mismatch between indi-
vidual planar layers within the sensor. In the simplest case
of a sensor comprising only an interface between two semi-
infinite layers, the reflectivity R at wavelength λ0 and angle
of incidence θ is determined by the contrast [48] between the
optical impedances, Zm , of the two layers. R of the system is
given by the following equation [49]:

R =

∣∣∣∣ Z1 − Z0

Z1 + Z0

∣∣∣∣2

(1)

where Zm = (km,z/ϵmk0), with km,z = (ϵmk2
0 − k2

∥
)1/2 and

k∥ = k0
√

ϵ0 sin θ for TM polarization [49]. Here ϵm is
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TABLE I
PARAMETERS FOR SENSORS MODELED IN THIS WORK

the (complex) relative permittivity of the layer, k0 = (2π/λ0)

is the free space wavenumber, k∥ = k0
√

ϵ0 sin θ is the
wavenumber of light in the plane of the interface, and km,z
is the component of the wavevector normal to the interface,
i.e., in the direction of propagation of the incident light.

Extending this model to systems with more than two
layers means considering not just the contrast between the
impedances of the first two layers but between the impedance
of the first layer and the input impedance, Z in, presented by the
next layer and every subsequent layer. The input impedance
for the mth layer is defined recursively by

Z in,m = Zm

[
Z in,m+1 − i Zm tan

(
km,zdm

)
Zm − i Z in,m+1 tan

(
km,zdm

)]
(2)

where the input impedance for the final layer in the sensor,
Z in,M−1, reduces to Z M−1. Here dm is the thickness of the mth

layer; the thickness of the final layer is assumed to be semi-
infinite. Working backwards from m = M −1 to m = 0 allows
R to be calculated for the complete sensor [49], [50].

Finding authoritative data for the refractive index of NaCl
aqueous solution under conditions that matched our experi-
mental setup proved to be challenging. Several papers report
values at the wavelength (632.8 nm) and over the range of
concentrations (0–40 g/L) we are using [51]; however, they
do not consider the effect of temperature. As a result, there
is some variation in the refractive indices they report. Papers
that consider temperature either use a different wavelength
(589.3 nm) [47] or consider a much broader range of concen-
trations [52], with very few data points in our range of interest.
To avoid overstating the sensitivity of the sensors reported
here, we calculate refractive indices based on the empirical
equations derived in [47], which give the largest variation in
refractive index values over the range of concentrations that
we consider.

The refractive index, n of different concentrations of NaCl
solution at a wavelength of 632.8 nm and a temperature
T of 291.15 K were obtained according to (3) [47] at the
concentrations given in Table II. The concentration, C in (3)

TABLE II
REFRACTIVE INDEX OF NACL AQUEOUS SOLUTION AT A WAVELENGTH

OF 632.8 NM AND TEMPERATURE OF 291.15 K

is in (kg/kg) × 100 ≈ (g/L) ÷ 10.

n = 1.3373 + (1.7682 × 10−3)C − (5.8 × 10−6)C2

− (1.3531 × 10−4)(T − 273.15)

− (5.1 × 10−8)(T − 273.15)2. (3)

III. EXPERIMENTAL MATERIALS AND METHODS

To verify the theoretical calculations, bimetallic and single-
layer sensors were fabricated with Ag and Au as sensing
layers. Ge was used as a seed layer below Ag films to
reduce the roughness of the Ag films [53], which results in
a stronger plasmon resonance [54], while Cr was used to
improve adhesion [55] in Au-only sensors. The schematic of
an Ag–Au bimetallic SPR sensor working in the Kretschmann
configuration is depicted in Fig. 1.

Sample preparation started with cleaning the microscope
glass substrates using piranha solution (3 H2SO4:1 H2O2). The
piranha-cleaned substrates were washed with distilled water
and dried with compressed N2 gas. Materials for seed layers
(Cr and Ge), and metal layers (Ag and Au), obtained from
Kurt J Lesker, USA, were deposited on the glass substrates
at a pressure of ∼1.1 × 10−6 torr and a deposition rate of
0.1 Å/s using a thermal evaporator (Angstrom Engineering
Nexdep 200, Canada). The thickness of the deposited thin
films was characterized using a surface profilometer (Veeco
Dektak-150, USA). Optical contact between the metal-coated
glass slide and the 45◦ BK7 prism was obtained using a
refractive index matching oil (immersion oil type F, Olympus,
Thorlabs, USA). Different concentrations of NaCl (Sigma
Aldrich, New Zealand) in distilled water were used for sensi-
tivity analysis.

A. Sensor Characterization
A schematic and photograph of the characterization

testbed [41] based on the Kretschmann configuration are
shown in Fig. 2. A monochromatic He-Ne laser (Melles Griot
part number 05-LHP-121) emitted red light of 632.8 nm
wavelength at 2.0 mW nominal output power through two
irises and a polarizer (Thorlabs part number CCM5-BS016/M).
The transmitted p-polarized light was then split into two
perpendicular beams by a nonpolarizing beam splitter cube.
After splitting, one of the light beams was directed into
photodetector 1. This was taken as the reference beam. The
other light beam was guided to the BK7 prism with the help of
two mirrors. The second photodetector captured the reflected
light from the prism. The reflectivity data were normalized
by dividing the reflected light intensity by the reference light
intensity. To change the angle of incidence, the prism and its
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TABLE III
MODELED (SIM) AND MEASURED (EXP) RESONANT ANGLE (θ) AND FWHM OF SINGLE-LAYER

AND BIMETALLIC AG AND AU SENSORS IN AIR AND WATER

Fig. 2. (a) Schematic and (b) photograph of the experimental setup
used for SPR sensor characterization.

associated parts (including the glass slide, metallic coating,
and microfluidic flow cell) were mounted on a motorized
stage (Thorlabs part number PRMTZ8/M) and rotated with
respect to the stationary light source. Photodetector 2 and
a focusing lens were mounted on a second rotary stage
(Thorlabs PRMTZ8/M), which was coaxial with the first stage
and rotated at the same rate but in the opposite direction
to the prism. The experimental testbed was automated, and
data recording was done using LabVIEW 2018 software.
A peristaltic pump system (Mitos P-Pump, Dolomite, U.K.)
was used to circulate solutions through the flow cell attached
to the sensor chip at a flow rate of approximately 50 µL/min.
Measurements were taken at an ambient temperature of 18 ◦C.

IV. RESULTS AND DISCUSSION

Theoretical and experimental reflectivity curves for Ag–Au
bimetallic SPR sensors in air and water are plotted in Fig. 3.

Curves for single-layer Ag and Au thin films are also shown
to facilitate direct comparison. A detailed comparison between
the numerical values of calculated and measured data for dif-
ferent configurations in air and water is presented in Table III.

The minimum reflectivity point in the SPR response curve
is due to the absorption resulting from the maximum coupling
between the electric fields of the incident light and the surface
plasmons [10]. The incidence angle at which the reflectance
minimum occurs, which corresponds to the resonant angle
calculated by our model, is observed at 42.98◦ for a single-
layer Ag sensor and 43.82◦ for a single-layer Au sensor, both
in air. In water, the resonant angles of single-layer Ag and Au
sensors increased to 67.65◦ and 72.49◦, respectively, due to the
higher refractive index of water (n ≈ 1.3348) compared to air
(n ≈ 1.003). The resonant angles of all the examined thickness
combinations of Ag–Au bimetallic sensors lie between those
of single-layer Ag and Au in both air and water, and are listed
in Table III.

These experimental data were in good qualitative agree-
ment with the modeled results, showing the same trends of
increasing resonance angle and broadened reflectivity curve
as the proportion of Au in the sensor was increased. The data
differed quantitatively in two key aspects: both the measured
reflected intensities and the sharpness of the sensor responses,
determined by the full-width at half-maximum (FWHM) of
the reflectivity spectra, were lower than predicted by the
model. Both of these discrepancies can be traced to nonzero
beam divergence: the lower-than-expected intensities resulted
from a greater path length to the measurement photodetector,
photodetector 2 in Fig. 2, than the reference detector, photode-
tector 1, which meant that the beam had more time to diverge
traveling to photodetector 2 than it did to photodetector 1,
resulting in lower intensities measured at photodetector 2 even
before a sensor was introduced. Similarly, divergence in the
beam through the prism meant that the sensor was always
interrogated at a range of angles simultaneously, leading to
an increased FWHM compared to the ideal, modeled case.
This FWHM broadening was consistent with observations in
other experimental studies [49]. Despite these differences, the
qualitative consistency of results between the experimental
testbed and the model allow the design of a bimetallic sensor
to be explored and refined.

For both air and water, the FWHM of the reflected intensity
with respect to the angle of incidence is the smallest for Ag,
increasing with the thickness of the Au layer. This is favorable
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Fig. 3. (a) and (c) Simulated and (b) and (d) experimental reflectivity curves of single-layer Ag, Au, and bimetallic Ag–Au configurations in
(a) and (b) air and (c) and (d) water.

for sensing using intensity interrogation but it introduces a
compromise: thicker Au increases the chemical robustness and
stability of the thin films; however, it also adversely affects the
FWHM of reflected intensity. The higher the thickness of Au,
the greater the broadening effect. This broadening is attributed
to the intrinsic damping of surface plasmons contributed by
the large imaginary part of the dielectric constant of Au [56].
Conversely, the change in resonant angle when moving from
air to water, in other words, the change in resonant angle for
a given change in refractive index, increased with increasing
Au thickness, which would be beneficial in an angle interro-
gation sensing regime. In summary, Fig. 3(b) and (d) show a
near-zero reflectivity and narrow FWHM for Ag–Au bilayer
thicknesses of 45–5 nm and 40–10 nm in air and water. At this
stage, it was necessary to confirm whether a 5 nm Au layer
was sufficient to give stable sensor performance.

A. Sensor Stability
In a typical biosensing experiment [6], [10], [11], both the

biological element and analytes are dissolved in a buffer solu-
tion, often a salt solution. Therefore, the sensor layer, which
is in direct contact with the salt solution, must be chemically
stable. Au is reported to have better chemical stability than Ag
in various reactive chemical environments [22], hence in this
experiment we used an Au capping layer as a protective layer
for Ag, with different Au and Ag layer thickness combinations.
We studied the influence of the capping layer on the chemical
stability of the sensor when immersed in a salt solution.

To check the stability, sensor chips were kept in a 2 w/w%
solution of NaCl in distilled water for 12 h. The reflectance
spectra of the chips were measured periodically, as shown
in Fig. 4. Ag sensors without any capping layer and 5 nm
Au capping layer experienced huge variations in minimum
reflectivity and FWHM as time progressed. This suggests that
a 5 nm Au layer is insufficient for protecting the inner Ag
against the corrosion induced by the salt ions, where chloride
ions from the salt oxidize Ag to form AgCl according to the
chemical reaction

Ag + Cl− ⇌ AgCl + e−. (4)

The thickness of the AgCl film will increase gradually as the
exposure time increases [57], [58]. Since Au has the highest
standard electrode potential of 1.38 V, it is widely used for
plating due to its high corrosion resistance [59]. It has fair
corrosion resistance in a chloride environment. Moreover, the
efficiency of the Au layer in protecting the underlying surface
against the attack of corroding material is determined by the
uniformity of the Au layer. In general, more uniform layers
are obtained at higher thicknesses. Very thin layers of Au are
known to be porous [60], hence providing poor protection
against corrosion. Fig. 4(b) shows that the sensors with a 5 nm
thick Au layer are not able to hold their stability in the NaCl
solution for many hours, which suggests nonuniformity in
the Au protective layer. The 5 nm protective layer did not
provide effective coverage to the underlying Ag, leading to
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Fig. 4. Stability test of (a) 50 nm Ag single-layer sensor, (b) 45–5 nm Ag–Au bimetallic sensor, (c) 40–10 nm Ag–Au bimetallic sensor, and
(d) 50 nm Au single-layer sensor, all kept in contact with 2 w/w% NaCl solution for up to 12 h.

Fig. 5. (a) Scanning electron micrograph of a 40–10 nm Ag–Au bimetallic thin film surface. (b)–(d) Elemental color mappings for the film shown in
(a), with (b) and (c) Au mapped to blue and (b) and (d) Ag mapped to red.

Ag deterioration and resulting in inefficient SPR excitation,
which worsened as time progressed.

This hypothesis of poor coverage at lower Au thickness is
complemented by the SPR analysis of an Ag film with 10 nm

Au capping layer, shown in Fig. 4(c). At this thickness, the
sensor showed a highly stable response in the salt solution for
over 12 h, confirming the chemical stability of the bimetallic
chip. Hence, we chose 10 nm of Au and 40 nm of Ag as the
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Fig. 6. Sensitivity studies of (a) 50 nm Ag single-layer sensor, (b) 40–10 nm Ag–Au bimetallic sensor, and (c) 50 nm Au single-layer sensor.
Calculating the refractive index expected at each NaCl concentration gives the sensor sensitivity curves shown in (d).

optimized thickness for this structure. Further stability studies
of different thicknesses of Ag and Au films are shown in
Fig. S2. All the sensors with at least 10 nm of Au successfully
survived the salt solution test. We note here that optimization
of the metal deposition process, or use of an alternative
deposition technique, may well allow thinner capping layers
that still offer sufficient protection to Ag-based sensors.

B. Film Uniformity
Surface and elemental mapping images for a bimetallic film

with 10 nm Au coating over a 40 nm thick Ag layer are
shown in Fig. 5. Fig. 5(a) shows the surface of the bimetallic
film, while Fig. 5(b)–(d) show color mappings corresponding
to Ag (red) and Au (blue). The uniformity of the Au film,
shown in Fig. 5(c), explains the improved stability seen in
Fig. 4, while the strong Ag signal shown in Fig. 5(b) and (d)
is most likely due to the large penetration depth of the imaging
electrons relative to the thickness of the Au film [61]. Further
evidence for the integrity of the Au film is in the form of
energy dispersive X-ray spectrography, shown in Fig. S3,
which demonstrates much higher relative abundance of Au
compared to Ag, Ge, and Si on the bilayer surface.

C. Sensitivity
Sensitivity can be found either by measuring the incident

angle that gives minimum reflectivity or by measuring the
change in reflectivity at a fixed incident angle. Here we
adopted the fixed angle method, choosing the angle that
corresponds to the highest slope in the SPR response curve
for distilled water. This slope can be measured much more
accurately than the angle of minimum reflectivity because it
is approximately constant over a range of incident angles.
Fig. 6(a)–(c) show the real-time responses of single layers and
bimetallic layers of Ag and Au over a short period of time.
The fixed angles used for measurement are obtained from the
maximum of the first derivative of the SPR curves shown
in Fig. 3(d). These angles are 70.4◦, 66.9◦, and 68.1◦ for
single-layer Au, Ag, and a 40–10 nm Ag–Au bimetallic layer,
respectively. Distilled water was used as the baseline and, once
the signal was stabilized, NaCl solutions with concentrations
of 10, 20, 30, and 40 g/L were injected at a flow rate of
50 µL/min. The solution concentration was increased every
5 min. As the refractive index of the NaCl solution, calculated
using (3), increases with concentration, an increase in reflected
intensity is observed, shown in Fig. 6(d). The sensitivity, S
of the system can be calculated from the rate of change of
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reflectivity, R with n [66]:

S =
d R
dn

. (5)

The sensitivity of the Ag, Au, and bimetallic Ag–Au
SPR sensors was calculated as 3041%/RIU, 1229%/RIU, and
1817%/RIU, respectively.

D. Surface Roughness
While the differences in sensitivity for sensors shown in

Fig. 6 are readily explained by metallic film composition,
the surface roughness of the metal films can also play some
role [62], [63], [64], but not for surface roughness below
2 nmrms [65]. For this reason the surface roughness of each
metallic film was measured via atomic force microscopy;
typical results were 0.86 nmrms for the 50 nm Ag films,
1.95 nmrms for the 40–10 nm Ag–Au bilayers, and 2.09 nmrms
for the 50 nm Au films (see Fig. S4). These low roughness
values for Ag films are evidence of ultra-smooth metallic
surfaces that are unlikely to hinder sensor performance; for the
bimetallic and Au films, the possibility of better sensitivity via
decreased surface roughness may exist but is far from certain.

V. CONCLUSION

This article demonstrates a bimetallic Ag–Au SPR sensor
chip with better sensitivity than Au-only sensors and better sta-
bility compared to Ag-only sensors. The SPR response curves
for single-layer Ag, Au, and bimetallic Ag–Au layers were
obtained. Based on the experimental and simulated results, the
performance parameters of the chips were evaluated, and after
thorough comparison, a bimetallic sensor chip with 40 nm
of Ag with a 10 nm Au capping layer was selected as the
optimum design. The sensitivity of the bimetallic sensor chip
was improved compared to a single-layer Au sensor, without
any of the durability concerns of an Ag sensor. These findings
facilitate the continued development of SPR-based sensors for
high-resolution applications where expected refractive index
changes are particularly small, such as in waterways contam-
inated with agricultural runoff [67] or open-air environmental
monitoring stations [11].
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