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Under certain conditions, a surface plasmon wave along a metal-dielectric interface can be excited by an optical beam. The reflected
optical beam will then undergo changes in both intensity and phase. As the level of intensity or phase change is quite sensitive to
the coupling conditions such as the molecule concentration on the metal surface, this phenomenon has been utilized for label-free
detection of biological species and characterization of molecular interactions during the last two decades. Currently, most of the
commercial surface plasmon resonance (SPR) sensors rely on the detection of absorption dip in angular or wavelength spectrum.
However, recent researches have shown that phase detection has the potential to achieve lower limit of detection (LoD) and higher
throughput. This paper, thus, intends to review various schemes and configurations for SPR phase detection. The performance
advantages and disadvantages of various schemes will be emphasized. It is hoped that this paper will provide some insights to
researchers interested in SPR sensing and help them to develop SPR sensors with better sensitivity and higher throughput.

1. Introduction

Surface plasmons are guided electron oscillations confined
to a thin layer of the interface between two materials with
negative and positive real parts of permittivity (e.g., a metal-
dielectric interface). Surface plasmons can be excited by
photons when the optical wave vector parallel to the interface
matches the propagation constant of surface plasmon.
Under optimal conditions, optically excited surface plasmon
resonance (SPR) could be quite strong and a large portion
of optical energy is dissipated into a guided electromagnetic
wave along the interface. As the extent of energy transfer
is ultrasensitive to the coupling conditions, parameter such
as the refractive index of dielectric layer can be accurately
determined by monitoring the reflected light intensity or
phase. This serves as the basis for various SPR sensors.

The first observation of surface plasmons is reported by
Wood [1] when he used metallic grating to study the diffrac-
tion of polychromatic light and found an unexpected narrow
dark band in the spectrum. The first theoretical investigation
of surface electromagnetic waves was carried out by Zenneck
[2] a few years later. Experimental researches on SPR,
however, only started when Otto [3] and Kretschmann
and Raether [4] demonstrated optical excitations of surface
plasmons using different configurations of attenuated total

reflection (ATR) method. These pioneering works had
formed the foundation of SPR-based optical biosensors and
stimulated numerous researches in the following decades.
During the last two decades, the progress of semiconductor
technologies and the high demands from biological research
and pharmaceutical industry have boosted the rapid devel-
opment of SPR-based sensors. Commercial SPR sensors are
now available from numerous companies such as Biacore,
AutoLab, Biosensing Instrument, ICx Nomadics (manufac-
turer of SPREETA previously under Texas Instruments), and
Hofmann Sensorsysteme.

Most of current commercial SPR sensors, however, are
based on the detection of reflectivity dip in the angular or
wavelength spectrum. As the phase-shift in SPR is more pro-
minent than its amplitude counterpart under optimal config-
uration, it can also been utilized to improve the sensitivity of
SPR sensors [5, 6]. More importantly, phase detection-based
SPR sensors are inherently more suitable for SPR imaging
[7, 8] and have great potential to enable parallel detection
of thousands of channels. They have received considerable
research efforts in an accelerating manner in recently years.

Table 1 shows the typical performances of SPR sensors
based on direct intensity measurement, angular interroga-
tion, wavelength interrogation and phase detection. It can
be seen that sensors based on phase detection offer better
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Table 1: Brief comparison between various schemes in SPR sensing.

SPR schemes Intensity Angular interrogation Wavelength interrogation Phase detection

Resolution 10−5 RIU 5×10−7 RIU 10−6 RIU 4× 10−8 RIU

Dynamic range 0.05 RIU 0.1 RIU >0.1 RIU 5× 10−4 RIU

SPR imaging Convenient Difficult Difficult Convenient

sensitivity and convenient fulfillment of SPR imaging at the
cost of narrower dynamic range.

In the literature, there are a few review articles [9–
12] and books [13, 14] featured on SPR sensing and
applications. However, so far no thorough reviews are
dedicated to the detection of phase-shifts in SPR sensors.
As phase measurement is more complicated than amplitude-
based technologies and requires more know-how on optical
components, modulation instruments, and image processing
techniques, we feel it necessary to summarize phase detection
techniques used in SPR sensors and to compare their advan-
tages and disadvantages. This paper is, thus, dedicated to
review recent works on the development of phase detection
schemes in SPR sensors. The research papers are categorized
into the following sections in terms of three major phase
detection schemes, namely, optical heterodyne, polarimetry,
and interferometry. It is hoped that this paper will facilitate
researchers interested in this field and help them to develop
proper phase sensitive SPR sensors for detecting smaller
molecules with higher throughput.

2. Sensors Based on Optical Heterodyne

SPR sensors based on amplitude measurement are straight-
forward as photodetector measures the intensity directly.
However, direct optical phase measurement is not as simple
since no detectors are fast enough to resolve the oscillating
intensity of an optical beam whose frequency is in the order
of 1014. Thus, phase measurement normally relies on the
interference between a signal beam and a reference beam by
which a low-frequency signal can be generated and resolved
by a photodetector. Optical heterodyne is one of the earliest
techniques employed for phase measurement in SPR sensors.
In this technique, two laser beams with slightly different
frequencies are generated and made to interfere with each
other which results in a signal with a “beat frequency”
dependent on the frequency difference between the two
original beams. By proper adjustment, this beat frequency
will be low enough to be resolved by a photodetector and the
phase difference between the two original beams can then be
determined by comparing the beat signal to a reference signal
with the same beat frequency using a commercial phase
meter.

In 1996, Nelson and coworkers [15] reported a SPR
phase sensor based on optical heterodyne detection. They
used acousto-optic modulator (AOM) to generate two beams
with frequency difference of 140 MHz and split each beam
into a reference part and a signal part by a polarizing beam
splitter. The two reference parts are then combined with a
linear polarizer and received by a photodetector. The signal

is then low-pass filtered to obtain a wave with the beat
frequency of 140 MHz, which is again mixed with a local
oscillator at 140.01 MHz to further reduce the frequency to
10 kHz for convenient manipulation. The two signal parts go
through the same procedures except passing through a SPR
sensor with introduce a phase shift between the p- and s-
component. The comparison between the two 10 kHz refer-
ence and signal waves using standard phase detection circuit
has resulted in accurate determination of the SPR-induced
phase shift. The heterodyne technique is insensitive to
amplitude perturbation and environmental noise. Sensitivity
as high as 5 × 10−7 RIU was predicted. The setup proposed
was somewhat complicated due to hardware limitation, that
is, the unavailability of instruments for proper frequency
shifting and phase detection. Simpler setups for heterodyne
detection had been proposed thereafter.

Instead of using AOM to generate the desired frequency
shift, Shen and coworkers built a Zeeman laser based on a
commercial He-Ne laser by applying high magnetic field to
the laser cavity [16]. The frequency shift of the dual output
components was further stabilized using feedback control
and a frequency difference of 160 kHz with stability of better
than 3×10−2 is achieved. In their work, both the phase jump
and reflectivity change of the p-polarized wave through the
SPR cell were measured using electronic phase meter and
voltmeter. Experiments based on silver film were conducted
and the results agreed well with theoretical prediction.

In 2001, Xinglong et al. built an immunosensor based
on optical heterodyne and phase detection, where a Zeeman
laser with frequency stability of 10−10 and frequency differ-
ence of 33.2 kHz was used [17]. Reaction between ricin and
its antibody was demonstrated and real time monitored by
the proposed immunosensor. Phase change due to reaction
was clearly observed and the maximum phase was found to
be 8 degrees.

In 2003, Wu et al. included a total reflection device to
their SPR sensor which helps to further enhance the phase
shift between p- and s-components, and at the same time
make the alignment of optical beams easier [18]. In their ex-
periment (refer to Figure 1), two AOMs with driving fre-
quency of 40 and 40.06 MHz are employed which directly
create a low frequency beat signal of 60 kHz without further
heterodyne as in Nelson’s setup [15]. Phase difference
between the signal arm and reference arm was then deter-
mined by a commercial phase meter. Experiments conducted
to measure the phase response with varying incident angles
for methanol, water, and ethanol have promised a refractive
index resolution as high as 2× 10−7 RIU for their system.

Since 2005, Chiu and coworkers have reported a series
of research works on developing optical sensors based
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Figure 1: Schematic configuration of an experimental setup.
PBS, polarizing beam splitter; M, mirror; BS, beam splitter;
AOM, acousto-optomodulator; Pol, polarizer; PhD, photodetector
(Courtesy from [18]).
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Figure 2: Schematic D-type optical fiber-based SPR sensor (Cour-
tesy from [19]).

on heterodyne detection [19–22]. Instead of using prism
coupler, their sensors were based on single mode optical
fiber as shown in Figure 2. In the sensing area typically a
few millimeters in length, the cladding and half of the fiber
core was removed, the surface was then polished and coated
with a thin layer of gold to form a D-type sensor. The
sensing area was then immerged into the testing medium
such as water, and the system was modeled as a modified
Kretschmann configuration. Inside the optical fiber, incident
light wave will undergo multiple attenuated total reflections
and the SPR induced phase change will be greatly amplified.

However, the small numerical aperture of the single mode
fiber has limited the incident angles from 86.5 to 89.5 degrees
which is far from the resonance angle, thus only a medium
resolution of 2 × 10−6 RIU was estimated. A big advantage
of such optical fiber SPR sensor with multiple reflections
over Kretschmann configuration is that the dynamic range
has been greatly enhanced. Heterodyne light source had been
used to pass through the optical fiber and the signal was
compared to a reference signal by the function generator
using a phase meter. Higher sensitivity than amplitude-based
techniques had been obtained by this optical heterodyne
detection method. Experiments conducted on alcohol with
variable concentrations had shown good agreement between
simulation and experiment results [19]. It should be noted
that the total internal reflections from the cladding will also
induce phase change in p- and s-polarized lights, but this
can be ignored, as they are not affected by the refractive
index change in the testing layer. Numerical simulations
have also been carried out for both 3-layer (glass core-gold-
sensing layer) [20] and 4-layer (glass core-silicon dioxide-
gold-sensing layer) [21] configurations for their D-type
optical fiber sensor, and optimal parameters were suggested.
Interestingly, Wang [22] proposed a U-type optical fiber
sensor for refractive index sensing recently. In this sensor,
the cladding of the fiber is removed and the fiber core
is immerged into the testing medium without any metal
coating. Thus, the underlying principle is total internal
reflection but not SPR. Fresnel’s formulae are applied to
estimate the phase change difference between the p- and
s-components and optical heterodyne detection was used
for sensing. Due to the over 70 total reflections, the sensor
deliver a slightly better resolution of 1.6× 10−6 RIU.

In 2008, the highest refractive index resolution of
2.8 × 10−9 RIU was reported by Li and coworkers [23].
Comparing to the previously reported heterodyne-based SPR
sensor [17], where phase was measured by phase lock-in
technique, active adjustment was employed by Li to equalize
the amplitude of the reference and signal beams and the
differential phase between them is subsequently retrieved by
the amplitude modulation (AM) method which also help
to realize real-time measurement. The equalization of signal
and reference beam amplitudes, as well as the common
path setup in optical heterodyne technique, has helped to
eliminate noise from laser intensity fluctuation and resulted
in ultra-high resolution. In their experiment, apparent phase
change was observable by adding 0.00001% sucrose to pure
water, which corresponding to refractive index change of
1.4 × 10−8 RIU. As the signal magnitude is about 5 times
of the noise level, the resolution of has been determined
to be 2.8 × 10−9 RIU. Experiments conducted on glycerin-
water solution revealed a similar resolution of 7× 10−9 RIU,
while that on interaction between mouse-IgG/antimouse-
IgG resulted in a sensitivity of 10 fg/mL (67 aM), which seems
to be the highest ever achieved by SPR sensor.

Interestingly, before using phase detection for SPR sens-
ing, the same research group had reported some works based
on optical heterodyne technique [24, 25], but amplitude
sensitive rather than phase sensitive method was used. In
those works, they launched two pairs of p- and s-wave with



4 Advances in Optical Technologies

slight frequency shift onto the SPR cell and heterodyne tech-
niques were applied on the two p-components to produce
the signal arm and at the same time to the two s-components
to produce the reference arm. The sensor output was defined
as the conditioned amplitude ratio between the signal arm
and reference arm. By exciting two SP waves simultaneously,
the sensor had been able to improve its sensitivity by 1-2
orders compared to conventional intensity-based technique,
and refractive index resolution of 3.5 × 10−7 RIU has been
achieved based on an experiment on 0.001% sucrose-water
solution. Compared to their recent result based on phase
detection [23], it can be clearly observed that the sensitivity
based on amplitude is 2 orders lower (3.5 × 10−7 RIU vs.
2.8×10−9 RIU) but the dynamic range is 3 orders higher (105

vs. 102). This could serve as a good experiment example for
comparing phase and amplitude sensitive technique.

3. Sensors Based on Polarimetry

As the reflected light from a SPR cell is polarized and the
ellipse of polarized light is directly related to phase change
induced by SP wave, polarimetry (also called ellipsometry in
this case), which measures the intensity ratio and phase dif-
ference between the p- and s-components of light, becomes
a natural choice for SPR phase measurement.

The distinct feature of polarimetry for phase detection
is the incorporation of a polarizer which helps to make the
orthogonally polarized p- and s-components interfere at the
photo sensor surface and results in a steady pattern. The
interference pattern itself has reflected the phase difference
between the p- and s-components (so-called polarization
contrast); however, more accurate determination of phase
difference depends on generating a series of interference
patterns using various phase retarders or polarization modu-
lators which help to provide abundant data for noise filtering
and signal processing.

As early as in 1976, Abeles had figured out theoretical
description of dependency of phase difference on the wave
vector along the surface of a Kretschmann configuration
and proposed the adoption of ellipsometry for investigating
surface or interface reactions [5]. In 1990s, Herminghaus
et al. used polarimetry technique with a Soleil-Babinet
compensator to characterize thin films [26], while Kruchinin
and Vlasov used a polarimetry setup to build a DNA-probe
biosensor [27]. After 1998, a large number of research papers
on SPR polarimetry emerged and helped to greatly enhance
the sensitivity and imaging capability of SPR sensors.

Nikitin’s research group experimentally measured the
phase response of an SPR cell with varying incident angles
using polarimetry setup [28, 29]. They also proposed a
polarization phase contrast scheme to enhance the contrast
of SPR intensity profile by orders of magnitudes, which
resulted in higher sensor sensitivity and more flexibility in
sensor configurations [30].

Ellipsometers with rotating analyzer have also been
adopted for SPR sensing. Westphal and Bornmann employed
commercial ellipsometer to measure both the amplitude
ratio and phase change between the p- and s-components
of light reflected from the SPR cell for biosensing [31].

From their bioaffinity experiments between streptavidin and
antibodies, and hybridization experiments between DNA
and complementary DNA strands, it turned out that the
system yields a sufficient sensitivity for detecting biomolec-
ular layers with effective thickness less than 10 pm. It was
also found that phase response is significantly larger than
the amplitude ratio response. Poksinski and Arwin used
commercial ellipsometry-based SPR sensor for character-
izing metal surface exposed to milk [32]. Abrupt phase
changes have been observed during the processes of splashing
and cleaning of milk on metal surface. Various metals had
been investigated including gold, chromium, and iron, and
different response curves were observed. This opens a door
for potential applications of SPR sensors for automated
monitoring in food industry. Naraoka and Kajikawa built
an ellipsometer using rotating analyzer and sensitivity of
10−7 RIU had been reported [33].

In recent years, the method of differential surface
plasmon ellipsometry, where the detected signal after the
polarizer was compared to the modulation signal for phase
detection has been extensively explored by Hooper and
coworkers. In 2004, a Faraday rotator was employed to
produce a sinusoidal variation of the polarization plane of
the incident light. The output signal was then compared
to the modulation signal by a phase detector to accurately
determine the azimuth angle of the polarization ellipse of
the reflected light from the SPR cell, and the change of
azimuth angle was used to determine the refractive index
change in the sensing layer [34]. Scheme with feedback
control had also been proposed, where a feedback signal had
been used to apply an additional quasistatic compensating
voltage on the Faraday rotator in order to lock to zero
in the differential signal. The resolution was found to be
2.5 times more sensitive with the feedback scheme and
reached a refractive index resolution of 2 × 10−7 RIU based
on an experiment of mixing argon with nitrogen. In the
same year, they reported similar phase sensing technique but
with different polarization modulation equipment [35]. In
that work, a liquid crystal (LC) polarization modulator was
employed instead, as it is small, light-weight, low voltage,
much cheaper and more importantly, it facilitates array
sensing and SPR imaging. Same refractive index resolution
of 2× 10−7 RIU had been obtained with the LC polarization
modulator. In their following work [36], SPR imaging by
use of the LC polarization modulator and high speed CMOS
camera had been demonstrated. Differential signal for each
pixel was obtained by temporal data processing of the
captured image sequence and both the amplitude and phase
information were subsequently retrieved. Effectiveness of the
proposed phase imaging scheme had been demonstrated by
an experiment, where the dielectric layer was exposed to
ultraviolet radiation. The evolution of the phase information
with regard to exposure time had been given and phase
change had been clearly identified. The resolution of the
method, however, was not available as the refractive index
change due to exposure to ultraviolet radiation was not
evenly distributed and could not been accurately identified.

Recently phase sensitive SPR sensing using polarimetry
with photoelastic modulationtechnique has been extensively
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Figure 3: Schematic diagram of the SPR biosensor based on low-
level birefringence phase detection (Courtesy from [37]).

investigated. Ho and coworkers had reported various con-
figurations for phase measurement using photoelastic mod-
ulator since 2003 [37–39]. The photoelastic modulator was
incorporated into the optical setup before or after the SPR
cell to introduce a high frequency sinusoidal modulation
of the phase retardation between the p- and s-components
(A typical experiment setup is shown in Figure 3). The
detected signal, which can be expanded by Bessel series,
presents a series of harmonics due to the sinusoidal vari-
ation of retardation. By decomposing the detected signal
using lock-in amplifier with input reference signals at the
first and second harmonic frequencies of the photoelastic
modulator, the amplitudes of first and second harmonics
can be obtained and further processed to determine the
phase retardation. This scheme was first used to determine
the low-level birefringence [38], and later adopted for
SPR biosensing [37]. Phase change with regard to varying
concentration of glycerin in water had been demonstrated
and the sensitivity was found to be 1.19 × 10−6 RIU. The
technique was also applied for real-time characterization
of the binding reaction between bovine serum albumin
(BSA) and anti-BSA biomolecules, and the detection limit
was found to be 11.1 ng/mL. By rearranging the optical
geometry, a modified setup [39] had been proposed to
determine the full polarization parameters including the
azimuth angle, the intensity ratio of p- and s-component
and the phase retardation of the polarized light reflected
from the SPR cell. In particular, division of the first and
second harmonics signal in this setup was found to represent
the tangent of the double azimuth angle which provides a
sensitive indicator of the refractive index change without
compromising the dynamic range. This indicator is also
less sensitive to stray light and laser intensity fluctuation
and provides a better signal to noise ratio. As a result, a
detection limit of 6× 10−7 RIU or 15 ng/mL with a dynamic
range in the order of 1 × 10−2 RIU had been obtained. In
2008, Stewart et al. reported an analytical investigation to
optimize the photoelastic modulator based SPR polarimetry

system and subsequently used it for biochemical sensing
[40]. As a result, a refractive index resolution lower than 5×
10−7 RIU had been obtained and good repeatability had been
demonstrated. Later, they demonstrated the multiplexing
capability of their SPR polarimetry system and compared
its performance with the commercially available SensiQ
discovery system [41], and higher signal to noise ratio as well
as lower detection limit had been obtained.

Kabashin and coworkers had investigated polarimetry
based SPR sensing intensively in recent years [42–46]. In
2007, they used a photoelastic modulator for temporal
modulation of the phase retardation. Instead of using the
first and second harmonic components as in previous works
[37], they used the second and third harmonic components
[42] for SPR sensing which were found to provide a much
better sensitivity than amplitude-based technique yet yielded
a relatively wide dynamic range. As a result, detection limit of
2.89 × 10−7 RIU with a dynamic range larger than 10−2 RIU
has been obtained. Similar method was then applied for the
detection of streptavidin-BSA complex and a detection sen-
sitivity of 1.3 nM is reported [43], which was comparable to
the best sensitivities reported in literature. SPR polarimetry
using a spatial modulator had also been reported in 2008
where a wedge-shaped birefringence material was used to
introduce a spatially distributed linear phase retardation over
the imaging area [44]. The two-dimensional fringe patterns
(the carrier fringes are induced by the birefringence wedge,
while the distortion is induced by SPR phase distribution)
were then captured by a CCD camera and processed by
Fourier transform to extract the two-dimensional phase
distribution. Phase change due to refractive index change
of the SPR cell will then distort and move the original
fringes, and the change amount can be obtained by simply
subtracting the phase map obtained before and after the
refractive index change. Even with relatively high noise
level of 0.03 degree which was mainly due to laser power
and temperature fluctuations and data insufficiency for
averaging, a detection limit higher than 10−6 RIU had been
achieved in calibration experiment. Experiment conducted
on antibody binding to surface immobilized lysozyme had
shown at least one order higher sensitivity of this phase
scheme than amplitude scheme under the same setup.
Besides the higher resolution compared to most amplitude-
based techniques, this setup offers the additional advantage
of very good spatial resolution which enables SPR imaging.
SPR polarimetry using a mechanical modulation method
was also proposed in 2008 [45]. In that work, a Wollaston
prism was used to separate the s- and p-components and
an optical chopper was then incorporated to introduce a
high-frequency polarization modulation. Phase information
at different harmonics of the modulation frequency was
then extracted to determine the phase change caused by the
bioreaction on the SPR cell. Phase measurement resolution
as low as 0.007 degree and a refractive index detection limit of
3.2×10−7 RIU has been demonstrated using this mechanical
modulation method. In their recent work [46], a practical
calibration method to determine the optimal incident angle
for maximum phase response has been proposed. For a
given SPR supporting film thickness, the angular SPR dip
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position in intensity curve may not coincide with the optimal
incident angle for maximum phase response (except for the
case of optimal film thickness), thus angular spectrum of
intensity is not practical for determining the optimal incident
angle. Simulation work revealed that angular spectrum of
phase for different film thickness intersects at the optimal
incident angle, which motivates a method for effective
calibration. A step sample with multiple film thickness
had been demonstrated to successfully extract the optimal
incident angle for maximum phase response.

Chiang and coworkers investigated the SPR sensitivity
under various incident wavelengths using SPR polarimetry
configuration in recent years. They found that there exists an
optimized wavelength with certain film thickness which will
deliver the best sensitivity. Conducting experiment at opti-
mized wavelength has led to resolutions of 3.7×10−8 RIU for
refractive index sensing [47] and 1.9×10−6 degrees for angle
measurement [48] which overmatched most previous works.

Instead of the previously reported direct phase modu-
lation method [37] for SPR phase determination, Sun used
an angular modulation method for phase interrogation [49].
A PZT mirror has been employed in a traditional SPR
polarimetry setup to introduce an incident angular modu-
lation of 830 Hz with the amplitude in the order of 10−5 rad.
The signal received in the detector was then modulated by the
same frequency. A hybrid parameter relating to both phase
and amplitude change is extracted with the help of a lock-in
amplifier and subsequently used for SPR sensing. Sensitivity
of 5.1 × 10−7 RIU and wide linear measurement range have
been reported, and the method is found to be insensitive with
varying film thickness for a few nanometers.

In 2009, an interesting research was carried out for
spectral phase measurement by a polarimetry setup [50].
In a basic SPR polarimetry setup with the SPR cell and
two polaroids as polarizer and analyzer, the laser source
was changed to a broadband light source (1525–1565 nm)
and the photodetector was changed to a spectrometer. The
spectral interference observed in the spectrometer will be
altered when the SPR phase is changed. To facilitate phase
measurement, a high-frequency carrier fringe pattern was
introduced by incorporating a highly birefringence crystal
into the setup which shows different phase retardation for
optical waves with different frequencies. Spectral phase was
then determined by phase retrieval algorithm. Experiments
showed that refractive index change of 8 × 10−6 RIU can be
easily identified, and a detection limit better than 10−6 RIU
was expected.

SPR imaging based on polarimetry scheme is a promising
approach for high throughput sensing. Over 10 years, polar-
ization contrast schemes have been proposed [30, 51] which
are found to provide better performance than SPR imaging
based on amplitude only [52]. In the polarization contrast
scheme, polarizers and waveplates were incorporated into
the conventional amplitude-based SPR imaging geometry
to create a low-intensity background for uncoated area
with bare glass. The sensing areas coated with thin film
introduced additional phase changes between the p- and s-
components, and thus give rise to bright sensing spot which
will change its intensity upon changing of SPR coupling
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Figure 4: Phase shift polarimetry setup for SPR imaging. (1) He-Ne
laser; (2) 13, 15, linear polarizers; (3) beam expander with spatial
filter; (4) prism; (5) Cr; (6) Au; (7) sample layer; (8) flow cell; (9)
TE cooler; (10) liquid-crystal device; (11) image lens; (12) beam
splitter; (14) CCD camera; (16) photodiode (Courtesy from [8]).

condition. In their recent works, Homola and coworkers have
combined the polarization contrast scheme and specially
designed multilayer sensing spots to achieve better sensitivity
in parallel sensing [53]. Resolution as low as 2×10−6 RIU has
been achieved in the parallel sensor [54].

Polarization contrast scheme utilizes the SPR phase for
more sensitive SPR sensing. However, in the scheme the
phase shift amount introduced by the waveplates is fixed. By
incorporating variable phase shifting devices for better phase
control, the SPR phase can be more accurately determined.
In 2005, Su et al. incorporated phase shift interferometry
into SPR polarimetry and realized SPR imaging with higher
sensitivity [8]. In their proposed setup as shown in Figure 4,
a liquid crystal phase retarder is incorporated to introduce
a few accurate phase shifts and a two-dimensional CCD
camera instead of a point photodetector is used for recording
the interference intensities of the p- and s-components. The
SPR-induced phase difference is subsequently determined
by a simple 5-step phase shifting algorithm. Owing to
the common path feature of polarimetry scheme, phase
stability of 2.5 × 10−4 π was demonstrated and a resolution
of 2 × 10−7 RIU was reported. Lateral resolution of better
than 100 μm has been demonstrated in their experiment
based on DNA microarray. In 2008, Yu et al. used a
similar setup and the Stoilov algorithm for phase retrieval.
Resolution of 10−6 RIU is expected to be achieved based on
their SPR imaging experiments on NaCl concentration and
biomolecular interaction [55].

So far, most of the research works reported on SPR
polarimetry are based on the Kretschmann-Raether optical
platform. Interestingly, a polarization contrast scheme has
been recently reported which is based on a gold grating
on a commercially available low-cost compact disk [56].
Performance for this system have been demonstrated using
helium, air, and carbon dioxide gases, and the SPR responses
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by replacing air with helium or carbon dioxide are clearly
identified.

4. Sensors Based on Interferometry

As phase information of light cannot be directly recorded
by photodetectors, interferometry which compares an un-
known light beam with a known reference beam is necessary
for phase measurement. The aforementioned optical hetero-
dyne and polarimetry/ellipsometry in Sections 2 and 3 are
actually kinds of interferometry, where the interference
takes place in frequency domain (optical heterodyne) or
between polarized components of a single light beam
(polarimetry/ellipsometry). Interferometry in the general
sense, which is the interference between two spatially
separated light beams (e.g., Newton ring experiment and
experiments based on various interferometers), has also
been widely applied for SPR phase measurement.

Kabashin and Nikitin pioneered in the exploration of
interferometry for SPR phase measurement. They proposed
the Mach-Zehnder interferometer and common-path inter-
ferometer for phase sensitive SPR sensor development. In
their setup based on Mach-Zehnder interferometer [58, 59],
a laser beam was divided into a signal arm and a reference
arm by a beam splitter. The signal arm was then directed
into the SPR cell and underwent phase change for the p-
component, while the reference arm was reflected by a
mirror without phase change. The two beams were then
recombined by another beam splitter and the desired phase
was determined from the interference patterns. Experiment
revealed that the exchanging of Ar and N2 gases in the SPR
chamber results in a phase change of 0.6–0.7 π, which leads
to the ultrasensitive detection limit of 4 × 10−8 RIU if phase
resolution of 0.01 degree is assumed. In that experiment,
however, practical resolution is only 10−6 RIU due to the
imperfect environment control. Later they proposed a semi-
common-path interferometer [60, 61] where a convergent
beam was launched onto the SPR cell and the p- and s-
components of the laser beam were separated by a small angle
by a birefringence crystal, interference was then generated
between the p- and s-components with the help of a
polarizer. In fact, this setup was very similar to polarimetry
except for the use of the birefringence crystal which makes
the p- and s-beams propagate in slightly different directions,
thus spatial interference fringes are presented due to the
different optical paths travelled by the p- and s-components.
On one hand, these fringes facilitate phase determination
by image processing algorithms. On the other hand, the
sudden deflection of fringes has helped to experimentally
verify the angular dependence and film thickness dependence
of SPR phase. Application of this scheme for reaction
monitoring between antibodies (rabbit anti-2, 4-d serum)
and antigen (2, 4-d pesticide) had also been demonstrated.
In the following works, they explored the Heaviside phase
jump phenomenon in SPR, where the angular dependence
of phase may be subject to a sudden jump under certain
conditions, in terms of phase topology [62]. SPR imaging
schemes using phase contrast mode or fringe mode were
also proposed and compared [30]. Microarrays with spatial

resolution of 50× 50μm had been demonstrated. It was also
demonstrated that phase was more sensitive than amplitude
for SPR Imaging.

In 2000, Notcovich et al. used the p-components only
and the Mach-Zehnder interferometer for SPR phase imag-
ing [64]. Fourier transform was proposed for fringe analysis
and phase determination. They used the setup to monitor
helium and argon gas flows in the nitrogen atmosphere, and
refractive index resolution at the order of 10−6 RIU had been
obtained.

Since 2002, the application of interferometry for SPR
phase determination has been extensively explored by Ho
and coworkers [57, 63, 65–71]. In their early work [65, 66], a
differential phase measurement scheme was proposed, where
two flow cells, one is signal arm with biomolecular inter-
action and the other is reference without any interaction,
were employed and the phase difference between the two
channels was used as the signal output. This differential
scheme has greatly reduced the environmental fluctuations
and improved the signal to noise ratio. The other novel
point in their work was the phase measurement metrology.
Different from previous interferometry technique [61] using
polarizers and birefringence crystal, the proposed scheme
used a half waveplate to rotate the p-polarized beam by
90 degrees and make it interference with the s-polarized
beam. Phase retrieval was then achieved by using a PZT
for phase stepping and monitoring the fringe shift in the
interference fringes. Owing to its common-path feature and
the differential scheme, the setup was found to be more
stable for noise immunity when comparing to the Mach-
Zehnder setup by Kabashin and Nikitin [59]. In 2004, they
proposed another highly sensitive differential scheme for
SPR phase measurement. In that scheme [57], as shown
in Figure 5, a Wollaston prism was employed and the p-
and s-components of the laser beam were separated by a
small angle. The two p-beams as well as the two s-beams
from the reference and signal arms of the Mach-Zehnder
interferometer were then brought to interfere at two photo
detectors respectively. As the environmental disturbances
are identical to the p- and s-components in each arm, the
differential phase signal between two photo detectors had
managed to provide an ultra-sensitive parameter for SPR
sensing. Experiment results showed a resolution of 5.5 ×
10−8 RIU based on the assumption of 0.01 degree phase
resolution. Biomolecular binding reaction between BSA with
its antibody had been demonstrated. In 2007, improvement
in terms of sensitivity had been made by incorporating the
Michelson interferometer-based double-pass configuration
[63] and Fabry-Perot interferometer-based multiple-pass
configuration [67]. To compare the sensitivity of the double-
and single-pass configurations, the Michelson interferometer
which enables double-pass SPR sensing was connected to
the previously reported Mach-Zehnder interferometer which
enables single-pass SPR sensing (refer to Figure 6). An
additional beamsplitter was used to allow 50% of the light
passing through to the Mach-Zehnder interferometer, while
the other 50% was reflected back and passed through the
SPR cell for a second time, which induced an additional
phase change between the p- and s-components and enable
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higher phase response. Calibration experiments of saltwater
with different concentrations and biomolecular interaction
experiment between BSA and BSA antibody were carried out
and it was found that the double-pass signal were almost
two times as sensitive as the single-pass signal. Resolu-
tion of 7.7 × 10−7 RIU was reported for the double-pass
configuration. In the multiple-pass configuration, a Fabry-
Perot interferometer was combined with a beamsplitter,
and SPR phase change was accumulated when the laser

light was reflected within the Fabry-Perot cavity, while the
light intensity was substantially reduced by each pass. The
integrated effect was that the multiple-pass interferometer
was more sensitive than the double-pass interferometer. The
improvement, however, was only 12% due to the much lower
light intensity after multiple attenuated reflections. Recently,
SPR imaging for real-time biomolecular interaction sensing
was reported based on a polydimethylsiloxane microwell
array [68, 69] by use of the previous proposed differential



Advances in Optical Technologies 9

optical setup [57]. A two-dimensional CMOS camera instead
of point photo-detector was employed for interference
intensity recording. Phase measurement was fulfilled by
pixelwise temporal analysis of the intensity variation curves
which was generated by the PZT movement. The proposed
phase imaging approach offers a distinct advantage over
conventional angular configuration as signals are extracted
from temporal sequence and each pixel in the CMOS
camera can be a SPR sensor, while angular configuration
can at most provide 1D sensing as a one-dimensional array
is required to resolve the SPR dip for each sensing ele-
ment. In addition, the proposed differential phase approach
improves detection resolution through removing common-
mode disturbances. Experimental results had demonstrated a
system resolution of 8.8× 10−7 RIU. Real-time simultaneous
monitoring of BSA and anti-BSA binding interactions at
various concentration levels had been demonstrated using a
single biosensor array. The detection limit of 0.77 μg/mL had
been reported. Recently, the high sensitivity feature of phase
interrogation and wide dynamic range feature of wavelength
interrogation had been successfully combined in a single
optical setup [70, 71]. In the setup, the previously reported
double-pass differential scheme [63] using a Michelson
interferometer was incorporated for SPR phase measurement
with sensitivity enhancement. A second SPR cell without
biomolecular interaction was used as a reference cell to
provide a reference laser beam for interference. Instead of
using laser light, a white light source was used to illuminate
the SPR cells and a dual-channel spectrometer was used
to resolve the white light interferometry signals for the
p- and s-components respectively. From the spectrum of
the p-channel signal, the SPR wavelength dip is clearly
observed and high frequency oscillations due to white light
interferometry were also clearly identified. On the other
hand, the spectrum for s-channel represents no apparent
SPR dip but only the high frequency oscillation. Spectral
phase was determined by transformation technique and the
differential phase between p- and s-components for a specific
wavelength was used as the sensor output. When refractive
index of the dielectric layer changes due to the biomolecular
interaction, the optimal wavelength for maximum sensitivity
will shift accordingly, and conventional phase sensitive
sensor employing a single wavelength will be subject to lower
sensitivity. In this white-light interferometry setup, however,
a broadband wavelength was available, thus the wavelength
with maximum sensitivity for a particular refractive index
could be selected for optimal phase sensing, rendering
the method to maintain both high sensitivity and wide
dynamic range at the same time. Calibration experiments of
saltwater with different concentrations were conducted and
a resolution of 2.2 × 10−7 RIU was reported. Biomolecular
binding experiment between BSA and BSA antibody were
also carried out and the detection limit was estimated as
0.5 ng/mL.

Another SPR imaging system based on phase shift
interferometry was reported in 2005 [72]. The optical setup
was similar to that from Ho et al. [65] and a half waveplate
was used to rotate the s-component by 90 degrees to
make it interfere with the p-component. Phase retrieval was

enabled by a PZT with 5-step phase shifting algorithm. Real-
time experiment for DNA microarray analysis had been
conducted and resulted in valuable quantitative information.
The phase shifting SPR imaging system offers high resolution
and high-throughout biosensing without additional labeling.
As a result, a detection limit of 2.5 × 10−7 RIU, a long-term
phase stability of π/100 in 30 minutes, and a spatial resolu-
tion of 100 × 100μm2 was achieved. Label-free observation
of 15-mer DNA microarray was also demonstrated.

Interestingly, SPR phase had been incorporated into
integrated optical sensor composed of fiber optics waveguide
for higher sensitivity refractive index sensing [73, 74]. Both
works were based on the Mach-Zehnder interferometer for
phase determination. The latter work [74] included a Bragg
or long-period grating in the sensing arm for sensitivity
enhancement. Both works are based on theoretical simula-
tion for design optimization, and experimental realization of
such sensors was ongoing.

5. Conclusions

The past decades have envisioned the rapid development of
SPR sensors both in optical readout unit and biorecognition
coating. Because of the ease of assay preparation without
the need of any labeling, SPR sensors have become a
standard tool in various biological, medical, and chemical
applications. In this paper, various phase detection schemes
have been summarized and their potential improvements in
terms of sensitivity and throughput have been discussed. We
envision that SPR sensors based on temporal phase modu-
lation will serve as high throughput label-free biosensor for
next generation.
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