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a b s t r a c t

We have investigated the surface plasmon resonance (SPR) phase change across a range of excitation

wavelengths (i.e. spectral-phase) using the Fresnel’s equations and Transfer Matrix technique with

emphasis on optimizing refractive index sensing performance. Having evaluated the phase change

characteristics upon varying different sets of parameters, our results indicate the possibility of

achieving extremely high resolution within a wide range of sample refractive index (1.3330–1.3505)

at a fixed angle of incidence. We also demonstrate that the double-layer (silver/gold or copper/gold)

configuration holds very promising characteristics for SPR sensing, and it is possible to achieve a

detection limit of 7.9�10�9 RIU (refractive index unit) if one uses a phase measurement resolution of

2�10�4 rad. Among all the factors, material of the metal film and its thickness are found to affect

performance most. This work provides a comprehensive analysis of the interplay between various

system parameters.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Since the first demonstration of practical biosensors based on
surface plasmon resonance (SPR) [1], the SPR sensing technique
has seen dramatic advancement in both its technology and
application [2]. The basis of SPR is the excitation of highly con-
fined electromagnetic waves, i.e. surface plasmon waves (SPW),
which propagate along the dielectric/metal interface. Typical SPR
sensors are based on the Kretchmann prism coupling configura-
tion. Efficient excitation is accomplished when the tangential
wave vector of the incident p-wave matches with that of the SPW.
Coupling conditions follow very sharp resonance characteristics,
thus making SPR extremely sensitive to the sample’s dielectric
constant. This advantage makes SPR a highly promising technol-
ogy for biological sensing.

SPW coupling occurs in the sample with a certain combination
of wavelength and angle of incidence. Reflectivity of the sensing
film experiences a dip when we vary the angle of incidence or
the excitation wavelength. The reflection coefficients of the p- and
s- polarized components (rp and rs) are expressed as rp,sðlÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Rp,sðlÞ
p

exp½ifp,sðlÞ� [3]. Typical SPR sensors only monitor the
change in reflectivity, i.e. Rp,sðlÞ ¼ 9rp,sðlÞ9

2
, and the corresponding

detection limit is around 10�5 to 10�6 in terms of refractive index
ll rights reserved.

: þ852 26035558.
unit (RIU) [4,5]. However, excitation of surface plasmon not only
comes with a reflectivity dip, but also a dramatic change in
differential phase DfðlÞ ¼fpðlÞ�fsðlÞ [6]. In recent years inter-
ferometric methods based on phase modulation have been
reported to improve detection sensitivity from SPR biosensors
by at least 2 orders of magnitude [6–13]. Another advantage of
the phase-sensitive SPR approach, as compared to the conven-
tional angular technique, is the convenience to perform SPR
biosensing using 2-dimensional sensor arrays. In the angular
technique, each sensor site requires a linear array of photodetec-
tors to measure the shift of the SPR dip. This means that an
imaging device, which has a 2-dimensional array of photodetec-
tors, can only permit SPR biosensing with a linear array of sensor
sites. Although intensity detection at a fixed angle may also
achieve 2-dimensional SPR biosensing with an imaging chip, the
fact that the reflectivity slopes on both sides of the SPR dip are
always less abrupt than that of the phase change leads to the
conclusion that the phase-sensitive approach ultimately offers
better sensitivity performance than intensity based techniques.

Despite its sensitivity merits, application of phase-sensitive SPR
sensor is limited due to its relatively low dynamic range, defined as
the refractive index range that sensors can offer best performance.
Its dynamic range of 10�3 RIU is much smaller than a typ-
ical commercial intensity-based sensor (around �10�1–10�2

RIU). Clearly widespread market adoption of the phase-sensitive
SPR approach may not happen unless it shows improvement on
measurement dynamic range.
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To resolve the dynamic range issue, phase-sensitive schemes
based on the use of white light [14] and the excitation of paired
plasmons [15] have been proposed. Indeed the white light phase-
sensitive SPR technique, we recently reported, has achieved a
detection limit better than 2.6�10�7 RIU and a dynamic range of
10�2 RIU [16]. Through conducting differential phase measure-
ment across a range of wavelengths, the reported white light
interferometric technique has the capability of finding a region of
maximum phase transition within the spectrum of the excitation
source in order to cover a wide range of sample refractive indices.
The performance of SPR sensors is closely associated with a
number of system parameters including prism material, choice
of material and thickness of metal film, angle of incidence, etc. In
addition, although it has been well documented in the literatures
that the multi-layer SPR sensor scheme offers promising perfor-
mance enhancement [6,17,18], there is currently no reported
experimental or simulation work on the characteristics of a
multi-layer version of the new spectral-phase sensors. Simulation
studies on the interplay between various parameters will lead to
important insights on the expected performance limits of this
new sensor design. Based on the Fresnel’s equations and Transfer
Matrix technique, one can perform simple but rigorous proce-
dures to optimize the sensor layer structure. Our work focuses on
addressing several issues: (1) optimization of sensor parameters
for achieving best performance over a relatively wide range of
refractive index values (i.e. dynamic range); (2) comparison of the
relative performance factors between various metals and their
composite layers (e.g. single-layer or double-layer of different
materials); and (3) identification of critical parameters that affect
sensing performance most.
2. Theory and simulation methods

Since previous literature has shown that the measurement of
differential phase using an interferometer is practically feasible and
the phase fluctuation is typically 2�10�4 rad or 0.011 in most
experimental cases of phase-detecting SPR sensors [6,8–11,14,16],
we shall use 2�10�4 rad as the phase resolution baseline of our
simulation. Using this practically achievable phase resolution, we
should be able to make fair performance comparison between the
proposed scheme and existing SPR biosensing techniques. Addition-
ally, as the findings are based on beam propagation analysis using
standard Fresnel’s equations, the conclusions should be sufficiently
reliable to represent practical situations in general. In the present
simulation investigation, the key to performance assessment under
different conditions lies in the calculation of differential phase using
an appropriate numerical analysis model. Here we use a Transfer
Matrix method [3] to cover the single- and double-layer cases.

Fig. 1 shows the transmission and reflection of electromagnetic
wave in isotropic multi-layer system. Ak and Bk (k¼1, 2,y, n, n is
Fig. 1. Schematic diagram of electromagnetic wave propagating in the multi-layer

system.
the number of layers, i.e. n¼4) are two electromagnetic waves
propagating in transmission and in reflection respectively. Using
transfer matrix Mij to represent amplitudes in adjacent layers and
propagation matrix Pij to represent two interfaces of a particular layer,
the n-layer system can be solved by

A1

B1

" #
¼M12P2M23P3 � � �Mn�1,nPn

An
0

Bn
0

" #
ð1Þ

where transfer matrix Mij and propagation matrix Pij are given by

Mij ¼
1

tij

1 rij

rij 1

" #
and Pj ¼

e�ikydj 0

0 eikydj

" #
ð2Þ

where tij and rij are p-polarized Fresnel coefficients of transmission
and reflection, respectively. These two terms are given by
tij ¼ 2eikyj= eikyjþejkyi

� �
and rij ¼ kyi=ei�kyj=ej

� �
= kyi=eiþkyj=ej

� �
:

Given the fact that in the n-th layer only downward-
propagating EM wave is present, i.e. Bn

0 ¼0, the p-polarized
reflection coefficient rp¼B1/A1 can readily be calculated using
Eq. (1). By the definition of rp, the differential phase can be
extracted (there is no phase change in s-polarized wave).

In our simulation, we use the first three terms of Sellmeier
equation to obtain the refractive index of glass prism [19],
i.e. n2ðlÞ ¼ 1þ

P3
i ¼ 1 Bil

2=ðl2
�CiÞ, where Bi and Ci are constants

obtained from Ref. [20]. Dielectric constants of metals are taken
from Ref. [21]. Simulation range of incident light wavelength is
chosen to match a practical range of sample refractive indices.
Also, the sampling resolution is carefully optimized to prevent
errors due to aliasing.

For each wavelength in the spectral range under investigation,
our program will calculate the differential phase for a range of
sample refractive index values. We choose the best detection
limit value among all wavelengths for each refractive index data
point in order to produce a plot showing the variation of detection
limit with respect to RIU value. The phase detection limit is
defined as the ratio between phase fluctuation (i.e. 2�10�4 rad)
and the slope of the differential phase plot.

In our simulation investigation, the refractive index range is
fixed at 1.3330–1.3505, which corresponds to that of 0–10 % NaCl
in water at room temperature [22] and should be sufficient to
cover most biosensing situations. The primary goal is to identify
system parameters that will offer best resolution performance.
3. Results and discussion

In Fig. 2(a), we show the phase change characteristics versus
refractive index for a wavelength range of 680–711 nm. Results
are obtained from a typical 51 nm gold/BK7 prism configuration
with the angle fixed at 70.91. Each plot contains a narrow and
distinctive region in which a small variation of RIU value will
result in very large phase swing. This effectively means that one
can always find a suitable spectral peak within the RIU range of
interest (i.e. 1.3330–1.3505) for achieving high detection sensi-
tivity. It should be mentioned that the slope of differential phase
goes from positive to negative as we change the wavelength
across the SPR dip. Indeed, this configuration provides a detection
limit better than 10�7.19 RIU (6.46�10�8 RIU) throughout the
whole refractive index range of 1.3330–1.3505 (blue line in
Fig. 2(b)), which is similar to the experimental data (2.6�10�7

RIU) reported in the literature [16]. Fig. 2(b) also shows the
variation of detection limit upon changing the angle of incidence.
For our wavelength range, varying the angle of incidence only
leads to a shift in the refractive index sensing region, while there
are marginal changes in the shape of the plots and the absolute
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value of the detection limit, which offers a fast approach to
optimize the system when other parameters fixed.

Past research has shown that there exists an optimal thickness
under certain conditions for both reflectivity dip and differential
phase change [23]. Fig. 2(c) demonstrates the optimized detection
sensitivity for a set of thicknesses. Sensitivity improves when
metal film thickness increases from 45 nm, and reaches its best at
51 nm. After this peak, detection performance drops rapidly. This
means sensing performance degrades less rapidly if the film is
thinner than the optimal value. Further investigation shows that
this trend is generally true for different metal materials. We have
also investigated the effect of metal film uncertainty. Due to run-
to-run film deposition variation, thickness uncertainty (72 nm)
can lead to degradation of SPR sensing performance while the
angle of incidence remains fixed to match the nominal thickness
(Fig. 3(a)). For each nominal thickness, detection limit degrades
to around 10�6.80 with 1 nm deviation and 10�6.60 with 2 nm
deviation. This indicates that best performance only occurs within
a narrow range of thicknesses for a given incident angle. On the
other hand, it is interesting to note from Figs. 2(b) and 3(a) that
the spectral-phase SPR approach may offer the flexibility of
maintaining high detection sensitivity over the RIU range of
interest by adjusting the incident angle slightly even when the
final sensor film thickness is not exactly identical to the optimum
value, e.g. between 49 and 51 nm in the present case.

Another issue is concerned with variation of material constants
caused by the deposition process and experimental environment. In
a deposition process, the vacuum base pressure, deposition rate and
substrate temperature are well under control. To use thickness
uniformity, i.e. thickness homogeneity within the sensing area or
run-to-run thickness reproducibility, as a main parameter to repre-
sent process-related variations in the metal film should be a sensible
approach. Here we also simulated for the influence of temperature
fluctuations on sensor performance. Using the slope of systematic
dielectric constants (metal and glass) versus temperature at differ-
ent wavelengths [24], the deviations in phase curves are represented
in Fig. 3(b) and (c). For 70.5 K fluctuation, both the differential
phase and detection limit curves almost overlap with the standard



42 44 46 48 50 52
0

0.5

1

1.5

2

2.5

3 x 10-7

Thickness/nm

D
et

ec
tio

n 
Li

m
it/

R
IU

Gold
Silver
Copper

0 2 4 6 8 10 12 14 16 18 20
0

1

2

3

4

5

x 10-8

Coating Thickness/nm

D
et

ec
tio

n 
Li

m
it/

R
IU

Silver/Gold
Copper/Gold

(48nm)

(48nm)
(48nm)

(48nm)

(48nm)

(48nm)

(48nm)

(46nm)

(47nm)

(48nm)

(48nm)

(48nm)

(48nm)

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
-150

-100

-50

0

Wavelength/um

R
ea

l P
ar

t

gold
silver
copper
aluminum
platinum

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
0

10

20

30

40

50

Wavelength/um

Im
ag

in
ar

y 
P

ar
t gold

silver
copper
aluminum
platinum

1.33 1.335 1.34 1.345 1.35 1.355
0.64

0.66

0.68

0.7

0.72

0.74

0.76

Sample Refractive Index

W
av

el
en

gt
h/

um

51nm Gold, 1684.8 nm/RIU
48nm Silver, 5819.2 nm/RIU
46nm Copper, 2840.9 nm/RIU
38nm Copper/10nm Gold
1697.7 nm/RIU
33nm Silver/15nm Gold
2268.9 nm/RIU

Fig. 4. (a) Dielectric constants of different metals with real and imaginary parts demonstrated respectively. (b) Effect of varying film thickness for single-layer

configurations. (c) Effect of varying gold coating thickness for bi-layer configurations. (The number next to the data point indicates the optimal total thickness of sensor

film.) (d) Spectral shift range of the SPR dip for optimized single- and double-layer configurations. The inset shows overall resonance wavelength shift per refractive index

unit for the whole RI range.

C. Wang et al. / Optics Communications 291 (2013) 470–475 473



1.33 1.335 1.34 1.345 1.35 1.355

10-8

10-7

10-6

10-5

Sample Refractive Index

D
et

ec
tio

n 
Li

m
it/

R
IU

 

BK7,  70.9°
SF11, 54.4°
SF18, 57.2°

Fig. 5. Effect of varying materials of prism with 51 nm gold film. Angles of incidence

and wavelength ranges are: 70.91, 680–711 nm for BK7; 54.41, 674–698 nm for SF11;

and 57.21, 676–701 nm for SF18.

C. Wang et al. / Optics Communications 291 (2013) 470–475474
ones, performance degradation is less than 1%. When the tempera-
ture fluctuations increase to 75 K, the full-range detection limit
drops to around 10�7.10. However, the temperature effect on the
sample solution itself turns out to be much more significant. Since
the refractive index versus temperature slope of water is around
�10�4 RIU/K [24], 10�4 K temperature resolution is needed to
achieve an absolute level of 10�8 RIU detection limit. Experimen-
tally one should use an active temperature controller in the sensor
head to control the system temperature rigorously.

For many years, gold has been the preferred material for SPR
sensors in light of its chemical stability, though silver may offer as
much as one order of magnitude improvement in sensitivity
limit [7]. We have investigated the dielectric constants of the metals
that are known to excite SPR, i.e. gold, silver, copper, aluminum and
platinum. Dielectric constants of these metal materials are shown in
Fig. 4(a) using data from Ref. [21]. In terms of wavelength depen-
dence, the dielectric constants of gold, silver and copper show
similar characteristics. On the other hand, aluminum and platinum
exhibit quite different behaviors. In particular, the imaginary part of
aluminum and platinum are much larger than those of other
materials, thus resulting in rapid optical attenuation inside the
medium. The sensor film hence has to be very thin (�10 nm) in
order to excite surface plasmons efficiently. At this thickness, we see
neither a sharp reflectivity dip nor any sharp differential phase
change. On the other hand, it is interesting to note that there are
very few reports on the SPR sensing performance of copper, despite
the fact that copper exhibits similar characteristics as gold and
silver. We therefore focus our study on the performance comparison
between copper and metals of traditional sensing films. Thickness-
dependent performance for gold, silver and copper is shown in
Fig. 4(b). Our result indicates that the refractive index sensing
performance of copper (46 nm, 655–705 nm, 2.88�10�8 RIU) is
slightly better than silver (48 nm, 655–758 nm, 2.95�10�8 RIU),
and is significantly better than gold (51 nm, 680–711 nm, 6.46�
10�8 RIU). Although copper is chemically less inert than silver or
gold, its much lower cost may offer a significant advantage,
particularly for high volume production of SPR sensor devices.

Until now both silver and copper are not widely adopted in
practical sensors because of concerns on layer degradation caused by
oxidation. In order to address this issue, it has been reported that a
thin gold layer can be used to protect the silver film [6,18]. This
composite configuration should provide a reasonable compromise for
practical applications. In Fig. 4(c), we show the effect of varying the
thickness of the protective gold coating on the performance of the
silver/gold and copper/gold composite films. For each gold coating
thickness (x-axis), we show the best value of the wide-range detec-
tion limit obtained from varying the silver or copper thickness. Indeed
very attractive levels of detection limit at 7.94�10�9 RIU for 33 nm
silver/15 nm gold (70.11 angle of incidence and 676–716 nm
wavelength range) and 1.78�10�8 RIU for 38 nm copper/10 nm
gold (71.61 angle of incidence and 662–693 nm wavelength range)
are possible, and this is not achievable by any of the single-layer
configurations. These improvements are related to a material match-
ing situation between gold and silver or copper which results in
spectral phase characteristics flatter than those associated with the
single-layer schemes, thus leading to higher sensing resolution across
the whole refractive index range. It is noted that the best-
performance data points are largely associated with a common total
thickness of 48 nm. Sensing performance primarily depends on the
control of the total film thickness, and the system is quite tolerant to
thickness variations in individual metal layers. A 71 nm deviation in
total thickness from the optimal situations will cause the silver/gold
and copper/gold system performance to reduce from 10�8.10 and
10�7.75 RIU to around 10�7.0 RIU. In Fig. 4(d), we plot the spectral
locations of the SPR dip versus refractive index (1.3330–1.3505) for
different cases of double-layer and single-layer configurations.
We have focused our investigation on detecting the change of
bulk refractive index, while in practical situations the sensors have
been widely used for studying antigen–antibody interactions (e.g.
BSA and BSA antibody) [6,11,12,14,15]. In fact, since SPR is sensitive
to local refractive index changes within one wavelength above the
sensor surface, such biomolecular interaction events that take place
on the surface lead to even higher measurement resolution than
that obtained from measuring bulk refractive index changes. In
principle, the surface sensitivity increases with bulk sensitivity.
However, the relationship between these two may not be linear,
since antigen–antibody interactions can also be affected by the
surface properties of sensors. We have also calculated the overall
shift of the SPR dip per refractive index unit (inset of Fig. 4(d)) for
reference. We found that spectral shift range of the single-layer
silver case is the highest, approximately double of the other
configurations (5819.2 nm/RIU), while the values of other single-
layer or double-layer cases are between 1684.8 and 2840.9 nm/RIU.

Other practical factors including surface roughness, wavelength
sampling resolution and material of prism also have influence on the
sensing performance of spectral-phase SPR. Surface roughness result-
ing from depositing the metal film under the relatively high pressure
can deviate actual SPR curve from simulation, which assumes smooth
interfaces. However, Ref. [25] and previous experiments conducted by
our team indicate that a surface roughness of RMS around 1 nm does
not have much effect on sensing performance. Wavelength sampling
resolution is an important parameter since spectral-phase SPR is
essentially making use of dispersive effects. Undersampling, particu-
larly near the sharp phase transition region, may lead to degradation
of detection sensitivity. In real applications, one may also need to use
low-pass filtering for obtaining best-fit information between discrete
data points through appropriate interpolation. Until now, BK7 has
been chosen in our simulation for the prism. Other high index glass
materials, e.g. SF11 and SF18, are also commonly used to permit less
oblique angle of incidence. Fig. 5 presents our results on optimized
spectral-phase performance using different prism materials. The
choice of prism material does not have a significant impact on
sensing performance other than a change of incident angle (70.91
for BK7; 54.41 for SF11 and 57.21 for SF18). This finding is primarily
due to the fact that these glass materials exhibit similar dispersion
trends as described by the Sellmeier equation.
4. Conclusions

We have analyzed the performance of spectral-phase surface
plasmon resonance sensor in terms of sensitivity limit and dynamic
range using Fresnel’s equations and the Transfer Matrix technique.
This is the first time that such optimization is being conducted for
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the spectral-phase SPR sensor. Our study indicates that extremely
high sensitivity of 2.88�10�8 RIU across a wide refractive index
range (1.3330–1.3505) is achievable with a single layer of copper in
the sensing film. The optimized parameters for the copper film
thickness, angle of incidence and operation wavelength are respec-
tively 46 nm, 70.51 and 655–705 nm. For silver and gold, the best
detection limits are respectively 2.95�10�8 RIU (film thickness,
angle of incidence and wavelength range are respectively 48 nm,
68.31 and 655–758 nm) and 6.46�10�8 RIU (51 nm, 70.91 and
680–711 nm). Above all, the study also reveals that for the double-
layer configuration, 7.94�10�9 RIU is achievable using a compo-
site film of 33 nm silver/15 nm gold (angle of incidence 70.11,
wavelength range 676–716 nm), and 1.78�10�8 RIU is also
achievable from a composite film of 38 nm copper/10 nm gold
(angle of incidence 71.61, wavelength range 662–693 nm). This
new composite structure is capable of serving the purpose of
preventing degradation caused by oxidation of copper or silver.
Another advantage of using copper is its much lower material cost
in comparison to gold. We have also investigated in detail the
effects of different system parameters. It has been found that
incident angle, metal film material and thickness are critical
parameters for system optimization, while other items including
temperature fluctuation, surface roughness, wavelength sampling
resolution and material of the prism do not have significant impact
on the performance of spectral-phase SPR sensors.
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