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Abstract: Using phase detection in Surface Plasmon Resonance (SPR) sensing has potential
improvements to the conventional intensity detection based SPR. Other than the phase detection and
intensity detection based SPR in the visible range of the spectrum, employing SPR sensing principles in
the infrared range by the use of silicon has also some promising advantages. Combining these two, in this
paper, phase detection-based SPR sensing in the infrared range is studied using a mathematical model and
numerical simulations. The results are compared with the results obtained by the simulations in the visible
range. Performance improvements are noted by the use phase detection in the infrared range.

Keywords: Surface Plasmon Resonance, Optoelectronics, Photonics, Optics
Faz Tespitine Dayah Yiizey Plazmon Resonans Tabanh Algilamanin Kizilotesi Bantta Analizi

Oz: Yiizey Plazmon Rezonansi (YPR) tabanli algilamada geleneksel olarak kullanilan 1sik siddeti tespiti
yerine faz tespitine dayanan bir yontemin kullanilmasinin 6nemli avantajlar1 vardir. Bununla beraber 151k
spektrumunun goriiniir araliginin yerine silikon kullanimiyla kizildtesi araliginda YPR tabanh algilama
yapilmast da bazi umut verici avantajlara sahiptir. Bu ¢aligmada, faz algilamaya dayali SPR algilamanin
kizilotesi aralikta 1g1k kullanimiyla birlestirilmesinin yaratacagi performans artiglar1 matematiksel bir
model ve sayisal benzetim yontemleri kullamlarak incelenmistir. Elde edilen sonuglar, goriiniir banttaki
benzetimlerden elde edilen sonuglarla karsilastirilmig ve kizilétesi bantta faz 6lglimii tabanli yaklagimin
daha yiiksek performans verdigi gosterilmistir.

Anahtar Kelimeler: Yiizey Plazmon Resonansi, Optoelektronik, Fotonik, Optik

1. INTRODUCTION

Surface Plasmon Resonance (SPR) optical sensing, which uses the resonance of surface
plasma waves present under special conditions at the interface between a dielectric and a thin
metal layer, is a powerful tool to monitor physical, chemical and bio-chemical processes,
(Homola et al., 1999) (Nguyen et al., 2015) (Tang et al., 2010), (Daghestani et al., 2010). The
principles of surface plasmons are studied in great detail by (Raether, 1988). Biosensors based
on SPR methods have also a very promising potential in real-time and label-free monitoring of
biomolecular interactions as well as several other advantages (see (Homola et al., 1999),
(Homola, 2003), (Nguyen et al., 2015) and the references therein).

The method used in excitation of the surface plasmon, the interrogation (detection) method
and the wavelength of the light used in the system are of crucial importance since they directly
affect the implementation and the performance of the system. A configuration named
Kretschmann-Raether attenuated total reflection (ATR) (or just Kretschmann configuration),
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(Kretschmann and Raether, 1968), is widely adopted as the method used for most of the SPR-
based sensing systems. The advantages of this method arise in its easy construction and in its
allowance of the light to be sent from the interrogation side but not through the sample layer.

SPR occurs subject to certain conditions which can be found in almost all sources on the
topic such as (Homola et al., 1999), (Homola, 2003). When SPR conditions are satisfied, the
incident light is coupled to the surface plasma wave. Due to this coupling there occur two
changes in the reflected light: a dip in the intensity and a phase anomaly (an abrupt change in
the phase) of the reflected light. As the interrogation method, detecting the dip in the intensity is
regarded as the conventional method and is studied by several authors, (Nylander et al., 1982),
(Liedberg et al., 1983), (Vidal et al., 1993). Detecting the phase anomaly is offered as a method
with potential improvements in the several performance measures. Under certain conditions and
fixed wavelength and incidence angle, the phase of the complex amplitude reflectivity abruptly
changes around a certain value for sample layer relative dielectric constant or around a dynamic
range. Since this phase change is so steep, it can yield an improved sensitivity. Several
considerations of phase detection can be found in the literature, (Kabashin and Nikitin, 1997),
(Wu et al., 2004), (Kabashin and Nikitin, 1998), (Wu and Pao, 2004), (Kochergin et al., 2012).
In these works, it is proposed that by employing the phase detection, an improvement around 3
orders of magnitude can be achievable in the sensitivity of the detection. In (Wu et al., 2004),
Wu et al. proposes a differential phase-sensitive SPR system that achieves a sensitivity limit of
5.5 x 10°® refractive-index units per 0.01° phase change. However, a very recent study, (Ran
and Lipson, 2006), compares the sensitivity performances of intensity and phase detection
schemes. It claims that the phase detection does not yield better results than the intensity
detection but yields results in the same order of magnitudes with the intensity method. The
argument of this study is that phase cannot be measured directly but can only be measured by
using interferometric methods in which the only optically measurable quantity (intensity) is
inevitably used. Thus, the ultimate limits are governed by photon statistics.

Regarding the wavelength of light that is used within the system, we have two options.
Mainly, the light with the wavelength in the visible range is used within most of the SPR
sensing systems. Accordingly, a glass prism, which is transparent to this visible range, is also
used in the Kretschmann configuration. Secondly, some research to understand the SPR
principles and other related behavior in the infrared, especially near-infrared, are also reported,
(Patskovsky et al., 2003a, (Patskovsky et al., 2004), (Patskovsky et al., 2003b), (Lirtsman et al.,
2008), (Cleary et al., 2010a), (Cleary et al., 2010b), (Soref et al., 2008) and (Cleary et al.,
2010c). Using infrared light requires the use of silicon, which is transparent in the infrared
range, as the prism material instead of the glass. Main motivation in using the infrared light and
consequently using silicon is twofold. First, sensing performance, especially in sensitivity and
resolution, is improved. Secondly, using silicon, for which integrated processing and
manufacturing techniques and facilities have been already well established, can lead to the
miniaturization and integration of SPR sensors. A study on some properties and characteristics
of SPR sensing in the infrared range including the SPR curves, effects of wavelength and
metallic layer thickness is presented in (Patskovsky et al., 2003). Further addressing of the topic
is also studied in (Patskovsky et al., 2004), (Patskovsky et al., 2003). These works consider only
the intensity interrogation as a detection method.

Motivated by combining the advantages of phase detection and infrared light-based SPR
sensing using silicon, this paper reports behavior of phase detection-based SPR sensing in
infrared range by use of a mathematical model and numerical simulatios. The comparisons with
SPR sensing in visible range to investigate the superiority of using infrared light over visible
light is also reported. SPR sensing system is studied in the Kretschmann configuration that
consists of 3-layered structure of prism-metal-sample. The mathematical model to represent this
structure is based on the Fresnel equations. The paper is organized as follows: firstly, the
mathematical model is presented, then the results of the numerical simulations using this model
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as well as the optimization issues of metal thickness are reported for both infrared and the
visible light range. The comparison of results are reported and a future proposal is given for
improving the metal layer thickness optimization. Then the paper concludes with a final
discussion.

2. THE MODEL AND THEORY

The SPR system modelled in this paper uses Kretschmann configuration to excite the
surface plasmons. This three-layered configuration is composed of a prism layer, a metal layer
and a sample layer as seen in Fig. 1.

7 Sample
1 Metal d
0 a
Prism
Figure 1:

The SPR Kretschmann Configuration

Fresnel equations for three-layered structure and for a TM-polarized light beam is used
below to represent the SPR system by expressing the complex amplitude reflection coefficients
between corresponding media as rq1, 12 and ro,, (Hecht, 1987). Subscripts 0, 1 and 2 stand for
prism, metal and sample layers, respectively.
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The corresponding wavenumbers in the above equations for the transmitted light in the three

mediums are given below:
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Here, kg, is the wave number of the incident beam on the surface and 6 is the angle of
incidence. g, &1, and &, stand for relative dielectric constants for prism, metal layer and sample,
respectively. d is the thickness of the metallic layer. o is the angular frequency of the beam and
c is the speed of light in vacuum. The prism material is assumed to be silicon when working
with infrared light. It is assumed to be BK7 glass when working with visible light. The metal
layer is assumed to be Silver (Ag). Optical properties of silicon is obtained from (Virginia
Semiconductor) and those of silver is obtained from (Lide, 1992). The relative dielectric
constant of BK-7 glass is taken as e, = 2.2957 at the wavelength of interest.

From the complex amplitude reflection coefficients rq,, the intensity coefficient (or the
reflectance) R and the phase shift, @, can be obtained as

R =|ro,|" ©)
D= Arg(rolz). (10)

3. RESULTS AT INFRARED LIGHT

To investigate the behavior of SPR sensing at infrared range, a silicon prism coated by a
silver metallic layer is used in the Kretschmann configuration. The reflectance R and phase shift
@ of the SPR sensing system are investigated by using an infrared light beam of A = 1240 nm.
At this wavelength, the complex dielectric constant of silver is ;= —81.4625 + j5.0568 and that
of silicon is 5 = 12.37275. For all of the numerical simulations reported for infrared range in
this paper, the above values are used.

First of all, the SPR characteristics of our system and the effects of the thickness of metal
layer are investigated. In the Figs. 2 and 3, the intensity (R) and phase (®) of the reflected light
versus angle of incidence are given for different values of d. The dielectric constant of the
sample medium is kept constant.

As seen from Fig. 2 and Fig. 3, the strength of the excitation of the surface plasmon can be
monitored by looking at both intensity and phase shifts. When the surface plasmon resonance
condition starts to exist, there occurs a dip in the reflectance together with an observation of
phase anomaly. The more the system approaches to the SPR conditions, the better incoming
beam is coupled to the surface plasmon. Thus, the light is absorbed and the absorbtion lines gets
narrower and stronger. Moreover, the phase anomaly gets steeper. Another observation from
these figures is that the thickness of the metal layer is a major effect on the SPR behavior. For
the above simulations, when d = 5 nm there is almost no resonance effect and the phase change
occurs very slowly. When the thickness increases the SPR effect gets stronger. At around d =
40nm the coupling seems to occur completely, the reflectance drops nearly to zero and the phase
change becomes entirely abrupt. However, as we keep increasing the thickness, the coupling
does not continue to increase but contrarily decrease. Therefore, an optimization of thickness to
obtain the full coupling is necessary. Although our ultimate objective is to use the phase
anomaly as means of interrogation, one can use the intensity to find the optimum thickness.
When the reflectance becomes almost zero at the optimum thickness, the phase behavior
becomes optimum for detection purposes, ie. the phase change takes its steepest value.

The change of the optical properties and thus the change in the dielectric constant of the
sample layer should be mapped to the change of the SPR conditions. To grasp a general sense of
the effects of the dielectric constant of sample layer to the SPR curve, the SPR behavior is
plotted for several dynamic ranges of sample layer dielectric constant, & in Fig. 4.
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Wavelength: 1240 nm, Metal:Silver, Prism:Silicon d=35 nm

-

08F
%‘ 0.6 e =15
: —
§0.4 — ——-e=16
‘‘‘‘‘ —e=17
0.2 s
e =1.8
0
10 15
4 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, R I
0 — :
g 2 es—1.5 :
8 =16 3
e of ~ ~  ~ e=t- ‘
o | _ _ _e=17 :
8 -2 s :
o ues=1.8 a . i
10 15 20 25 30

Angle of Incidence (Degrees)

Figure 4:
Intensity and phase shift of reflected light vs. angle of incidence for several &;

From this figure we can understand that when the dielectric constant of the sample layer
changes, the coupling condition also changes and the angle of incidence necessary for satisfying
the SPR condition shifts. Thus, to cover a particular region of interest in sample dielectric
constant, the angle of incidence should be set to the corresponding value. Then the phase
detection scheme can be employed at this angle of incidence for the particular dynamic range.

The optimization of the metal layer and the optimization of fixed angle of incidence used
within the system are of crucial importance. However, this is not a trivial issue. There are two
parameters, the metal layer thickness, d and the angle of incidence, 6 that need to be concerned.
The main obstacle is the fact that the optimal thicknes is different for every angle of incidence.
When we optimize the system to use in one particular angle of incidence, we need to use the
corresponding optimal value of thickness. However, when we change the operating angle of
incidence to use the system to cover another dynamic range of sample dielectric constant, the
thickness value is no longer optimal. This means that there is a trade-off between the dynamic
range and the sensitivity. To demonstrate this, the thickness is set to 40nm and the SPR curves
are plotted for four different angles of incidence 25°, 40°, 55° and 70° in Fig. 5. The thickness is
chosen to be 40nm since for a typical sample dielectric constant of e, = 2, the 40nm value is
found to be approximately optimal for angle of incidence equal to 25°.

As it can be seen from Fig. 5, when the angle of incidence changes considerably, the system
starts deviating from the optimal condition. In other words, the phase change gets less steep and
reflectance (R) starts increasing. However, optimizing the system around a particular dynamic
range of interest can be possible. Then, when we operate within the vicinity of this range, the
deviation from optimality can be reduced. This is illustrated in Fig. 6 where SPR curves are
plotted for four different values of 6 while d is kept constant at 40nm. From Fig. 6, where the
SPR dips are zoomed, we can see that for every theta value, the dip occurs at a different ¢, but
reflectance is approximately zero, which means that by setting d = 40nm we can achieve
optimum coupling.
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Figure 5:
Intensity and phase shift of reflected light vs. &
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Figure 6:

Intensity and phase shift of reflected light vs. &g for several 8, where d = 40nm
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In Fig. 7, intensity and phase curves for four different values of d versus sample dielectric
constant are seen. Angle of incidence is fixed to 6 = 22°. The intensity plot is given zoomed to
better show the behavior. Here, it should be noted that there is an optimal thickness dopt where
35nm < dgpe < 45nm. When the thickness increases towards 40nm, the resonance effect becomes
stronger and R decreases together with a sharper change in @ in positive direction, and finally
reaches total coupling to the surface plasmons. However, when d continues to increase and
eventually exceeds a certain critical value, the system behavior changes entirely. The coupling
amount now starts decreasing, the R value starts increasing and the phase shift ® changes its
behavior from an increase to a decrease as can be seen in Fig. 7. Obviously, the optimal
performance can be achieved when there is perfect resonance, ie. R = 0 and @ is at the position
where it experiences its dramatic change in behavior. This point stands for the singularity at the
phase character. In other words, as the slope of the phase change around resonance region gets
steeper and steeper, at last it can theoretically make a jump with infinite slope. However, it is
very hard to achieve such discontinuous phase anomaly in practical implementations.

Wavelength: 1240 nm, Metal:Silver, Prism:Silicon Theta=22 Degrees
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Figure 7:
Intensity and phase shift of reflected light vs. & for several d, where 0 = 22°

To optimize the thickness for a certain angle of incidence and operate close to this optima
value, we have already done the coarse tuning and figured out that the optimal thickness is
around d = 40nm for 6 = 22°. Now, one can investigate the behavior of the system in more detail
around this optimal thickness value of d = 40nm. In Fig. 8, the same analysis as above is given
for thickness values of d = 39.5nm, d = 40nm, d = 40.5nm, and d = 41nm. In Fig. 8, the change
in the behavior of phase can be seen more explicitly. Reflectance reaches its minimum value
and @ takes its steepest curve at d = 40nm. But, when only for d = 40.5nm, reflectance starts to
increase and @ changes its behavior entirely.
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Figure 8:
Intensity and phase shift of reflected light vs. &, where 6 = 22°. (A detailed look)

Now another important point should be underlined. The point of singularity in the phase can
be perfectly achieved if we have the ability to make the metal layer with the necessary thickness
value with perfect accuracy. The degree of accuracy to which we can make the desired thickness
directly determines the degree of coupling and also the sensitivity. However, practical issues
certainly impose some degree of error between the actual thickness value and the value we want
it to be. Therefore, an analysis depending upon the high precision of metal layer thickness does
not actually have a practical use.

Lastly, we want to show that the small variations in angle of incidence do not considerably
change the SPR performance once it is optimized for a certain angle of incidence. To do this, a
similar simulation is done for the case where 6 = 25° and can be found in Fig. 9. This leads to a
situation in which the resonance effect is observed around a bigger &, value but the system does
not deviate much from the vicinity of full resonance.

As a result, we can state that when we use the infrared light at a wavelength of A = 1240 nm,
we can set the thickness d = do, = 40nm. We consider this design as almost optimal for infrared
case to compare with the visible light case for a particular dynamic range. This will be
addressed in the following section.

4. RESULTS AT VISIBLE LIGHT

Similar to the case with infrared light, the Kretschmann configuration is again used to
investigate the behavior of SPR sensing at visible range. For this case, a BK-7 glass, which is
transparent for visible light, is used as the prism. The coating is same, ie. a silver metallic layer.
The reflectance R and phase shift @ of the SPR sensing system are investigated by using visible
light beam of A = 620 nm.

At this wavelength, the complex dielectric constant of silver is ;= —17.3995 +j2.2572 and
that of BK-7 glass is g, = 2.2957. For the entire numerical simulations reported for visible range
in this paper, the above values are used.
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As depicted in Fig. 10, the SPR dip moves along the angle of incidence axis when we
change the sample layer dielectric constant, as does for the case in infrared range. The plots
showing the behavior of SPR curves in the visible range with respect to the gradual change in
the thickness of the metal layer that ranges from d = 25 nm to d = 40 nm with 5 nm steps can be

seen on Fig. 11.
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Figure 9:
Intensity and phase shift of reflected light vs. & for several d, where 0 = 25°

The same problem arises in the infrared range is also present in visible range. That is, fully
optimizing the thickness is not possible for all angles of incidence. Thus for comparison
purposes, we need to approximately determine the dy for visible range for a particular angle of
incidence. From Fig. 11, it is seen that for e, = 2, dop is around 37 nm. In Fig. 12, a close look
tod = 37nm region can be seen. Thus we can pick the case for visible range to compare with
the infrared range as d equals 37.5 nm and angle of incidence equals 64°.

To show that changing the angle of incidence in small amounts does not change the value of
dopt IN @ considerable amount, the cases for four different angles of incidence are presented in

Fig. 13.
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Intensity and phase shift of reflected light vs. angle of incidence for several d values
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Figure 13:
Intensity and phase shift of reflected light vs. e, where d = 35nm for several angles of
incidence
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5. COMPARISONS

There are several issues to raise when comparing the phase detection schemes between the
cases of infrared and visible light. First of all, by the use of infrared light and silicon as a prism
material, the integration of SPR sensors can be achieved, which cannot be a case for visible
light. This advantage of infrared light is enjoyed by the use of silicon integrated circuit
technology.

The second advantage of infrared light upon the visible range in the setting of SPR comes
from the fact that the dielectric constant of silicon at the infrared range is much greater than that
of glass at visible range. To employ surface plasmon resonance, only the values of sample layer
dielectric constant that is smaller than the dielectric constant of prism can be used. The
dielectric constant of BK-7 glass at the particular visible wavelength used in this paper is &,ism
= 2.2957 and that of silicon at the particular infrared wavelength is &,,ism = 12.37275.
Therefore, SPR effect can be sustained in visible range for the sample dielectric constant values
up 10 Esgmpie = 2.2957 while sustained in infrared range up to values of egqpmpie = 12.37275.
Certainly, such values of g4, greater than 12.37275 can hardly exist in practice. As a result,
one can practically cover all possible values for g4, by Using infrared SPR system.

Lastly, sensitivity issue should be discussed. The optimal thicknesses for metal layers for
both visible and infrared schemes are approximately obtained for certain angles of incidence. As
aforementioned, both of the infrared and visible range schemes can be optimized if we have the
ability to set the thickness of the metal layer with very high precision in practical
implementations. This should be done for every angles of incidence necessary to cover the
dynamic ranges of interest that is to be employed in the interrogation. In other words, we need a
continuum of thickness values to correspondingly optimize the continuum of angles of
incidence. A proposal for possible future research to overcome this issue will be presented in
the following section. However, for the sake of the comparison of visible and infrared schemes,
we need to use approximate values that yield near-optimal results at the particular dynamic
ranges. Certainly, these dynamic ranges may be different for infrared and visible ranges.
However, we can assume that the performance of a particular SPR system, provided that it is
properly optimized for each different dynamic ranges individually, does not change significantly
from one dynamic range to another. Thus, as we found in the previous sections, we optimize the
infrared scheme with d = 40nm and angle of incidence, = 22° and optimize the visible scheme
with d = 37.5nm and 0 = 64°. Then we can compare the both schemes. In Fig. 14, the phase for
the both schemes are plotted with respect to the sample dielectric constant in order to illustrate
the sensitivity anlysis.

As can be seen from Fig. 14, a small change in the & can lead to very large phase changes
within a particular dynamic range. The sensitivity is defined as the smallest change in &, that
can be detected. Since phase change is the central quantity that is detected, the smallest phase
change that can be measured is important. Given that value, the minimum necessary dielectric
constant variation of sample which can cause this particular phase shift can be determined.
Thus, the minimum dielectric constant change that can be detected can be found. This defines
the sensitivity of the system. Regarding the numerical simulations, the sensitivity obtained from
infrared range is bigger than that of visible range. This can be perceived from the plot as we
note the steeper change in phase for infrared scheme.
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Figure 14:
Phase changes for infrared and visible ranges

6. CONCLUSIONS

In this paper, the basic phase detection characteristics and sensitivity performance
comparisons are reported based on numerical simulations. The simulations are performed based
on a mathematical model using the Fresnel equations. First, the optimization of both the infrared
and visible range schemes are addressed. The optimization of the metal layer thickness is of
greater importance. It turns out to be that the thickness optimized to be used in a particular angle
of incidence cannot lead to optimized results when used with different angles of incidence.
Certainly, this leads to a trade-off between dynamic range and sensitivity. To compare the two
schemes, first the systems are optimized for a particular dynamic range individually and then
the phase change characteristics are compared. The infrared scheme has more abrupt change in
the phase than visible range, leading to bigger values of sensitivity. Another important
advantage of the infrared scheme is that it can sustain a more broad dynamic ranges up to &
values around 10 while the visible range can only sustain that of around 2. This allows the
systems using infrared light can detect target analytes with very high dielectric constants.
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