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Nanofiber optic sensor based on the excitation
of surface plasmon wave near fiber tip
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Abstract. We present a sensitive nano-optical fiber biosensor made
by shaping a fiber to form a taper with a tip size under 100 nm. A
40-nm-thick layer of gold is coated around the tapered fiber and a
surface plasmon wave is excited near the tip to achieve a sensitivity of
the reflective index unit of �4000 �% RIU−1� in the intensity mea-
surement. A 3-D coded finite-difference time-domain approach veri-
fies the excitation of the surface plasmon wave and the differences
among its intensities in media of various refractive indices. The nan-
otip fiber sensor has the merits of a low background light and an
ultrasmall detection region. Only a microliter of sample solution is
required for detection. © 2006 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction
Optical excitations of surface plasmon waves �SPWs� on me-
tallic surfaces are applied extensively for biosensing.1 The
conventional approach employs attenuated total reflection
�ATR� to excite an SPW on a gold film at the bottom of a
prism. ATR biosensors are known to be very sensitive to
changes in the surface environment. They resolve the refrac-
tive index unit �RIU� to the order of 10−6 in a precise angular
measurement.2 The ATR setup is typically bulky and expen-
sive and requires a large amount of sample solution. The other
popular way to excite SPWs is based3–5 on directional cou-
pling between waveguide modes and SPWs. Among
waveguide-coupling devices, fiber-based SPW sensors have
attracted much attention because they are light, can be used in
remote sensing, and have multiplexing potential. A typical
fiber-based SPW sensor narrows the diameter of a fiber to
several micrometers by using flame torch or polishing
method. Metals such as gold or silver are coated on the ta-
pered waist region. Guiding optical waves in a fiber are
coupled to SPWs when they satisfy the phase-matching con-
dition. Some of the waveguide modes are coupled to SPW
mode, reducing the intensity of transmitted light. Measuring
optical intensity changes gives information about the environ-
mental medium. However, the fiber sensor must be several
millimeters long to couple light to SPWs efficiently. Micro-
fluidic channels are usually required to fill the sensing area
with the sample solution.

Recently, Mitsui et al.6 proposed a probe-type fiber optic
sensor by coating nanoparticles onto the end of the fiber. Lo-
calized surface plasmon resonance �LSR� was excited by the
evanescent waves generated by the scattering of light by the
nanoparticles. The coupling of evanescent waves to the LSR
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depends on the changes to the surface environment.7,8 The
highest RIU resolution was �10−5 with this method. How-
ever, most incident light does not interact with the nanopar-
ticles. Less light was coupled to SPWs than was coupled by
previous fiber optical SPW sensors. This causes a large back-
ground to the LSR signals. This paper presents another probe-
type fiber optic sensor that uses a nanometer fiber tip. Coating
metal around the fiber tip confines the optical wave near the
tip to a region that is smaller than its wavelength. Large eva-
nescent waves are present near the tip.9 They can be coupled
to SPWs when the phase-matching condition is met. The
SPWs can propagate on the surface of the gold film and radi-
ate from the end of the tip. Nevertheless, the optical waves
not coupled to SPWs are confined to the tip and cannot propa-
gate to the far field because of their evanescent characteristics.
Therefore, the SPW dominates the measured far-field inten-
sity at the tip, yielding a sensitive and low-background signal.
In the experiments herein, a refractive index resolution of up
to 2�10−5 RIUs at a power stability of 0.1% can be achieved
using only microliter sample solution.

2 Theoretical Model and Simulations

The basic idea that underlies generating SPWs in the fiber tip
is phase matching at the tapered tip. Figure 1�a� depicts the
excitation of SPWs at the tapered fiber tip that is coated with
a thin gold film. The guiding wave in the core of the fiber
interacts with the gold film in the tapered tip region. The
incident light is at an angle ��� to the normal of the gold film.
The SPW is generated at the gold surface, if the incident angle
satisfies the phase-matching condition,
1083-3668/2006/11�1�/014032/5/$22.00 © 2006 SPIE
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where n denotes the refractive index of glass, and �m and �c
are the dielectric constants of gold and the surrounding me-
dium, respectively. The incident angle is � /2−� /2, where �
is the tapering angle of the fiber. At n=1.5, �m=1.33, and a
tapered angle of 30 deg, the SPW is generated at
�m=−11.24. This value is close to the dielectric constant of
gold at a wavelength of 650 nm, revealing that SPW is gen-
erated in the tip region and propagates to the end of the tip
when a red laser �650 nm� is coupled to the tapered fiber tip.
The SPW coupling efficiency depends on the phase-matching
condition. The output light intensity can be used to measure
the refractive index of the surrounding medium. Notably, the
incident angle � is not fixed near the tip region. The 3-D
tapered cone of the fiber probe focuses light on a tiny spot.
The light travels toward the tip of the probe. The incident
angle at the metal/glass interface is gradually increased, as
shown in Fig. 1�a�. Therefore, phase matching for a higher
refractive index medium occurs closer to the tip, where the
optical intensity in the probe is much stronger. The coupling
of SPWs is expected to increase with the refractive index of
the surrounding medium.

A 3-D finite-difference time-domain �FDTD� method10

was used to simulate the propagation of light in a nanotip and
thus confirm the generation of SPWs at the gold-coated fiber
tip and the effect of environmental changes on the SPW sig-
nals. The FDTD simulations directly differentiate the Max-
well equations in both the temporal and the spatial domains.

Fig. 1 �a� SPW excitation at the tapered fiber tip. The fiber tip is
coated with a thin gold film. The SPW is generated at the gold surface,
if the incident angle satisfies the phase-matching condition. Notably,
the incident angle is not a constant. �b� The calculation domain in the
3-D finite-difference time-domain simulation of light in a nanotip. The
fiber cone has a refractive index of 1.5. The fiber cone is coated with
a 40-nm-thick gold layer; the dielectric constant of gold is −12.5. The
fiber cone has a tapered angle of 30 deg. Outside the gold coating is
the medium. The perfect matching layer conditions apply at all
boundaries.
No assumptions were required in calculating the propagation
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of light. This fact is important because lateral wave vectors
are large when light propagates in a structure whose feature
size is well below its wavelength. The extensively employed
beam propagation method, based on the paraxial assumption,
does not apply in this case. Figure 1�b� presents the calcula-
tion domain in the XZ plane. The parameters in the calcula-
tion were as follows; the length of each grid cell was 20 nm
in each of the x, y, and z directions. The fiber cone had a
tapering angle of 30 deg and a tip diameter of 80 nm. The
glass fiber had a refractive index of 1.5. Outside the fiber cone
was a thin gold-coated layer. The dielectric constant of gold
was −12.5. Outside the gold coating was the surrounding me-
dium. The refractive index of the medium was 1.33 to simu-
late the fiber tip in water. The boundaries were all defined
according to the perfect matching layer �PML� conditions.
Reflected light from boundaries was negligible because the
PML conditions applied at all boundaries.

A light source was launched from the fiber core and the
optical intensity at the tip region was calculated. The incident
light was a HE11 mode, as determined in a 2-�m fiber core.
The wavelength of the light was 650 nm. The incident light
was linearly polarized. Its polarization direction was parallel
to the x axis. The circular symmetry of the tapered probe was
such that other linear polarizations, such as y polarization,
yielded the same result. Figures 2�a� and 2�b� present the
electric field distributions in both the XZ and the XY planes.
The XZ image clearly shows the presence of SPWs at the
gold/medium interface near the tip region. The SPW is gen-
erated at the tapered region and can propagate to the tip. Fig-
ure 2�b� plots the XY plane electric field distribution at the
end of the tip. The figure displays two lobes in the x direction.
The lobes are SPWs that propagate from the tapered region to
the tip end. The tapered tip and the metallic coating confine
most light in the probe to a tiny spot ��80 nm�, and the
radiation of SPW at the end of the tip is important in the
transmission efficiency. In the simulation, the transmission ef-
ficiency is �1.8�10−2. Comparing optical intensities at the
tip’s opening and the lobes in Fig. 2�b�, the SPW contributes
over 50% of the intensities of the transmitted light.

The thickness of the gold film is known to affect the cou-
pling efficiency of SPW. The transmission intensity was cal-
culated for gold films of various thicknesses of gold to deter-
mine the best thickness value. The refractive index of the
surrounding medium varied from 1.33 to 1.4. Figure 2�c� plots
the calculated results. We used I�n� / I�n=1.33� was used to
normalize the transmission intensity to the referenced medium
�water�. The figure provides some important information con-
cerning the nanofiber SPW sensor. First, it confirms that the
transmission of light increases with the refractive index of the
surrounding medium. Second, the optimal gold film thickness
is around 50 to 60 nm. A thinner gold film corresponds to
smaller changes in intensity because the SPW is weaker and
more light is transmitted in the tip. Increasing the thickness of
the gold film increases the coupling of SPW. However, when
thickness of the gold layer exceeds 80 nm, the coupling of
SPW is reduced. At the case of �=30 deg, �=650 nm, and a
film thickness of 50 nm, the transmission intensity can be
increased by a factor of 1.4 when the outside refractive index
is changed from 1.33 to 1.4. Third, the transmission intensity

increases linearly with the refractive index of the surrounding
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medium. The correlation coefficient R between the data and
the linear fit exceeds 0.99. Notably, the fittings at larger slopes
have larger deviations; for instance, R=0.993 for the 50-nm
film while R=0.9998 for the 25-nm film.

3 Experimental Setup and Results
The key component of the fiber probe sensor is the tapered
fiber tip with a smooth surface. The tip was prepared using a

11

Fig. 2 �a� Calculated electric field in the XZ plane. The incident
wavelength was 650 nm and was x-polarized. The SPW is generated
in the tapered region and propagates to the tip end. �b� Electric field at
the end of the tip, viewed in the XY plane. The field is not circularly
symmetric. Two lobes are formed by the generation of the SPWs at the
gold/medium interface. �c� Optical intensities for various thicknesses
of the gold film with various external media. The �50-nm Au film was
the most sensitive. The intensity increases by a factor of �1.4 as the
outside refractive index changed from 1.33 to 1.4.
modified wet-etching method, described elsewhere. Figure
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3�a� presents a scanning electron microscope �SEM� image of
the fiber tip region. The fiber was made from a 635-nm
single-mode optical fiber �3M FS-SN3224�, etched using
45%HF solution. A smooth surface and a shaped tip were
obtained after an etching time of 60 min. The fiber was then
coated with a 40-nm-thick layer of gold around the tip region.
The inset in Fig. 3�a� presents the results of coating with gold.
The gold-coated fiber tip was placed in a microscopic system
to measure the refractive index of the solutions. Figure 3�b�
depicts the setup of the measurement system. A linearly po-
larized laser with a wavelength of 650 nm was modulated
using an optical chopper at a frequency of �1 kHz. It was
coupled to the fiber from the cleaved end and generated a tiny
optical spot at the tapered tip. NaCl solutions of various con-
centrations were dropped on a glass slide using a micropi-
pette. The volume of each drop was 2 �l. The concentrations
of NaCl were 0, 3.5, 5, 7.5, 10, 14.5, and 20% mg/cm3 After
it had interacted with a NaCl solution, the transmission light
was collected by a 10� objective lens and detected using a
photomultiplier tube �PMT�. A lock-in amplifier read the
modulated optical signals and sent the intensity values to a

Fig. 3 �a� SEM image of fiber tip region. The fiber was made from a
635-nm single-mode optical fiber, etched using 45% HF solution. The
inset displays the results of gold coating. �b� Setup of the SPW mea-
surement system. A 650-nm-wavelength solid-state laser was coupled
to the fiber. The laser was modulated using an optical chopper. NaCl
solutions of various concentrations were dropped onto a glass slide.
The transmission light was collected using a 10� objective lens and
detected using a photomultiplier tube �PMT�. A lock-in amplifier read
the modulated optical signals and sent the intensity value to a
computer.
computer. Figure 4�a� plots the measured intensity versus the
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concentration. The optical intensity increased with the con-
centration of salt. The measurements were made many times,
yielding similar results. Notably, the optical detection limit of
the PMT is �10−15 W, which is markedly below the mea-
sured intensity, which was in the order of nanowatts. How-
ever, Fig. 4�a� has �0.3% fluctuations in the intensity mea-
surement. The fluctuations were due to the limit of power
stability of the laser.

The refractive indices of solutions with various salt con-
centrations were measured using a refractometer to determine
the RIU sensitivities of the nanofiber probe sensor. Figure
4�b� plots the optical intensity versus the refractive index. The
experiments confirm that the transmission increases with the
refractive index of the surrounding medium. The error bars
indicate the standard deviations over five measurements. The
maximum deviation in the measured intensity is 2%. Note that
the experimental results exhibit much better sensitivity than
the FDTD predictions. The optical intensity was approxi-
mately tripled as the outside refractive index changed from
1.33 to 1.375. The experimental results show an RIU sensi-
tivity of 4444 �% RIU−1�, suggesting an RIU resolution of
2.25�10−5 for the measurement of intensity at an optical

Fig. 4 �a� Optical intensity versus salt concentration. The concentra-
tions of NaCl were 0, 3.5, 5, 7.5, 10, 14.5, and 20% mg/cm3. The
figure shows two repeated circles. �b� Optical intensity versus refrac-
tive index. The plot confirms that the transmission intensity increased
with the surrounding refractive index. The RIU sensitivity is �4444
�% RIU−1�.
power stability of 0.1%. This value is similar to that obtained
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using conventional prism-based system when the intensity
changes near resonance are measured.2 The gold coating may
have contributed to the greater sensitivity. The sputtered
coated gold film was not smooth. The SEM image reveals that
the gold film comprised of nanometer islands. The nanometer
surface roughness caused additional LSR at the fiber tip, and
may have been responsible for the increase in sensitivity. No-
tably, the change in the intensity with the refractive index was
fitted by a polynomial curve rather than a line. The intensity
change is much larger than the FDTD predictions, so a non-
linear increase in the intensity of light is expected.

The nanotip fiber sensor has the advantages of good RIU
sensitivity and a localized interaction region, enabling the dy-
namic properties of a very small volume of solution to be
determined. For instance, a nanotip sensor can be used to
determine the evaporation rate of a small drop of water on a
glass slide. The evaporation rate importantly affects measure-
ments of biologic samples on glass slides. The nanofiber sen-
sor can be used to monitor the evaporation rate of water under
different conditions if a relationship between the transmission

Fig. 5 �a� Measured salt concentration versus time. The initial volume
of the salt solution was 30 �l and its concentration was 5% mg/cm3.
After �150 min, the salt concentration reached saturation at
�31.5 mg/cm3. �b� Volume of water versus time. The slope of the plot
yields the evaporation rate of water. Initially, water has a large evapo-
ration rate, which becomes �0.2 �l /min for a long period
��100 min�. The rate is calculated by linear fit to slope of the volume
of water. The dashed line shows the fitting result.
intensity and concentration is established. In this paper, we
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measured the transmission intensity versus salt concentration.
This information can be used to determine the evaporation
rate of water by recording the optical intensity changes. Fig-
ure 5�a� plots the measured concentration against time. The
initial volume of salt solution was 30 �l and its concentration
was 5% mg/cm3. After it had remained under ambient con-
ditions for 150 min, most of the water had evaporated and the
NaCl solution was saturated ��31.5 mg/cm3�. Following
saturation, no water was present in the tip. The tip was di-
rectly exposed to air and caused a drastic decrease in optical
intensity. The simple relationship between the amount of wa-
ter and the salt concentration, V�0�C�0�=V�t�C�t�, where
V�t� is the volume of water and C�t� is the salt concentration,
was used to calculate the evaporation rate of water. Figure
5�b� shows the volume of water against time. The slope of the
plot is the evaporation rate of water under ambient conditions.
Initially, the evaporating rate of water is high, �0.36 �l /min.
Then, the volume of water is linearly decreased. The correla-
tion coefficient, R for the linear fit is −0.99. The evaporation
rate is 0.2 �l /min during a long period ��100 min�.

In summary, a novel fiber optic biosensor based on the
generation of SPWs near a nanotip is proposed. The nanofiber
tip was coated with a thin film of gold. SPWs can couple to a
gold surface and propagate to the end of the tip. Because most
light in the tip is cut off, the nano-SPW sensor has a weak
background. The nanofiber sensor reaches an RIU resolution
of �2�10−5 at an optical power stability of 0.1%. Moreover,
effective coupling of SPW occurs near the fiber tip. It requires
only a very small sample volume. Unlike the conventional
ATR approach, the nanofiber SPW sensor is simple and easy
to use. It can be used to perform multiple detections using
arrays of probes.
Journal of Biomedical Optics 014032-
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