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We  demonstrate  a  surface  plasmon  resonance  refractive  sensor  based  on  the side-polished  single  mode
optical  fiber  and  investigated  the  sensor  performance  decay  induced  by silver  coating  degradation.  The
sensor  showed  fast response  to  the  refractive  index  liquid  in  the  range  from  1.32  to  1.40  RIU.  The highest
sensitivity  up  to  4365.5  nm/RIU  and  a FOM  of  51.61  RIU−1 were  achieved,  which  were  comparable  to  the
reported  polished-fiber-based  SPR  sensors.  Characteristics  of  the  silver-coated  sensor  after  exposure  to
the  air  as well  as  to the  liquid  environment  were  investigated.  The  sensor  always  stored  in  dry  air  could
ptical fiber sensor
urface plasmon resonance
ide-polished fiber
ilver degradation

respond  stably  two  weeks  later  with  sensitivity  comparable  with  the  fresh  one  and  lower  resolution  due
to  the  broadened  resonant  dip. But  the  sensor  immersed  in  the  refractive  liquid  for  30  min  firstly  and
then  exposed  to  ambient  air  for hours  decayed  dramatically  due  to  silver  degradation.  The  presented
silver-coated  SPR  sensor  could  be  used  as  a simple,  cost-effective,  disposable  device  in bio-chemical,
environment,  and  food  safety  detection.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Surface Plasmon waves (SPW) are electron density oscilla-
ions where the associated Transverse Magnetic (TM) polarized
lectromagnetic waves are guided parallel to the metal-dielectric
nterface. Surface Plasmon resonance (SPR) can be excited at the
nterface between the thin metallic film and the dielectric media

hen the energy and momentum of the incident light match that
f the SPW. The energy carried by photons was  coupled to the
lectrons in a metal to achieve a sharp resonant dip in the light
ntensity. The propagation constant of the SPW strongly depends
n the refractive index (RI) of the surrounding medium. Therefore,
ven very small changes in the RI adjacent to metal layer can pro-
uce a measurable shift in the resonant dip [1]. This property has
een widely exploited in recent decades to develop SPR sensors
sed in disease diagnostics, food safety, environmental monitoring
s well as in biological analysis and other sciences [2–5].

Traditionally, SPR is excited by an evanescent field produced

y attenuated total reflection (ATR) in the prism configuration.
ith the tendency to miniaturization, the optical-fiber-based SPR

llows for a smaller sample volume, real-time and label-free detec-

∗ Corresponding author.
E-mail address: ypwang@szu.edu.cn (Y. Wang).

ttp://dx.doi.org/10.1016/j.snb.2016.02.020
925-4005/© 2016 Elsevier B.V. All rights reserved.
tion, and the sensor is based on the same principle as the prism
coupling device. Since the time it was first proposed by Jorgen-
son and Yee more than two decades ago [6], many new types of
SPR sensors based on optical fiber technology have been devel-
oped [7–11]. Specifically, a side-polished fiber (SPF) with the fiber
cladding removed to access the evanescent field of the guide mode
was designed to be coupled with the SPR technology due to, among
others, low manufacturing cost, the flat polished surface good for
depositing uniform metal film, and the strong evanescent field to
excite SPR [12,13]. However, the cladding polishing or dissolu-
tion process decreased the fiber elasticity and mechanical strength,
which sets a limitation for the reuse and life span of the SPF-based
sensor. From a practical as well as commercial point of view, there
still is a room for the simplification of the low-cost disposable SPF-
based SPR sensor. Typically, the SPR sensors deposited with metals
such as gold or silver have good RI response and high sensitiv-
ities. Silver-coated sensor enables sharpest resonant dip, higher
resolution and lower cost than gold-coated sensor [14]. However,
degradation of the silver in ambient air and moisture environment
can change the metal composition and decrease the interfacial
adhesion force of silver film [15–17], which limit the use of Ag-

based SPR sensor in many applications. One of the goals of the
study was  to evaluate how silver degradation influences the sens-
ing performance of SPR devices. Here, we demonstrate a simple
silver-coated SPR sensing scheme based on the side polished sin-

dx.doi.org/10.1016/j.snb.2016.02.020
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.02.020&domain=pdf
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Fig. 1. (a) Schematic diagram of the wheel polishing setup to fabricate SPF; (b) The cross and longitude section of the D-shape SPF observed by microscope; and (c) overview
of  the polished surface of SPF observed by 500X SEM.
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Fig. 2. Schematic diagram used to test the RI response of the SPR

le mode fiber, and characterize the performance decay induced by
ilver degradation after it was exposed to the dry air or the liquid
nvironment.

. Methods of device fabrication

Side-polished fiber used in the experiment was fabricated by
he wheel polishing technique developed by our group [18]. Fig. 1a
hows the schematic of the wheel polishing setup (WanRun Ltd.,

uXi, China) which was used in the study. A cylinder grinding
heel was fastened on a precise 3-dimension translation platform

hat can move along the X, Y and Z directions via computer con-
rol. A standard single mode optical fiber (Corning SMF-28) with a
ore/cladding diameter of 8.2/125 �m was fixed by a pair of fiber
olders. A small section of fiber coating was stripped off in advance.
he abrasive paper fasted around the mechanical wheel was  found
o be a key factor influencing the smoothness of polished surface.

ere, we chose different roughness of 5000, 7000, and 10000-mesh
brasive papers (Warriors 991A, STABCKE, Germany) with grain
ize of 2.6 �m,  1.8 �m,  and 1.3 �m to fast polish fiber in sequence.
he cross section and longitude side view of the D-shape SPF were
r, insertion is the structure diagram of the SPF-based SPR sensor.

observed by a microscope as shown in Fig. 1b, where ‘D’  and ‘d’ rep-
resent the thickness of the residual fiber and cladding, respectively.
It can be found that among the two 2 mm-tapered transition regions
was the flat effective acting region, which is the actual sensing area
of SPF. The polished surface of SPF was  observed by the 500X Scan-
ning Electron Microscope (SEM) as shown in Fig. 1c. During the
polishing process, the transmission spectrum of SPF was moni-
tored in-line by an optical spectrum analyzer (OSA, YOKOGAWA
AQ6370C) and a broadband light source (BBS) in the range from
1250 to 1650 nm.  Eventually, the polishing process was stopped at
the stage when SPF was polished near to the fiber core region and
with the power loss of approximately 1 dB in air.

Thin silver film was further coated on the flat surface of SPF by
vacuum thermal evaporation system (Shenyang ZKY Co., Ltd.) to
excite SPR. SPF samples were fixed on a metallic turntable with
the polished surface faced upwards. To obtain a uniform coating,
the turntable rotated horizontally at a constant speed in the vac-

uum cavity evacuated to 5 × 10−5 Pa. The thickness of silver film
was monitored by a quartz-crystal detector during the deposition
process. Parameters of the SPR sensor including the thickness of
silver film (h), residual fiber thickness (D) and the length of sensing
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Fig. 3. (a) Normalized transmission spectra of SPR-1 test immediately in the index-
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Fig. 4. (a) Normalized transmission spectra of SPR-2 stored in air for two weeks,
atching liquid from 1.32 to 1.40 RIU; and (b) the non-linear relation between the
avelength shift and FWHM versus RI variation.

egion (L) was optimized according to the literature[19,20]. Here,
e fabricated SPR sensors by use of SPFs with power loss around

 dB, D = 69.0 ± 0.8 �m,  L = 5 mm,  and coating with silver film with
 = 40 nm to practically maximize the SPR performance.

. Evaluation of refractive index response

Wavelength interrogation method was used to characterize the
roposed SPR sensor. Experimental setup is presented in Fig. 2 and

ncludes a Tungsten halogen light source (100W, LS-3000, Ocean
ptics), a SPF-based sensor, and a spectrometer (USB65000, Ocean
ptics) with detection range from 200 to 1100 nm.  As a substitu-

ion for the typical pump-driven micro-fluidic cell, a simple testing
latform composed of a manual lifting platform, fiber holders, and
lass slide was proposed to test the SPR sensor’s response. The inset
f Fig. 2 illustrates the structure of SPF-based SPR sensor. During the
est process, the SPR sensor was naturally straightened and fixed
n both sides by fiber holders. All the light joint parts were fixed to
educe the fiber deformation and fluctuations in the polarization
f transmitted light. The distribution of the incident wave angles
as assumed to be constant. When a drop of the index matching

iquid is on the glass slide, the height of lifting platform needs to be
djusted manually and then the active sensing region of the sensor
an be immersed in the refractive liquid. Finally, the transmission
utputs of the SPR sensor in the refractive liquid as well as in the air
ere recorded respectively at room temperature by the spectrom-
ter, all above the noise of the background. It is important to rinse
he SPR sensor with alcohol repeatedly between each subsequent

easurement to ensure that the polished surface is clean.
tested in the index-matching liquid from 1.32 to 1.38 RIU; (b) the non-linear relation
between the wavelength shift and FWHM versus RI variation.

4. Result and discussion

To investigate the influence of silver coating degradation on
the performance of the sensor, the silver-coated SPR sensors with
the same parameters were divided into two groups: SPR-1 which
was tested immediately and SPR-2 which was  exposed to an
oxygen-containing dry air for two weeks. Fig. 3a shows the experi-
ment transmission spectra of SPR-1 tested immediately in different
index-matching liquids (Cargille Labs, http://www.cargille.com)
where refractive index unit (RIU) varied from 1.32 to 1.40. The
normalized spectrum was obtained from the percentage of the
transmitted photon counts when the sensor was immersed in liquid
compared to the transmittance of the sensor exposed to air. A series
of regular resonant dips exist in the normalized transmission spec-
trum which results from coupling the energy from the fiber guide
mode to SPW in proximity to silver film at the resonant wavelength.
With the increase of refractive index, a red shift of the central
dip position changed from 508 to 731 nm.  Here, some unwanted
fluctuations in the output spectra in Fig. 3a were induced by the lit-
tle fiber deformations generated during the test process when SPF
was repeatedly immersed in the RI liquid and washed by alcohol
with the up-and-down lifting platform. This little fiber deformation
could cause the polarization fluctuations of the light interacting
with the SPW and then produce the noise wave beside the SPR
dips. To obtain more stable SPR spectra, polarization-maintaining
or depolarization method can be used in experiment [19,20].

The sensitivity of the SPR sensor based on spectral interroga-
tion was  defined as S = ��/�n, where �n  was the variable value of

refractive index and ��  was  the corresponding central wavelength
shift of the resonant dips. Fig. 3b illustrates the non-linear relation
between the wavelength shifts versus RI variation. The slopes of

http://www.cargille.com
http://www.cargille.com
http://www.cargille.com
http://www.cargille.com
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Fig. 5. (a) Resonant dips of the SPR sensor tested immediately versus the one stored in dry air for two weeks, and (b) evolution of SPR dip tested immediately, after immersing
in  liquid for 30 min, exposed to ambient air for 24 h; SEM image of the silver surface for (c) the sensor stored in dry air for two weeks, and (d) the sensor exposed in liquid
30  min  and then stored in ambient for two  weeks.

Table 1
Characteristics of the SPR-1 tested immediately in index-matching liquid from 1.320 to 1.400 RIU.

Range (RIU) �� (nm) Sensitivity (nm/RIU) Av.FWHM (nm) бsp (nm) Resolution (RIU) Av.FOM (RIU−1)

1.320–1.340 30.47 1523.5 39.3 3.7 2.42 × 10−3 38.76
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1.340–1.360 41.24 2062.0 46
1.360–1.380 63.38 3169.0 61
1.380–1.400 87.31 4365.5 87

he curve was the value of sensitivity. To calculate the sensitivity
n a relative linear region, the detection RI from 1.32 to 1.40 was
ivided into four ranges. The sensitivities provided along with other
arameters are shown in Table 1. With the increase of RI, sensitivity
f the proposed SPR sensor raised from 1523.5 to 4365.5 nm/RIU.
he maximal sensitivity achieved surpassed that of the SPF-based
PR sensor reported by R. Slavik (3150 nm/RIU) [19] and close to
hat of the SPR fiber sensor fabricated by the controllable hybrid
olishing method (5100 nm/RIU) [13].

The resolution of the SPR sensor, R, was defined as R = �/S, where
 represents the smallest measurable wavelength and S was  the
ensitivity measured in experiment [21]. � can be measured as
he standard deviation of the resonant wavelength by statistical
xperiments [22] or estimated by the equation as [23]:

 = FWHM

4.5 × 4√SNR
(1)

Here, SNR of the spectrometer (USB65000, Ocean Optics) we
sed was 30 dB. FWHM was the full width at half minimum of
he typical resonances spectrum, and defined as the corresponded
avelength width at the half percentage of the normalized reso-
ant dip. For example, FWHM of the resonant dip in refractive liquid
n = 1.32) is illustrated in Fig. 3a. The non-linear relation between
WHM versus RI variation is shown in the right side of Fig. 3b.

ith the increase of RI, the average FWHM in the four RI range

ncreased from 39.3 to 87.7 nm (Table 1). Thus, the calculated �
hanged from 3.7 to 8.3 nm according to Eq. (1). With the sensitiv-
ty values obtained in Table 1, the average resolutions in the four RI
4.4 2.13 × 10 44.15
5.8 1.83 × 10−3 51.61
8.3 1.90 × 10−3 49.77

ranges are estimated to vary from 2.42 × 10−3 to 1.83 × 10−3 RIU.
To comprehensively characterize the performance of SPR sensor,
the figure of merit (FOM) was defined as FOM = S/FWHM. Here,
average FOMs in the four RI ranges changed from 38.76 to 51.61
RIU−1. These values compare favorably with the reported FOM for
the gold-nanoparticles-array LSPR sensor (maximum of 40 RIU−1)
[24] and the theoretical value of the comb-like silver nano strips
(maximum of 40–343.6 RIU−1) [25]. The maximal FOM as well as
the lowest resolution was  obtained in the detection range from 1.38
to 1.40 RIU, which seems to be the optimal working range for the
presented sensor.

The SPR-2 experiment was conducted in the same way  but
with exposure to the dry air for two  weeks. As shown in Fig. 4a,
the increase of RI from 1.32 to 1.38 resulting in the resonance
wavelength shifted from 515 to 660 nm.  The non-linear relation-
ship of the resonant wavelength shift as well as FWHM versus
refractive index is shown in Fig. 4b. This relationship seems sim-
ilar to that shown in Fig. 3b for the SPR-1. Table 2 summarizes
the characteristic parameters of the SPR-2 experiment. Sensitivity
increased from 1798.0 to 3237.3 nm/RIU in the RI range from 1.32 to
1.38 RIU, which is comparable with that of 1523.5–3169.0 nm/RIU
for SPR-1 without storage. However, the resonant dips of SPR-2
became shallower and wider obviously. FWHM varied from 58.6 to
81.0 nm,  which was  larger than that from 39.3 to 61.4 nm for SPR-1
in the same detection range. Accordingly, the resolution of SPR-

2 decreased, and the highest value of FOM was  reduced to 39.97
RIU−1. These results suggest that the sensitivity of silver-coated
SPR sensor was  not significantly affected by exposure in air for two
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Table 2
Characteristics of the SPR-2 exposed in dry air for two weeks, tested in the index-matching liquid from 1.320 to 1.380 RIU.

Range (RIU) �� (nm) Sensitivity (nm/RIU) Av.FWHM (nm) бsp (nm) Resolution (RIU) Av.FOM (RIU−1)
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[

1.320–1.340 35.96 1798.0 58
1.340–1.365 60.53 2421.2 72
1.365–1.380 48.56 3237.3 81

eeks. However, the sensor’s resolution as well as FOM decreased a
ittle due to the silver degradation in air. Generally, the performance
f SPR-2 stored in the dry air for two weeks was still comparable
o the reported SPF-based SPR sensors [26–28].

Further analysis examined the influence of the surrounding
nvironment on the parameters of the silver-coated sensor exposed
o air as well as liquid. Fig. 5a compares the normalized transmis-
ion spectra of the sensor stored in the dry atmosphere (sealed
ontainer with desiccant) for two weeks and the one tested imme-
iately in the refractive liquid with n = 1.32. It appears that the
esonant dip of the air-exposed sensor decayed a little when com-
ared to the one with fresh silver coating, and the central position
f resonance did not change. Fig. 5c shows the SEM image of silver
urface for the air-exposed sensor. The surface is smooth with-
ut obvious deterioration, and the tiny stripes were the surface
cratches on SPF generated during the polishing process by abra-
ive. This well-preserved surface is supported by the fact that the
ilver coating does not ordinarily deteriorate for a long time as long
s the coating is perfectly sealed in a dry atmosphere [16], which
xplained the little performance degradation in SPR-2.

However, the sensor exposed to liquid environment was
ffected in a different way. Here, the sensor was immersed in
he refractive liquid for 30 min  to imitate the actual exposure
rocess during the RI testing. Subsequently it was washed by alco-
ol repeatedly to remove the residue on sensing area, and then
tored naturally in the super-clean atmosphere (e.g. 24 h, 20 ◦C,
5% relative humidity). Fig. 5b illustrates the resonance evolution
f the sensor with fresh silver coating, after immersing in liquid
or 30 min, and then exposed to ambient air for 24 h. These reso-
ant dips were all tested in the water environment (n = 1.33). As is
pparent from the figure, the exposure to RI liquid for 30 min  itself
ontribute a little resonance degradation, including a small central
osition shift and a broader resonance width. However, after the
xposed-to-liquid sensor stored in ambient air for hours, the trans-
ission fringe deformed significantly. These phenomena can be

xplained as the exposure to refractive liquid decreased the surface
rystal state and triggered the moisture-induced deterioration of
ilver layer [16]. The SPR dip position as well as its FWHM depends
trongly on the oxidation level of silver [17]. Thus, short contacting
ith liquid induced a little performance decay by silver degradation

n the first 30 min. In the following process of exposure to ambient
ir, moisture was considered to penetrate into the silver layer and
nhance the migration of the silver ion. Then destructive degrada-
ion of the sensing performance occurs. To reinforce the effect of
his moisture induced deterioration, the exposed-to-liquid sensor
as stored in ambient for another two weeks. Fig. 5d illustrates the
eteriorated silver surface with shallow dimples and peeling silver

ayer. The exposing to liquid accelerated silver’s degradation. Thus,
nlike SPR-2 only exposed in dry air, degradation of the silver-based
ensor exposed in liquid seems destructive for the performance of
he sensor. So the presented silver-coated SPR sensor would no
onger be used after one-round of test.

. Conclusion
The silver-coated SPR refractive sensor based on the side-
olished fiber was  fast fabricated by our wheel polishing technique
nd we characterized its performance as a function of silver coat-

[

5.4 3.00 × 10 30.68
6.7 2.76 × 10−3 33.35
7.5 2.31 × 10−3 39.97

ing degradation. The proposed SPR sensor exhibited fast response to
the refractive liquid ranging from 1.32 to 1.40 RIU. With the increase
of RI, both sensitivity and FWHM increased significantly and fol-
lowed a non-linear relationship. Sensitivity up to 4365.5 nm/RIU
and a highest FOM of 51.61 RIU−1 were obtained in the optimal
detection range from 1.38 to 1.40 RIU. Performance decays of the
studied sensors were evaluated in exposure to the dry ambient air
as well as to the refractive liquid. The comparison showed that the
sensor stored in air could respond more stably two weeks later with
sensitivity comparable with that of the fresh one, but with some-
what lower resolution due to the broadened resonant dip. As the
exposure to liquid triggered the moisture-induced deterioration of
silver which was destructive for the sensor, it is recommended for
storage only in dry inert atmospheres and should not be reused
after one-round of test. The proposed silver-coated SPR sensor
could be used as a cost-effective, real-time disposable device with
numerous applications in bio-chemical, environment, food safety
detection, and other industrial and academic settings.
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