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Abstract There are two important factors, which are easily
neglected, restricting the sensing performance of fiber-optic
surface plasmon resonance (SPR) sensors. These are the se-
lection of incident light modes and the uneven distribution of
the sensing layer. In this paper, a fiber-optic SPR sensor model
with a non-uniform sensing layer is first proposed. We use
fiber-optic SPR sensor models with uniform and non-
uniform sensing layers to study the impact of incident light
modes and sensing layer non-uniformities on their sensing
performances, respectively. In the case of a uniform sensing
layer, the contributions of different single incident light modes
are investigated and the optimal incident multimode form is
selected as 1.41 ~ 7/2; the optimal thickness of the sensing
layer is selected as 65 nm. In the case of a non-uniform sens-
ing layer, the non-uniformity of the sensing layer has little
effect on the sensing performances when the length of the
sensing region is 10 mm. However, the length of the sensing
region has an obvious effect on the sensing performances.
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Introduction

Surface plasmon resonance (SPR) describes the resonant os-
cillation of conduction electrons at the interface between a
metal and a dielectric [1, 2]. Owing to its high sensitivity to
the refractive index (RI), many chemical and biological stud-
ies have been reported by using SPR sensors. For example, the
detection of pharmaceutical compounds [3], the study on bio-
molecular specificity [4], and the real-time measurement of
biochemical interactions [5]. However, the traditional SPR
sensors based on a prism can only be used in the laboratory
due to its large volume and complexity. In 1993, a flexible and
miniaturized structure of an SPR sensor, which integrated the
sensor in an optical fiber, was proposed by Jorgenson and Yee
[6]. On account of its unique advantages, such as its compact-
ness, in situ sensing capability, and in vivo detecting adapt-
ability [7], the fiber-optic SPR sensor attracts more and more
attention from researchers.

Recently, researchers have made efforts to improve the
performances of fiber-optic SPR sensors. Yuan et al. theoret-
ically investigate the effects of the geometric parameters on
the performance of a SPR-based optical fiber tip sensor, and
their results show that an increase of the tip angle may lead to a
small increase in its sensitivity, but also broadens the reso-
nance dip and decreases the signal-to-noise ratio [1]. Sharma
et al. propose a fiber-optic SPR sensor with ITO-Au bilayers.
Its best sensitivity is about 1929 nm/RIU [8]. Liu et al. fabri-
cate an SPR sensor on a twin-core fiber. The sensor uses a
single-mode beam to excite surface plasmons and obtains a
high RI sensitivity of 5213 nm/RIU. It also reduces the mode
noise effectively [9]. Nayak et al. report on an optical fiber
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based localized SPR sensor by using graphene oxide encap-
sulated Au nanoparticles. Its resolution is obtained to be
8.7 x 107 RIU in sucrose measurements [10]. However, re-
searchers neglect some essential factors which restrict the
sensing performances of fiber-optic SPR sensor. There are
two important factors: the selection of incident light modes
and the uneven distribution of the sensing layer.

At the beginning of our investigation, we use a fiber-optic
SPR sensor model with a uniform sensing layer to study the
contributions of different single incident light modes to the
sensing performances and then select the optimal incident
multimode form and thickness of sensing layer. On this basis,
we propose a fiber-optic SPR sensor model with a non-
uniform sensing layer which can be set to satisfy different
coating conditions and study the influence of non-uniform
sensing layers on the sensor. To our knowledge, this presents
the first investigation on the effect of non-uniform sensing
layers on fiber-optic SPR sensors. Our results show that the
non-uniformity of the sensing layer has little effect on the
sensing performances when the length of the sensing region
is 10 mm. However, the length of the sensing region has an
obvious effect on the sensing performances in the case of a
non-uniform sensing layer.

Models and Method

The transmission type of a fiber-optic SPR sensor,
which is shown in Fig. 1, works with wavelength mod-
ulation, and a three-layer model is used for description.
The first layer is the 600-pm-diameter silica fiber core
whose RI varies with wavelength according to the
Sellmeier dispersion relation:

al)\z az)\z a3)\2
A)=4/1+ + + 1
ne(A) \/ R e I 0

where ) is the wavelength of incident light in micrometer, a;,
a,, as, by, by, and b5 are Sellmeier coefficients. The values are

Incident light Sensing layer

Fiber core - L . Cladding

Fig. 1 Model of a fiber-optic SPR sensor with a uniform sensing layer
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given as: a; = 0.6961663, a, = 0.4079426, az = 0.8974794,
by = 0.0684043 um, b, = 0.1162414 um, and
b3 =9.896161 um [11], respectively.

The second layer is the metal sensing layer. Here, we
choose silver (Ag) as the material of the sensing layer for its
highest sensitivity and resolution in SPR detection [12].
According to the Drude formula, the dielectric constant of
any metal can be written as:

A

m)\ = mr+'mi:1_7
Em(A) = Eme + ie M2 +i0)

(2)

where ), and A are the plasma wavelength and the collision
wavelength of the metal, respectively. A, = 1.4541 x 107 m
and A\, = 1.7614 x 107> m for Ag [13]. The sensing layers of
fiber-optic SPR sensors are always set to have a uniform dis-
tribution by other researches [14—16]. However, in actual op-
eration, the sensing layers distribute unevenly both along cir-
cumferential and axial directions. The circumferential non-
uniformity can be eliminated by inviting a rotating machine
[17]. Nevertheless, the axial non-uniformity is more compli-
cated and is studied and analyzed in detail in part “3.3.”

The third layer is the environmental media. In our research,
the RI of the environmental media ranges from 1.33 to 1.38
with an interval of 0.01.

Light transmitted in the fiber core excites surface plasmons
in the sensing region. Its transmission can be thus defined as a
function of the light incident angle 6, the wavelength A, and
the RI of the environmental media n, [18, 19]:

1
10,7 n) =5 [Rg (0, )\ n¢) + RV (0, \, ne) (3)

where N = d/L tanf is the number of reflections with L being
the length of the sensing region. R, and R, represent the re-
flection ratio of p- and s- polarized light, respectively.

The cascaded reflectance of the three-layer model can be
described as [18]:

Fem + FmeeXp (2ikm, T) 2
1 + FemFme-eXp(2ikm, T)

R =

Here, we let ¢, m, e, and z denote the fiber core, metal layer,
environmental media, and direction along the z-axis, respec-
tively. ren, and 7, denote the reflection coefficients of the
fiber-core/metal-layer and metal-layer/environmental-media
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interfaces, and k;,, denotes the wave vector along the z-axis in
the metal layer. T'is the thickness of the uniform sensing layer.
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Furthermore, the reflection coefficients of p- and s- polarized
light are given as follows [18, 19]:
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Fig. 2 The normalized spectra, sensitivities and Qs of fiber-optic SPR
sensors with 65-nm uniform sensing layers. a, b are the comparisons of
sensors with different single-mode incidences. ¢, d show the comparisons
of sensors with different multimode incidences. The graphs on the lefi
side display the resonance dips. The graphs on the right side show

sensitivities. The sensitivities and Qs of sensors with different
multimode incidences are detailedly described in e, while the blue curve
presents sensitivity and the green curve is for Q. All the resonance dips,
sensitivities, and Qs are obtained when n, = 1.35
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Table 1  Sensing performance comparisons of fiber-optic SPR sensors
with different single-mode incidences

0 1.36 1.41 1.46 1.51

S (nm/RIU) 5251.10 3857.80 3266.10 2955.70
0 10.5 14.90 19.71 25.71
Table 2  Sensing performance comparisons of fiber-optic SPR sensors

with different multimode incidences

0 1.36 ~m/2 1.41 ~m/2 1.46 ~m/2 1.51 ~m/2
S (nm/RIU)  4493.90 3563.90 3156.90 2896.20
0 5.74 10.46 18.23 2242
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In equations (5)-(8), all the wave vectors in different layers
can be described as:

21 ) 3
iy == {nf—(ncsme)ﬂ ’ 9)
where i can be replaced by c, m, or e, and an = £, When the
resonance condition n.-27/\'sind = 277\ [N 1 (Em(N) +
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Fig. 3 The normalized spectra, sensitivities and Os of “1.41 ~ 7/2”
multimode incident fiber-optic SPR sensors with uniform sensing layers
of different thicknesses. a The resonance dips; b the sensitivities; ¢ the
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Table3  Sensing performance comparisons of “1.41 ~ 71/2” multimode
incident fiber-optic SPR sensors with uniform sensing layers of different
thicknesses

T (nm) 25 35 45 55 65
S (mm/RIU)  2533.70  3093.00 328490 3441.10 3563.90
0 4.06 5.55 721 9.11 10.46

n.>)]"? is satisfied, the energy of incident light transfers to the
input of a plasmonic wave and an absorption dip appears in
the normalized transmission spectrum [20].

There are two important parameters used to describe the
performances of SPR sensors. They are the sensitivity (S) and
the quality factor of the resonance dip (Q), which can be
written as [21]:

SAR
S = 10
o (10)
AR
0= FWHM (11)

where d)\g is the resonance wavelength (\g) shift with the
change of environmental media (én.) and FWHM is the full
width at half maximum of the resonance dip.

Results and Discussion

Choice of the Incident Light Modes of the Fiber-Optic
SPR Sensor with a Uniform Sensing Layer

In order to investigate the relationships between incident
light modes and sensing performances, we assume that the
sensor is fabricated from a silica fiber with a sensing
region of L = 10 mm and uniform sensing layer with
thickness 7 = 65 nm. We then control the incident light
modes to calculate the corresponding performances,
which are shown in Fig. 2.

Fig. 4 Fiber-optic SPR sensor a
with a non-uniform sensing layer.
a Reason for the non-uniform i
sensing layer; b sensor model )
Fiber core

In general, incident light, which satisfies the total reflection
condition 6 > 6, = sin '(ny/n.) (here, ng is the RI of fiber
cladding), can transmit in the multimode fiber. However, the
contributions of different single incident light modes (with
different incident angle 0s) to SPR are not clear yet. Thus,
we first study the SPR excitation effects of different single-
mode incidences, which are shown in the top row of Fig. 2.
The single incident light modes between 6., and 71/2, which
are setto #=1.31, 1.36, 1.41, 1.46, and 1.51, respectively, can
excite SPR dips [as shown in Fig. 2a]. All the SPR dips, S, and
O discussed below were obtained for n, = 1.35. One can see
that the SPR dip shifts to longer wavelengths and the depth of
the dip increases with decreasing 6. However, the effective
SPR excitation mode cannot reach 8 = 1.31, since the bottom
of the “6 = 1.31” SPR dip becomes flat and the resonance
point cannot be detected. The flat bottom of the SPR dip is
mainly caused by penetration of the evanescent field of
“f < 1.31” high order incident modes through the Ag sensing
layer, resulting in a light leak rather than a resonance absorp-
tion. From Fig. 2b and Table 1, we can see that S increases
with decreasing 6 (6 > 1.31), while Q decreases.

Since the higher order (smaller #) incident light mode
increases S, but worsens Q and the multimode fiber sup-
ports incident light modes from 6., to 7/2 (here, 6., can be
controlled by setting n.;), we further study the SPR excita-
tion effects of different multimode incidences by changing
0., as described in the middle row of Fig. 2. 6., is set to
1.36, 1.41, 1.46, and 1.51, respectively. In Fig. 2¢, the SPR
dip shifts to longer wavelength and the FWHM of the dip
becomes wider with decreasing 6... The performances are
illustrated in Fig. 2d and Table 2. In spite of more incident
light modes involved in sensing (the energy distribution of
different modes is taken into account, detailed in our prior
study [16] ), the high S is maintained, however, with O
decreasing strongly due to the obviously increasing
FWHM. On the one hand, the decrease of 0., increases
the number of high order modes, which make contributions
to increase S. On the other hand, the more incident light
modes the more serious mode superposition is present,
which leads to the broadening of the dip (reason for the
deterioration of Q). Weighing up these two opposite trends,

Non-uniform b

sensing layer Non-uniform

Incident light

sensing layer

Fiber core L . Cladding
Point sputtering

source
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Fig. 5 The normalized spectra and sensitivities of “1.41 ~ 7/2” describe the comparisons of sensors with “4 = 5 nm/mm” non-uniform
multimode incident fiber-optic SPR sensors: a, b are the comparisons sensing layers and different lengths of sensing regions. The graphs on the
of sensors with 65-nm uniform sensing layers and different lengths of left side display the resonance dips. The graphs on the right side show
sensing regions; ¢, d show the comparisons of sensors with different non- sensitivities. All the resonance dips and sensitivities are obtained when

uniform sensing layers and 10-mm lengths of sensing regions; e, f ne=1.35

we judge an optimal multimode form to be § = 1.41 ~7/2.  Choice of the Thickness of the Uniform Sensing Layer
Thus, Fig. 2e shows us the optimal multimode form by

crossing the decreasing S line and increasing QO line. The  After selecting the optimal multimode form 6 = 1.41 ~71/2, we
optimal multimode form is 6 = 1.41 ~ 7/2. study the effect of sensing layer thickness on the sensing
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Table4  Sensing performance comparisons of “1.41 ~ 71/2” multimode
incident fiber-optic SPR sensors with 65-nm uniform sensing layers and
different lengths of sensing regions

Table 6  Sensing performance comparisons of “1.41 ~ 71/2” multimode
incident fiber-optic SPR sensors with “k = 5 nm/mm” non-uniform
sensing layers and different lengths of sensing regions

L (mm) 5 10 15 20 25 L (mm) 5 10 15 20 25
Smm/RIU) 361170 356390  3523.30 347170  3441.10  Smm/RIU) 355500  3367.50  3253.90 319430  3173.90
0 11.81 10.46 9.69 9.05 8.47 0 10.81 767 535 4.06 3.96

performance. The sensing region is again set to L = 10 mm.
Figure 3a shows that the SPR dip has a red shift and the
FWHM of the dip becomes narrower with increasing 7, while
the depth of the dip first increases and then decreases.
Figures 3b, ¢ and Table 3 describe S and Q of the sensor with
different 7. Since both S and Q are increasing with the increase
of 7, we choose our maximum 7 = 65 nm for the optimal
thickness of uniform sensing layer. It should be noted that
the depth of dip cannot be too small; otherwise, it is easy to
be submerged by noise. To our experience [20, 22], the SPR
dip can be distinguished from noise when its depth is greater
than 0.1. And all the depths of SPR dips in this paper are
greater than 0.1.

Effect of Different Non-Uniform Sensing Layers
and Different Lengths of Sensing Regions on Sensing
Performances

In the actual operation, the sensing layers distribute un-
evenly both along circumferential and axial directions. By
inviting a rotating machine [17], the circumferential non-
uniformity can be eliminated. Nevertheless, the axial non-
uniformity is more complicated. It is affected by, e.g., the
coating method, the coating environment, the relative po-
sition and motion of optical fiber and coating material
(when the optical fiber is coated), and the characteristics
of coating material. Therefore, a fiber-optic SPR sensor
model with non-uniform sensing layer along the axial di-
rection is proposed. In this model, the distributions and
non-uniformities of sensing layers can be set to satisfy
different coating conditions. Taking the point sputtering
source case as an example, as shown in Fig. 4a, the source

Table5  Sensing performance comparisons of “1.41 ~7t/2” multimode
incident fiber-optic SPR sensors with different non-uniform sensing
layers and 10-mm lengths of sensing regions

k(m/mm) 1 2 3 4 5
S(mm/RIU) 353070  3511.80 367040  3402.90  3367.50
0 10.23 9.66 9.15 8.41 7.67

is placed below the middle point of sensing region. From
the middle to the two edges of the sensing region, the
distance of source and sensing region becomes lager.
After spin coating, the sensing layer thus has a thickness
maximum in the center. To simplify the model, the thick-
ness of the non-uniform sensing layer is assumed to be a
linear variation from the middle to the two edges [see
Fig. 4b]. Taking the middle of the sensing region as the
origin O, the thickness of the non-uniform sensing layer
varies along the z-axis, which can be expressed as:

T(z) = Tm—k-|z| (11)

where T}, and & denote the thickness at the center of the sens-
ing layer and the linear change rate of the sensing layer thick-
ness along the z-axis, respectively.

Length of Sensing Region with Uniform Sensing Layer

The top row of Fig. 5 and Table 4 illustrate the sensing per-
formances of our fiber-optic SPR sensors with 65-nm uniform
sensing layers and different L. The incident multimode form is
set to # = 1.41 ~ 7/2. The SPR dip basically remains in the
same position, and its depth increases [see Fig. 5a], while S
and Q slightly decrease with increasing L [see Fig. 5b and
Table 4]. Thus, in the case of a uniform sensing layer, L has
little effect on the sensing performance.

Non-Uniform Sensing Layer

The middle row of Fig. 5 and Table 5 describe the
sensing performances of fiber-optic SPR sensors with
non-uniform sensing layers of different k. The other
sensor parameters are set as follows: 7, = 65 nm,
L =10 mm, # = 1.41 ~ /2. The SPR dip has a little
blue shift and its depth increases [see Fig. 5c], while S
and Q slightly decrease with increasing k& [see Fig. 5d
and Table 5]. Thus, in the case of a non-uniform sens-
ing layer (when L = 10 mm), k also has little effect on
the sensing performance.

@ Springer
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Fig. 6 The relationship of sensitivity or Q and the length of sensing region by “1.41 ~ 71/2” multimode incident fiber-optic SPR sensors with different
non-uniform sensing layers: a sensitivity; b Q. All the sensitivities and Qs are obtained at 1.35 RI surrounding

Length of the Sensing Region with a Non-Uniform Sensing
Layer

We further study fiber-optic SPR sensors with a non-uniform
sensing layer and different L, as shown in the bottom row of
Fig. 5 and Table 6. The other sensor parameters are set as
follows: Ty, = 65 nm, kK = 5 nm/mm, 6 = 1.41 ~ 7/2. From
Fig. Se, we can see that the SPR dip is strongly broadened
with an increase of L, which results in a rapid decline in O
(described in detail in Table 6). S also has a more considerable
reduction with increasing L compared to part “3.3.1.” Thus, in
the case of a non-uniform sensing layer with k£ of 5 nm/mm, L
has an obvious effect on the sensing performance.

Finally, we study the effect of L on fiber-optic SPR sensors
with different non-uniform sensing layers (as described in
Fig. 6). L has an increasing effect on S and Q as k increases.

Conclusions

We have proposed a new fiber-optic SPR sensor model
with a non-uniform sensing layer which can be set to
satisfy different coating conditions. The effects of incident
light modes and non-uniform sensing layers on the per-
formances of fiber-optic SPR sensor are investigated.
Results indicate that the higher order incident mode yields
higher S, but lower Q. The optimal incident multimode
form is selected as 1.41 ~ 7/2. The non-uniformity of
the sensing layer has little effect on the sensing perfor-
mances when L is 10 mm. However, L has an obvious
effect on the sensing performances in the case of a non-
uniform sensing layer. Moreover, L has an increasing ef-
fect on the sensing performances when k increases.

@ Springer

Our new model provides a simulation method that is much
closer to the actual situation. Using our model, the distribu-
tions and non-uniformities of sensing layers can be set to
satisfy different coating conditions. Additionally, the model
can even be used to accurately study the performances of
fiber-optic SPR sensor with various multilayers.
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