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a  b  s  t  r  a  c  t

Surface  plasmon  resonance  is  used  for the sensitive  measurement  of minute  concentrations  of  bio-
analytes  and  probing  of electrochemical  processes.  Typical  refractive  index  sensitivity,  for  the  intensity
approach,  is around  10−6 refractive  index  units  (RIUs).  A  better  sensitivity  has  been  suggested  by  devel-
oping  a differential-intensity  detection  method.  This  method  relies  on  the  excitation  of  surface  plasmons
using  a weakly  focused  beam  with  the  average  angle  of  incidence  equal  to the resonance  angle,  while
the  reflected  light  is detected  using  a bi-cell  photodiode.  The  Bi-cell  signal  is  processed  by  calculating  the
difference  between  its two  units,  normalized  to their  sum.  This  ratio  estimates  the shift  in the resonance
angle  using  a model  that  represents  the resonance  curve  with  a quadratic  function.  However,  this model
iosensing
hemical sensing

does  not  explain  the effects  of parameters  such  as the  angular  width  of  the  excitation  beam  and  the  spec-
ifications  of the  sensing  structure  on  the  system’s  response.  This  paper  presents  a detailed  evaluation  of
the responsivity  using  experimental  and  theoretical  approaches,  which  can  predict  the effect  of  the  dif-
ferent  parameters,  paving  the way  towards  the  investigation  of  a better  sensitivity  and  the optimization
of  the  system’s  design  for different  applications.

© 2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
. Introduction

Surface plasmon resonance (SPR) sensors are powerful analyt-
cal tools that are capable of detecting small concentrations of
nalytes, providing a wide range of medical and scientific appli-
ations [1]. This sensing technique relies on the excitation of
ongitudinal surface plasmon oscillations at the metal-dielectric
nterface by directing p-polarized light of a matching spatial fre-
uency on the surface of the metal. The excitation beam is coupled
o the interface through a prism that is commonly configured in
retchmann-Raether total internal reflection setup [2]. Further-
ore, the setup is fine-tuned by varying either the wavelength

f p-polarized light or its incident angle to achieve the resonance
ondition. This is characterized by (i) a drop in the intensity of the

eflected light and (ii) a sharp phase transition; both are located
t the resonance position. These two features produce character-
stic resonance curves with a resonance position that is sensitive
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to the properties of the interface. They provide a sensitive method
for probing the interfacial processes within ∼100 nm of the surface.
The measured signal is obtained by (i) tracking the resonance angle
[3], (ii) the resonance wavelength [4] or (iii) monitoring the ampli-
tude [5] or the phase [6–8] of the reflected light at the incident angle
of the highest gradient. These detection methods feature differ-
ent sensivities to refractive index change: sensitivity is defined, in
this study, as the minimum detectable refractive index change. For
instance, phase systems typically demonstrate a higher sensitivity
(down to 10−8 Refractive Index Units—RIUs), but usually require
complex optical system design and do not usually offer a wide
dynamic range [8]. On the other hand, amplitude-based detection
systems are relatively simple, but their typical sensitivity is ∼10−5

to 10−6 RIUs. Therefore, there is a need to improve their sensitivity
for measuring low molecular weight biomolecules in low concen-
tration biological samples. As a result, the differential-intensity
detection (Bi-cell SPR) has been introduced which features high
sensitivity (10−7 to 10−8 RIUs) while using a simple optical config-

uration [9]. Since then, it has been a popular method in different
chemical and biological sensing applications [10–15]. Moreover,
similar differential approaches are used to improve the signal-to-
noise ratio in a range of SPR systems based on nanohole array

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. (a) Surface plasmon resonance sensor: a simplified diagram for a prism-
based Kretchmann-Raether configuration which is built to excite surface plasmons
at  the gold-sample interface using a linearly polarized 633 nm laser beam (b)
A  Muti-layer model for the sensing structure which is used for simulating the
differential—intensity response to change in refractive index and other parameters.

Fig. 2. A window of the SPR curve shows the concept of the Bi-cell detection: the
center of the Bi-cell detector (dash-dot line) is aligned to the resonance angle (zero
in  the graph); solid lines indicate the dimensions of the two units of the detector
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theoretical approaches, providing a unified analytical expression
 and B. The x-axis, normally, represents the angle of the incidence. It has been
hanged, here, to the angular width by subtracting the angle of incidence from the
esonance angle.

echnology [16–18]. In addition, the response time of the bi-cell
etector is rapid compared to array detectors. This approach is
articularly well-suited since our research is directed at resolving
eak signals related to dynamic time-resolved processes. In this

tudy, however, we use a pixelated camera to study the method in
etail but this will be replaced with a bi-cell detector to perform
ynamic measurements.

In this method (which will be called Differential-Intensity Sur-
ace Plasmon Resonance (DI-SPR) in this paper), the surface of the

etal is illuminated through the prism with a focused beam cen-
ered on the resonance angle. The reflected light, which constructs

 window of the resonance curve, is detected by a bi-cell photodi-
de or a pixelated camera as shown in Fig. 1(a). First, by setting the
esonance position as the center of the bi-cell detector, the optical
ower in each half of the curve is detected by one of the units of the
etector, as illustrated in Fig. 2. Then, the difference between the

wo signals is normalized to the total reflected power, proportional
o the sum of the two units of the bi-cell detector. This ratio is cor-
elated to the change in the plasmon resonance angle resulting in a
uators B 235 (2016) 627–635

three-fold increase in the responsivity compared to the tracking of
the resonance position [9]. Also, it has been shown that this method
is more sensitive compared to tracking the resonance wavelength
[4] or monitoring the intensity of the reflected light at the angle of
the highest gradient of the SPR curve [19].

In order to demonstrate how the change in the differential
response �[(A − B)/(A + B)] is related to the shift in the resonance
angle (��0), the resonance curve is modelled by the following poly-
nomial function

R
(

�
)

= a0 + a1
(

� − �0
)

+ a2
(

� − �0
)2 + a3

(
� − �0

)3 + . . . (1)

where � is the angle of incidence and �0 is the resonance angle.
Assuming that the SPR curve is symmetric about the resonance
angle (�0), a quadratic function has previously been used to model

the SPR curve [9] using only the second order term [a2
(

� − �0
)2

]
from Eq. (1). The values of A and B are found by integrating the SPR
curve using the resonance position (�0) and the angular width ±�ω ,
corresponding to the width of the unit of the bi-cell detector (Fig. 2),
as intergration limits. The integration is repeated, with the same
integration limits, after shifting the resonance position by ��0[i.e.

the second order term becomes a2
(

� − �0 − ��0
)2

]. The outputs A
and B before and after the resonance shift are used to calculate the
change in the differential response �[(A − B)/(A + B)] relative to the
shift in the resonance angle (��0)—(Eq. (2)). This relation provides
a quick estimate of the responsivity of the differential-intensity
system. In this study, responsivity (�) is defined as the obtained
differential response per unit shift in resonance angle, assigned a
unit of deg−1.

� =
�

(
A−B
A+B

)
��0

= 3
�ω

(2)

To arrive at this model, two  assumptions were made: (1) the SPR
curve R(�)  is symmetric about the resonance angle �0; and (2) the
sample-induced changes in R will only affect the resonance angle
�o; without altering the shape of the curve. In reality neither of
the assumptions is valid. The model thus estimates the responsiv-
ity, taking into consideration the angular width of the excitation
beam, however, it does not reflect the effect of the shape of the res-
onance curve on the responsivity. For this reason, it does not depend
on changes in specifications of the sensing structure. As a result,
it cannot provide an accurate calibration to calculate the mea-
sured change in refractive index in the case of variations in these
specifications or evaluate sensitivity enhancement approaches (e.g.
replacing gold thin film with a silver thin film). The consequences
of the asymmetry of the curve have been studied by Schneider et.
al [19]. Also, the model has been modified to accommodate the
effect of the measured sample (i.e. the absorbing sample) on the
SPR curve and the responsivity [20]. Here, we investigated how the
system responds to variations in (i) the properties of the excitation
beam such as its angular width and its spatial profile, (ii) the spec-
ification of the sensing structure such as the adhesion layer (for
example Chromium) and the thickness of the metal film (i.e. Gold)
and (iii) the measured sample. As this technique is highly depen-
dent on obtaining high responsivity, the investigation of the effect
of these factors is critical. Therefore, this paper aims to provide a
detailed evaluation of the responsivity of the differential-intensity
surface plasmon resonance sensors using both experimental and
for the responsivity. This analysis will also explain the trade-off
between the responsivity and the dynamic range and allows users
to reconfigure the setup for different experimental settings.
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Fig. 3. Theoretical vs Experimental responsivity of DI-SPR. The (blue solid line)
presents the theoretical responsivity using 3/�ω model, the (red dotted line) depicts
the theoretical responsivity obtained from the Fresnel model for glass slides coated
with bare gold, the (black dotted line) experimental responsivity for the bare gold.
(For interpretation of the references to color in this figure legend, the reader is
S.A. Abayzeed et al. / Sensors a

. System configuration

A differential-intensity surface plasmon resonance sensing plat-
orm has been constructed (Fig. 1(a)), adopting a prism-based
retschmann-Raether configuration. A 633 nm linearly polarized

aser is coupled though a prism (BK7, n = 1.515) to the sensor-
ample interface. A cylindrical lens is inserted into the beam path
o that the light beam is focused to a line onto the sensor chip.
efractive index matching oil (Refractive Index 1.5150) has been
sed between the prism and the sensor chip to remove undesired
eflections from the interfaces. The resonance angle is set to ∼72◦

o excite surface plasmons at the refractive index of distilled water.
ince, the incident angle is greater than the critical angle, total inter-
al reflection occurs at the sensor–sample interface. The reflected

ight is collimated using a second cylindrical lens and detected using
 CMOS camera (�Eye, IDS GmbH). The angle of convergence of the
ight beam, inside the prism, is ∼ ±3◦.

. Responsivity modelling

The responsivity of the DI-SPR has been modelled through the
ollowing steps:

(i) The resonance curve is generated using Fresnel equations [21,2]
for the multilayer presented in Fig. 1(b). Also, the quadratic
approximation of a narrow range (±1◦) of the resonance curve
has been used to study the effect of the asymmetry as in Section
5.4. The advantage of the Fresnel model is its realistic represen-
tation of the resonance curve with no assumptions, in contrast
to the quadratic approximation.

ii) For each generated curve, the outputs of the bi-cell detector
(i.e. A and B) are calculated by the numerical integration of the
resonance curve using the angular width as an integration limit.
These outputs are used to calculate the differential response
(A − B) / (A + B) .

ii) The resonance angle (i.e. the location of the minimum of the
curve �0) is calculated, by fitting a narrow range of the reso-
nance curve (±1◦) to quadratic function, interpolating to the
increase accuracy of finding the location of the minimum.

iv) The responsivity � is the ratio of the change in the differential
response to the change in the resonance angle (��0) (Eq. (2)).

v) The previous steps are repeated with different input parameters
(such as the angular width of the excitation beam, the beam
profile, thickness of the chromium layer, the thickness of the
gold film and the refractive index of the sample).

The effect of the illumination profile is included in the Fresnel
odel by simulating the beam profile for a specific experimental

etup. The beam profile, in one dimension, is given by the Gaussian
unction (Eq. (3))

 = exp

(
−x2

2(�M)2

)
(3)

here x is the distance from the center of the bell-shaped curve
n mm,  � is the standard deviation which is calculated from the
pecifications of the laser and M is the magnification of the beam.
he simulations considered a beam diameter of 5.1 mm (i.e. the
alue of �M),  matching the specification of the experimental setup.

. Experiments
The system, described in Fig. 1, has been used to perform the
ollowing experiments using sensor chips which were prepared
y sputtering approximately 50 nm of gold on a glass slide with-
ut the use of the chromium adhesion-promoting layer. For these
referred to the web version of this article.)

experiments, refractive index solutions have been prepared using
different concentrations of sodium chloride (sigma Bioxtra 99.5%).
These solutions have been used to measure the system response
to change in refractive index of the sample. For this purpose, a
flow cell (with a 57 �l channel) has been mounted on the prism.
The response of the system was  recorded using the camera while
switching the sample in the channel (distilled water n = 1.3319 at
633 nm and 20 ◦C) to another one with a different refractive index
(1.3334). Using these recorded video frames, the resonance curve
has been produced for each frame using a pixel-angle calibration. In
order to calculate the responsivity as a function of the angular width
(Fig. 3), a virtual differential detection approach (i.e. calculating A,
B, (A − B)/(A + B) as described in Section 3) has been implemented
by the following two  steps.

(i) Tracking the minimum of the SPR curve to calculate the res-
onance angle corresponding to the two  refractive indices and
then the resonance shift (��0).

(ii) Calculating the differential response for different values of the
angular widths of the incident beam which are calculated using
a pixel-angle calibration.

This analysis provides the means for calculating the responsiv-
ity (�) of the DI-SPR using the system response to changes in the
resonance angle or the refractive index.

To study the change in responsivity as the resonance posi-
tion of the SPR curve changes, the refractive index of the sample
was stepped from 1.3319 to 1.3409 in increments of 0.5 mRIUs.
Similar to the first experiment, the response of the system was
recorded using the pixelated camera. The resulting shift in reso-
nance position and the differential response were obtained using
the minimum tracking and the virtual differential detection as
described above. This experiment explored, in addition to the

responsivity, the dynamic range of the system for set of angular
widths as discussed later in Section 5.4.
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Fig. 4. The responsivity of an ideal uniform beam profile (solid line) and the non-
uniform beam profile (dotted line), which is corrected by magnification and spatial
fi
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off between the responsivity and the dynamic range (Fig. 7). For any
ltering.

. Results and discussions

.1. Experimental responsivity

As described in the previous section, the responsivity has been
alculated experimentally for the sensing structure described in
ection 4. Fig. 3 shows the experimental responsivity as a function
f the angular width compared to (i) the theoretical responsivity,
btained using the Fresnel model for 50 nm gold when no adhesion
ayer is undercoated and (ii) the responsivity from the approxi-

ated model of ref 8 (� = 3/�ω) —(Eq. (2)). A couple of observations
an be made from this figure: (i) at small angular width, the theoret-
cal response does not approach infinity as predicted by the model
f ref 8 (Eq. (2)), but converges to zero. This is also supported by the
xperimental results in Fig. 3, (ii) there is a discrepancy between
he theoretical and the experimental responsivity which is seen
s a reduction in the experimental responsivity with a shift in its
aximum. These results are explained later by studying how the

ystem behaves with the variations in the specifications of the sens-
ng structure in Fig. 1(b) starting with the undercoated chromium
ayer which is commonly used then the effect of the gold thickness
nd finally the effect of the measured sample. The Fresnel model
ill be used, with different input parameters, to understand the

ffect of the above factors. This approach, ultimately, provides a
etter control in the investigation of their effects.

.2. The effect of the beam profile

We  investigated the effect of the spatial profile of the excita-
ion beam on the responsivity. In Fig. 4, the solid line represents a
niform illumination profile whereas the dotted line represents a
aussian profile with a diameter that is magnified to 5.1 mm at the

nput lens. It is clear from the figure that when the beam diameter
s magnified, the Gaussian distribution produces a response sim-
lar to the uniform illumination, as one would expect. However,
ome discrepancy is observed for wider angular ranges due to the

ncrease of the Gaussian effect. The theoretical results presented in
he rest of the paper assume a uniform distribution.
uators B 235 (2016) 627–635

5.3. The influence of the specifications of the sensing structure

First, since the chromium adhesion layer is commonly-used, we
address its effect on the responsivity. This is performed by calcu-
lating the responsivity for a set of thicknesses, from 0 nm to 3 nm,
of this layer. One important effect of the Cr layer is that, for any
angular width, there is a reduction in the responsivity as the thick-
ness of the Cr layer increases. This is shown clearly in Fig. 5(a). It
is also observed that the angular width of the peak responsivity
shifts to the right with increasing Cr thickness. In order to explain
these results, we looked at the effect of the Cr layer on the SPR
curve, which is shown in Fig. 5(b), and more specifically, the FWHM
and the minimum reflectivity of the curve (it will be called a0 in
this text), in Fig. 5(c) and (d), respectively. As the thickness of Cr
increases, both the FWHM and a0 increases.

Second, we  investigated the effect of the gold layer. The
responsivity of the differential technique has also demonstrated
a noticeable dependence on the thickness of the gold film. Fig. 6(a)
shows results obtained by changing the thickness of Au, without
any undercoated Chromium layer. Peak responsivity is obtained, for
all angular widths, at gold thickness around 48 nm, which decreases
rapidly either side of the peak. Fig. 6 (a) can be explained by consid-
ering the SPR curve in Fig. 6(b), and its parameters: FWHM and a0 in
Fig. 6(c) and (d), respectively. Although the FWHM decreases with
increasing Au thickness, the a0 response shows a turning point at
47 nm,  which correlates with the responsivity in 6(a).

A close look into Figs. 5 and 6 reveals that the minimum reflec-
tivity a0 of the SPR curve is strongly related to the responsivity,
showing a negative correlation. For instance, a deeper SPR curve,
which is noticed around the thickness of 48 nm,  demonstrates a
higher responsivity. Similarly, as the thickness of the adhesion layer
increases, the minimum reflectivity becomes higher and so the
responsivity decreases. By getting back to theoretical estimation
of the responsivity, the above observations could be related to the
zero order of the polynomial that represents the SPR curve. This
zero order is not included in the model presented by Eq. (2) and so
it does not include the observations in Figs. 3, 5(a) and 6(a).

5.4. The effect of the sample and the asymmetry of the SPR curve

The effect of the measured sample on the responsivity has been
investigated. SPR curves were produced using the Fresnel model
(i.e. asymmetric curves) and also a second order approximation
of the SPR curve, with the zero order a0 included (i.e. symmetric
curves). The zero order of the function has not been ignored, as
Figs. 5 and 6(d) suggest a strong link between a0 and the system
response, which will be discussed in more detail in Section 5.5.

As seen from both the second-order approximation and the
Fresnel model (see Fig. 7(a) and (b), respectively), the responsivity
drops when there is a change in the refractive index of the sample
(expressed in the corresponding resonance shift—��0). However,
the Fresnel model demonstrated the information regarding the
asymmetry of the curve about the resonance angle. As seen in
Fig. 7(b), the maximum responsivity is shifted to the left and it is
not located at the origin (i.e. the initial resonance angle) in contrast
to the quadratic case—Fig. 7(a). As the maximum responsivity is
obtained where the bi-cell detector is balanced, this shift is recti-
fied by mechanical translation of the detector so that the condition
(A − B) /(A + B) equal to zero is satisfied. However, if a linear array
detector [22] or a CCD [4] is used, the offset can be calculated and
transformed to the corresponding number of pixels.

This analysis also presents valuable information about the trade-
angular width, the dynamic range could be defined with reference
to the drop of the responsivity from its maximum value. There-
fore, as in Fig. 8, two definitions of the dynamic range can used; the



S.A. Abayzeed et al. / Sensors and Actuators B 235 (2016) 627–635 631

Fig. 5. The effect of the adhesion layer on the responsivity of the DI-SPR. (a) The effect of the thickness on the angular width dependence of the responsivity. (b) The effect
of  the thickness of the adhesion layer on the SPR curve. Curve parameters: (c) FWHM of the curve and (d) Reflectivity at the minimum of the curve.
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ig. 6. The effect of the metal thickness on the responsivity of the DI-SPR. (a) The
urve.  Curve parameters: (c) FWHM of the curve and (d) Reflectivity at the minimu

hange in the resonance position where the responsivity drops to
5% or 50% of the peak value. A similar trade-off is also observed

y changing the value of the angular width. This is only observed
or the case of angular width greater than 0.40. In this range, the
ynamic range increases as the angular width increases but the
ar width dependent responsivity. (b) The effect of the metal thickness on the SPR
he curve.

responsivity is reduced; see Fig. 8(a) and (b). However, for angular
widths smaller than 0.40 neither responsivity nor dynamic range

is improved. This flexibility, which is offered by the angular width,
is valuable for experimental design. For example, to measure a low
concentration sample, the design of the experiment favours the
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Fig. 7. The drop in the responsivity as a function of the SPR shift from its initial position, presenting a comparison between (a) the quadratic approximation of the resonance
curve  and (b) numerical simulation using a one dimensional, multi-layer model of the sensing structure. The colormap refers to different angular widths.
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ig. 8. Theoretical demonstration of a trade-off between (a) the responsivity and (b
eam.  The dynamic range can be defined in relation to the drop off in the responsiv

ensitivity over the dynamic range and therefore a small value of
he angular width is selected and vice versa. The drop in responsiv-
ty, as SPR curve shifts (Fig. 7), is due to the use of a fixed reference
oint for the differential detection (i.e. the initial resonance angle)
hile the resonance position shift in response to the change in

efractive index. So, increasing the dynamic range by moving the
eference using a pixelated detector has been suggested elsewhere
22].

The drop of the responsivity, due to changing the refractive
ndex of the sample, has also been measured experimentally.
rom this experiment, shifts of the resonance position (��o) are
etermined for the corresponding changes in refractive index and
ompared to the response of the DI-SPR (A − B)/(A + B), as depicted
n Fig. 9. Responsivity, as defined earlier, is found from the change
f the DI-SPR response divided by the resonance shift (��o). The
xperimental responsivity of the system, as a function of the reso-
ance shift, is presented in Fig. 10. This graph is calculated from the
radient of the DI-SPR response in Fig. 9 after smoothing by spline
nterpolation. From Fig. 10, it is noticed that responsivity increases
s angular width increases with a peak at ∼0.5◦ before it drops
gain, similar to the theoretical results of Figs. 3, 7(b) and 8(a). The
ynamic range increases with the angular width confirming the
revious theoretical observations (see Fig. 7 and 8(b)).

For all the angular widths, the experimental responsivity is
ower compared to the theoretical one presented in Fig. 7(b). The

auses of this drop are investigated by looking at the effect of the
hickness of the gold thin film. It is found that the experimental SPR
urve matches the theoretical curve of a thin film thickness of 45 nm
ith no undercoat, see Fig. 11-inset. Similarly, the experimental
ynamic range as controlled by the selection of the angular widths of the excitation
sponsivity drops to 95% of the peak (solid line) or 50% of the peak (dotted line).

responsivity of the system agrees with the theoretical responsivity
that generated from Fresnel model for 45 nm of gold thin film with
no undercoat. The results in Fig. 11, is further confirmed by compar-
ing the theoretical and the experimental minimum reflectivity and
the full-width-half-maximum (FWHM). The experimental FWHM,
for 45 nm of gold thin film, is 5.87◦ compared to the theoreti-
cal value of 5.85◦ (see Fig. 6(c)). Also, the experimental minimum
reflectivity, is 0.018 compared to the theoretical figure of 0.0102
(see Fig. 6(d)). The agreement of these parameters confirms the
previous statement that responsivity varies with the minimum
reflectivity and the FWHM of the curve. It is noticed that there is
a ∼ 0.3◦ difference between the location of the maximum in case of
the experimental responsivity in Fig. 11 compared to the theoreti-
cal one in Fig. 7(b). This discrepancy is attributed to the reflectivity
fluctuations of the experimental SPR curve. In practice, the maxi-
mum  responsivity is obtained by balancing the bi-cell detector or
finding the reference pixel in the case of using array detectors as
stated previously, so the shift does not affect the operation of the
instrument.

5.5. Modifications to the responsivity model

The responsivity of DI-SPR depends, not only on the angular
width of the excitation beam, but also on the other parameters of
the SPR curve (Figs. 5 and 6(d)). Since the performance of the DI-

SPR is strongly dependent on obtaining high responsivity, there is
a need to develop a theoretical framework that encounters for the
effect of these factors. In order to translate their effect in an ana-
lytical expression, the responsivity is derived using a second-order
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Fig. 9. The response of the DI-SPR due to the shift of the resonance position. The response is measured for a set of angular widths. The inset shows real time tracking of the
resonance position while the refractive index is changed.
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Fig. 11. A comparison between the experimental and the theoretical responsivity
for  an angular range of 0.5◦ . The two graphs are overlaid for the purpose of com-
parison. The inset present the corresponding experimental and the theoretical SPR
curves. Both SPR and responsivity curves are calculated for Au thickness of 45 nm
ig. 10. Experimental responsivity (�) drops as the resonance position (�o) shifts
hich is presented for a set of angular widths of the excitation beam, obtained from

he  gradient of the curve fitted to data in Fig. 9.

olynomial representation of the SPR curve including the zero order
nd the second order terms from Eq. (1). Eq. (4) gives the respon-
ivity (�) obtained from the second order polynomial, with the a’s
eing the coefficients of the power series that represents the SPR
urve. For 50 nm gold, a0 = 0.008 and a2 = 0.14.

 = 3a2�ω

3a0 + a2�2
ω

(4)
q. (4) is validated against the data generated from the Fresnel
odel as presented in Fig. 12. As seen in Fig. 12, Eq. (4) reproduces

he responsivity of Fresnel model, but it departs at large values of
using Fresnel models. The experimental SPR curve is generated by subtracting the
dark current and normalising to the total internal reflection.

the angular width, reflecting the effect of the asymmetry of the SPR
curve. More accurate representation of the responsivity is achieved
by fitting Eq. (5) to the responsivity data that is generated from
the Fresnel model in Fig. 12. For 50 nm gold, b0 = 0.011 b2=0.2 and
b3=0.03.
� = 3b2�ω + b3�2
ω

3b0 + b2�2
ω + b3�3

ω

(5)
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Fig. 12. Comparison between the second-order and third-order models. Numeri-
cally generated data is fitted to the third-order function (red) and compared to the
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econd order function (blue) which is obtained from the polynomial model of the
PR  curve. (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of this article.)

These two mathematical representations account for the vari-
tion of the thickness of the noble metal (e.g. Silver or gold), the
patial profile of the laser beam and the metallic adhesion layer as
eflected in the values of the coefficients. They both can be reduced
o Eq. (2) under the condition ( lim

a0→0
� and lim

(b0,b3)→(0,0)
� respectively).

oreover, both expressions (Eqs. (4) and (5)) account for the effect
f the angular width and explain the drop of the responsivity at
maller angles. This drop is due to the inclusion of the second order
nd the zero order of the polynomial to Eq. (2). Both coefficients
re valuable measures for the properties of the SPR curve. The for-
er  reveals information on the gradient of the curve. The latter

epresents the minimum reflectivity, which cannot be ignored for
maller angular widths (see the denominator of Eq. (4)). These coef-
cients are used to estimate the point of maximum responsivity,

s given by the term
(

�ω =
√

3a0/a2

)
, which can be obtained by

ifferentiating Eq. (4). This term also explains how the maximum
ranslates with the change in the SPR curve (e.g. the shift in the max-
mum responsivity of the theoretical and the experimental curves
n Fig. 3 and the use of Cr undercoat in Fig. 5(a)). Moreover, including
hese two factors makes a unified model, which could be extended
o consider the measurement of samples that changes the char-
cteristics of the curve (i.e. has absorption properties, [20]). Prior
nformation on how the experiment changes the SPR curve, in addi-
ion to the angular shift, helps selecting the operating point that
ptimises the sensitivity and the dynamic range.

. Conclusions

Previous studies of the responsivity of the DI-SPR did not con-
ider the effect of the parameters of the SPR curve. In this paper,
e have presented a modified model that considers the influence of

he noble metal thickness, the adhesion layer, and the inhomogene-
ty of the illumination profile, as reflected in the parameters of the
PR curve. The model can be used to calibrate the DI-SPR systems
irectly from coefficients of SPR curves, with no need to perform
efractive index stepping. We  also evaluated, both theoretically

nd experimentally, the dependence of the system performance
n the angular width of the excitation beam in addition to the bi-
ell detector balance. These findings shed the light on the selection
f the angular width for a tradeoff between the responsivity and

[

uators B 235 (2016) 627–635

the dynamic range. For example, measuring transparent samples
that induce only a shift in the resonance curve, the angular width is
selected for the maximum responsivity if the measured refractive
index change is very small (i.e. narrow dynamic range). In contrast,
a wider angular window is selected when a wide dynamic range is
needed.

In future, the model could be used to recommend an optimal
operating point when measuring samples with absorption prop-
erties (i.e. Changing the shape of the SPR curve), by using prior
information about the sample to predict the coefficients of the
model (or the SPR curve). This framework can also be used to evalu-
ate strategies of improving the sensitivity, by using a more efficient
plasmonic sensor (e.g. the use of silver or silver–gold bi-layers).
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