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A novel phase-sensitive surface plasmon resonance (pSPR) biosensor based on differential phase measurement be-
tween two cylindrical vector beams, namely radially polarized and azmuthally polarized beams, is proposed and
studied in an inverted microscope. Different from a fixed angle or a relatively small angular range for SPR excitation
in the attenuated total reflection (ATR) configuration, the signal beam focused by a total internal reflection fluor-
escence microscopic objective contains the entire angular range from 0 to the maximum angle given by the numer-
ical aperture, leading to a dynamic range of 0.41 RIU which is over seven times wider than the best result of the ATR
pSPR sensor. Moreover, with the technique of differential phase measurement between radial and azimuthal po-
larizations employed in our configuration, high sensitivity of �9.05 × 10−8 refractive index unit∕1 deg can simulta-
neously be achieved in principle. The proposed technique maintains the unique advantages in terms of securing
high imaging resolution and sensitivity with an ultra-wide dynamic range simultaneously. © 2012 Optical Society
of America
OCIS codes: 170.3890, 120.5060, 240.6680, 120.3180, 180.4243.

Surface plasmons (SPs) have gathered considerable
amount of interest for sensing applications because they
are very sensitive to variations of surrounding media. In
optical sensing, surface plasmon resonance (SPR) bio-
sensors have increasingly been exploited in the last
two decades as an important tool for the study of biomo-
lecular interactions with high sensitivity and label-free
merit. SPR biosensors are being widely applied in basic
biological, materials, health care, and other applica-
tions [1].
Conventional SPR sensing techniques are primarily

based on intensity, angular, and spectral interrogation,
respectively. The common drawback of these techniques
is that they all suffer from limited detection resolution,
which is around the order of merely 10−6 of the refractive
index unit (RIU) [2]. Recently, measurement of SPR
phase shift has been demonstrated for significant im-
provement in sensitivity. For example, a differential
phase measurement employed in a Mach–Zehnder inter-
ferometer has been demonstrated with an achievement
of 5.5 × 10−8 RIU [3]. It is noted, however, that the steep
phase change occurs only in a small region within the
plasmon resonance dip, where a limited dynamic range
of 10−3–10−4 RIU is found too narrow for practical appli-
cations. To optimize the dynamic range, several techni-
ques have been demonstrated, including mixed
interference signal detection technology [4] and the sur-
face plasmon enhanced ellipsometry technique [5]. In
these cases, however, the improvement in dynamic range
was realized by trading in the sensitivity. Until recently, it
was demonstrated that a detection resolution of 2.2 ×
10−7 RIU and a dynamic range of 0.06 RIU have simulta-
neously been achieved by combining phase detection
and angular interrogation [6]. These techniques are all
based on differential phase measurement between
p- and s-polarizations in an attenuated total reflection
(ATR) configuration, which can be confined to only a

fixed angle or a relatively small angular range. In this Let-
ter, we propose a new scheme of phase-sensitive SPR
(pSPR) for obtaining an ultra-wide dynamic range with-
out sacrificing sensitivity. The proposed pSPR scheme is
based on measuring the differential phase between radial
and azimuthal polarizations in an inverted microscope.
Since the signal beam focused by a total internal reflec-
tion fluorescence (TIRF) lens contains the entire angular
range from 0 to the maximum angle of the lens, the dy-
namic range can further be improved compared with the
ATR configuration. Moreover, with the technique of dif-
ferential phase measurement between radial and azi-
muthal polarizations employed in our system, a very
high sensitivity is obtained simultaneously.

It is known that linear polarized light contains both
p- and s-polarizations naturally, leading to the wide appli-
cation in differential phase measurement technology. In
our scheme, as shown in Fig. 1, the differential phase
measurement is implemented between two cylindrical

Fig. 1. (Color online) Experimental setup for measuring the
differential phase between RP and AP beams in an inverted mi-
croscope configuration.
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vector beams (CVBs), namely radially polarized (RP) and
azimuthally polarized (AP) beams, with a number of good
properties such as smallest focused spot ever experimen-
tally demonstrated. A relatively simple technique com-
prising a microfabricated spiral phase plate and an
azimuthal-type linear analyzer is applied to generate an
AP beam. Details about the beam generation can be
found in our previous work [7,8]. Following that is a po-
larization rotator consisting of two half-wave plates en-
abling switching between p-polarized and s-polarized
light with respect to the interface. The angle between
their axes isΔθ, and the conversion process can mathe-
matically be expressed by applying the rotation matrix
RΔθ to the two half-wave platesM0. The combined action
of both half-wave plates is
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The matrix R2Δθ performs a simple “barrel” rotation of
2Δθ at each point around the optical axis while preser-
ving the polarization class of any input beams. After in-
cidence of the AP beam to this polarization rotator, the
emergent light Eout is
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containing half an RP and half an AP component, respec-
tively. By adjusting the angle between the axes of two
half-wave plates, a beam mixed with different RP and
AP proportions is generated, as verified experimentally
in Fig. 2. By increasing the angle from 45 to 90 deg for
a pure RP and a pure AP beam, respectively, the intensity
of the dark ring corresponding to the resonance angle [8]
is decreased gradually until it completely disappeared.
This is due to the fact that under a high NA focusing con-
dition, the RP beam is completely TM polarized in all di-
rections with respect to the surface being able to excite
SP, while the AP beam is completely TE polarized with-
out functionality for SP excitation. For a deeper theore-
tical understanding of producing SPs by a focused laser
beam, interested readers are directed to [9–11].
Figure 1 demonstrates a schematic diagram of the ex-

perimental setup. In this scheme, a linear polarized

780 nm laser source is used to generate the required half
RP and half AP beam. Following that is a Michelson in-
terferometer in which two interferometers (radial and
azimuthal polarizations) are used in parallel. In the signal
arm focused by the TIRF lens (Olympus 100 × NA 1.49),
the RP beam (TM polarized) is modified by a surface plas-
mon wave after exciting SP; while the AP beam (TE po-
larized) is merely reflected by the metal–dielectric
interface without disturbance. In the reference arm, both
RP and AP beams are directly reflected by the reference
mirror mounted on the end of a piezoelectric transducer
(PZT) with a periodic linear phase shift. The phase
changes of both radial and azimuthal polarizations at
the SPR angle are measured simultaneously. The sensor
surface is a 55 nm gold film, which is well optimized to
provide a sharp jump of the phase of light reflected under
SPR. In the output path, a polarization analyzer is used to
separate the exit beam into RP and AP light. Two syn-
chronized CCDs (1280 × 960 pixels) are used to capture
the signal. Digitalized intensity data were then processed
in a personal computer to deliver the differential phase
information with a fringe analysis and phase extraction
program.

Figure 3 shows the phase obtained at different pixels
(corresponding to different incident angles) for different
refractive indices (RIs). Here, the phase information
comprises the averaged results of the phases of all of
the pixels along the entire circular region associated with
the SPR dip. It is seen that for each pixel, phase under-
goes a sharp change for a narrow RI range, which is de-
termined by optical properties of SPR. Moreover, with
the shifting of pixel number, the corresponding most-
sensitive RI range shifts progressively. This is due to
the fact that for a given gold film thickness, the reso-
nance angle where the most sensitive RI region locates
increases with RIs of the samples. Thus by accumulating
the maximum phase change from all pixels during a large
RI change, the integrated sensor is able to carry out high
sensitivity for a wide dynamic range. Furthermore, it is
noted that the dynamic range is mainly determined by
the angular range of the signal beam for a given gold film
thickness. In our case, the signal beam focused by the

Fig. 2. Image captured on the CCD for different included an-
gles between the two half-wave plates: (a) π

4, (b)
3π
8 , (c)

7π
16, and

(d) π
2. The inner dark ring corresponds to the SPR excitation

angle.
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TIRF lens of 1.49 NA contains an extremely large angular
range from 0 to 79.4 deg, which is normally impossible
for an ATR configuration, resulting in an ultra-wide dy-
namic range from 1 to 1.4095 RIU [12].
To verify the ultra-wide dynamic range, we simulated

the SPR differential phase response to a large range of
RIs, and the result is shown in Fig. 4(a). It is clearly seen
that this pSPR sensing system delivers a very high sensi-
tive phase response up to 16935.84 deg at the ultra-large
dynamic range of 0.02 RIU, indicating an averaged sen-
sitivity threshold of 1.12 × 10−8 RIU (assuming 0.01°
phase resolution).
The sensitivity limit of the proposed system is affected

by several factors, such as thickness of the gold film and
the RI detected. For a given thickness, the system deli-
vers different phase response properties to different
RIs, which can be seen from the nonlinear system re-
sponse curve in Fig. 4(a). To obtain the sensitivity limit
around 1.333 RI, which is the typical condition for most
biological samples located in an aqueous medium, the
gold film thickness is well optimized to 55.3 nm. The cal-
culated sensitivity limit curve is shown in Fig. 4(b). We
can see that the RI change from 1.333 to 1.333001 RIU
within a phase change of 11.04 deg will result in sensitiv-
ity as high as �9.05 × 10−8 RIU∕1 deg. It is comparable
to the best result reported.
In addition to SPR sensing, the proposed scanning mi-

croscopic system is able to implement SPR imaging with
the help of an X–Y motorized stage as demonstrated in
our previous work [8,13], where lateral imaging resolu-
tion is maintained by the focused virtual probe of the
RP beam. The acquired data is visualized in the form
of a local RI map revealing surface morphology at the
cell–metal interface. However, the sensitivity is limited
to the order of 10−4 RIU in the past. With the proposed
technique, both high spatial resolution and ultra-high sen-
sitivity can be integrated in a microscope for imaging as

well as sensing. This offers great opportunities for highly
sensitive visualization of local RI differences between
highly resolved adjacent areas in biological samples.
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Fig. 4. (Color online) System response versus refractive index
(a) from 1.320 to 1.340 RIU for a 55 nm thick gold film; (b) from
1.333 to 1.333001 RIU for a 55.3 nm thick gold film.Fig. 3. (Color online) Phase changes versus refractive index at

a series of pixels for 55 nm thick gold film.
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