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In this study, we investigated combinations of fiber-based multimode interference (MMI) sensors with gold nanoparticles (NPs). Gold NPs were
synthesized and attached to the MMI sensor region using a silane-coupling agent. Light absorption due to the NPs was confirmed at wavelengths
of 560 nm and longer, including the telecommunication band (1300–1600nm). We examined the variation in the interfered wavelengths with
changes in the medium surrounding the MMI sensor, both with and without NPs. The interfered wavelengths were redshifted when the refractive
index (RI) increased, and the shift with NPs was almost twice as large as the shift without NPs. We determined the sensitivity of the MMI sensor
with NPs to be approximately 218.28 nm/RIU (refractive index unit) in a refractive index range from 1.31535 to 1.35199.

© 2015 The Japan Society of Applied Physics

1. Introduction

Evanescent waves on the surface of an optical fiber can be
used to measure the absorption,1–4) refractive index (RI),5–13)

and temperature14,15) of the surrounding material. Owing to
the rapid proliferation of optical fiber telecommunications
systems, the quality of these systems has increased while
the cost has decreased. Optical fibers in sensors have attracted
attention because of their compact size, high sensitivity,
ease of fabrication, and portability. Furthermore, optical fiber
sensors are not affected by electro-magnetic noise, and
silica fibers are stable in many chemical environments. One
attractive structure for sensitive measurement is a multimode
interference (MMI) structure,10–15) which employs the optical
interference between modes in an unclad multimode fiber
(MMF). The MMI sensor can detect RI changes around the
fiber very precisely as changes in its interference spectrum.

Many RI sensors incorporating the fiber sensor that uses
the localized surface plasmon resonance (LSPR) of noble-
metal nanoparticles (NPs) have been reported, where NPs
are attached to the sensor surface. In particular, gold NPs
are used for biosensing applications because of their good
biocompatibility and sensitivity.16) These sensors detect the
resonant characteristics changes in the visible wavelength
range, when the RI around the nanoparticle varies.17–19) The
resonance wavelengths are not restricted to the visible range
and also appear in the near-infrared range, including the
telecommunication band. The wavelength range of the LSPR
depends on the nanoparticle size and shape and the degree of
aggregation. The aggregated NPs are important for surface-
enhanced Raman scattering (SERS) because of strong
inhomogeneity of the electric field along coupled NPs.20)

It is known that fully aggregated NPs cause higher electric
field enhancement at longer wavelengths owing to the
dipole–dipole interaction of aggregated NPs.21) A signal
enhancement of an immune sensor has been reported using
gold NPs conjugated on recognition proteins.22) The effective
RI change due to NPs enhances the interference spectral shift.

In this study, we synthesized gold NPs and attached them
to the surface of the fabricated MMI sensor region. This
configuration is useful for biosensing applications because
of its disposability and the excellent biocompatibility of both
gold and silica. Because of its simple and fine shape, the

sensor will be employed within a microfluidic device or
living tissues in the future. The MMI sensor can detect the
effective RI change due to the electrooptic effect caused by
the electric field enhancement with NPs as changes in its
interference spectrum. The sensitivity of the MMI sensor was
evaluated by measuring transmission spectra while changing
the RI of the surrounding medium.23) The effective RI was
measured, and the sensitivity improvement was confirmed
by the experimentally obtained wavelength shifts for RI
transitions.

2. Operation principle of multimode interference with
gold NPs

Planar multimode waveguides produce periodic focusing
points in a phenomenon known as MMI.24) The optical fiber
MMI follows the same principles as those of a cylindrical
waveguide. The unclad MMF is sandwiched between two
single-mode fibers (SMFs) as input and output fibers. As
shown in Fig. 1, the gold NPs are attached to the MMF
surface. The light from the input fiber is diffracted and
split into propagation modes in the MMF. The LSPR of the
attached NPs is excited by the evanescent wave generated by
total reflection of the multimode light. The resonant wave-
length of the LSPR depends on the RI of the surrounding
medium, the nanoparticle size and shape, and the distance
between particles, among other factors. In this study, the
amount of absorption due to LSPR in the telecom wavelength
range was controlled by altering the synthesis conditions to
change the size and aggregation of NPs. The light coupled
into the output fiber is interfered as a result of the modal

Fig. 1. (Color online) MMI structure with gold NPs.
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dispersion. The interfered spectrum obtained from the output
light through the MMI structure is affected by the surround-
ing medium of the MMF. Because the surrounding medium
of the MMF acts as a cladding layer, variation in the RI
including those of NPs induces a Goos–Hänchen shift
(optical phase shift)25) in the total reflection region, resulting
in a change in the interference signal.

3. Experimental methods

We used a 125-µm-diameter, 80-mm-long unclad MMF of
pure silica sandwiched between SMFs with a core diameter
of 8.2 µm, which serve as input and output fibers. Each fiber
end was connected to a white light source or an amplified
spontaneous emission light source and an optical spectrum
analyzer to evaluate optical interference in the spectral
domain.

Gold NPs were synthesized through the reduction of
hydrogen tetrachloroaurate(III) tetrahydrate (HAuCl414H2O)
using trisodium citrate (C6H5O7Na3).26) To control the size
and the dispersion of NPs, we synthesized three types of gold
NP solutions by adding the trisodium citrate in concentrations
of (a) 0.4%, (b) 0.07%, and (c) 0.03% (w=v) to 0.01% (w=v)
hydrogen tetrachloroaurate(III) tetrahydrate solutions. The
trisodium citrate was also used to protect the NPs. Figure 2

shows SEM images of NPs synthesized with the three
conditions mentioned above. From the images, the averaged
diameters of synthesized NPs were 15, 37, and 53 nm for
concentrations (a), (b), and (c), respectively. The NPs were
attached to the MMF using a 1% (v=v) aqueous solution of
3-aminopropyltriethoxysilane (APTES) as a silane-coupling
agent.27) The attachment conditions using NPs with concen-
trations (a), (b), and (c) are indicated as (A), (B), and (C),
respectively. Figure 3 shows absorption spectra of the three
cases of gold NPs attached by the same procedure to a hetero-
core fiber structure.28) The output signal from the hetero-core
fiber structure represents only the absorbance spectrum
without interference. In the case of attachment condition (A),
only the characteristic absorption occurred at around a
wavelength of 550 nm. On the other hand, absorbance with
a broadened band at longer wavelengths, including tele-
communication wavelengths, occurred under conditions (B)
and (C). From these absorption spectra, the size and degree of
aggregations of NPs attached to the MMF were responsible
for the absorption spectral shapes. The absorbance with a
broad and longer wavelength spectrum is caused by the larger
size or closely deposited NPs resulting from aggregation.21)

It was considered that the electron gas in aggregated NPs
was excited at telecommunication wavelengths, and it was
considered to affect the effective RI.

4. Results and discussion

The transmission spectral shift due to the varying RI of the
surrounding medium was observed using an amplified
spontaneous emission light source with a wavelength range
of 1520–1620 nm. Figure 4 shows the measured transmission
spectra of the MMI sensor with NPs of conditions (A), (B),
and (C) and without NPs when the material around the sensor
region was either water or ethanol. The wavelength shift
caused by the RI change around the fiber was measured from
the spectral dip observed at around 1540 or 1550 nm, as
denoted by an arrow. The interference patterns composed of
peaks and dips were nearly unchanged. The wavelength shift
was varied by the adhesion of NPs. In particular, the gold
NPs of conditions (B) and (C) attached to the MMF led to
a clear increase in the wavelength shift, although a slight
decrease in transmission intensity and broader and more
gradual interference dip signals were observed because of the
light scattered by the NPs.29) Figure 5 shows the wavelength
shift for the varying RI during the transition from water to

Fig. 2. SEM images of gold NPs synthesized from three types of solutions
with trisodium citrate added in concentrations of (a) 0.4%, (b) 0.07%, and
(c) 0.03% (w=v) to 0.01% (w=v) hydrogen tetrachloroaurate(III) tetrahydrate
solutions.

Fig. 3. (Color online) Absorption spectra of three types of gold NPs
attached to the hetero-core fiber structure.
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ethanol, as measured from the MMI structures with three
different conditions of NPs as well as without NPs. The
wavelength shifts for all of the MMI structures have the same
characteristic peak at 80 to 90% of the ethanol=water ratio.
This trend corresponds to the reported tendency of RI. The
results for the MMI with NPs of condition (A) and without

NPs are similar, but the MMI sensors with NPs of conditions
(B) and (C) show a larger shift. The wavelength shifts due to
the change from water to ethanol are 3.75 and 8.00 nm for the
MMI sensors without NPs and with NPs of condition (C),
respectively. As shown in Fig. 3, the wavelength shift for
each type of NPs attached to the sensor region appeared to
correspond to the amount of absorption in the wavelength
range of 1400–1600 nm. As previously described, the optical
phase shift in the total internal reflection region causes the
interference signal to shift. The enhancement of this shift
definitively indicates that the optical phase shift increase is
related to the size and the adhesion state of the NPs at the
interface. A larger number and size of NP aggregates on the
MMF lead to larger change in the effective RI and enhances
the interference spectral shift.22)

In order to determine the relationship between the
wavelength shift and RI, we referred to the reported value
of the RI for the volume ratio of ethanol in water.30) The
obtained sensitivities of the MMI sensors with NPs of
conditions (A), (B), and (C), and without NPs were
approximately 98.23, 130.97, 218.28, and 102.32 nm=RIU,
respectively, with an RI range from 1.31535 (water) to
1.35199 (ethanol). The sensitivity of the MMI RI sensor was
roughly twice as high when using gold NPs of condition (C)
as compared with the case without NPs. To consider the
sensitivity enhancement due to the presence of gold NPs,
we estimated an effective RI value including those of the
NPs. Figure 6 shows the experimentally obtained wavelength
shifts with the RI of water as a reference. Red squares and
blue diamonds indicate results for the MMI without NPs and
with NPs of condition (C), respectively. Fitted curves for
each plot are also represented in the figure. The wavelength
shift of 3.8 nm for the RI of 1.35199 obtained from the MMI
sensor without NPs corresponds to the RI of 1.33730 for the
MMI sensor with NPs of condition (C). This consideration
indicates the effective RI enhancement of 0.01469 due to
the presence of gold NPs. The effective RI enhancement
was thought to result from the electrooptic effect caused by
electric field enhancement at the aggregated NPs. The
increased effective RI led to the improvement in the
sensitivity, as shown in Fig. 6. As a result, approximately
twofold higher sensitivity was achieved by the attachment of
the gold NPs.

Fig. 4. (Color online) Transmission spectra of the MMI without NPs and
MMI with NPs of conditions (A), (B), and (C), when the material around the
sensor region was either water or ethanol.

Fig. 5. (Color online) Ethanol=water ratio versus dip signal wavelength
shift obtained using the MMI structure with three conditions of NPs and
without NPs.

Fig. 6. (Color online) RI transitions versus wavelength shifts for MMI
without NPs (red squares) and with NPs of condition (C) (blue diamonds).
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5. Conclusions

In this study, we investigated combinations of MMI sensor
and gold NPs. The amount of extinction in the tele-
communication band was controlled by changing the
concentration of the trisodium citrate used as a reduction
agent and disperser. By using MMI with NPs, transmission
decreased and the spectra became more gradual, but the
spectral shift increased with the varying RI of the surround-
ing medium. The MMI shift with NPs of condition (C) was
almost twice as large as that for only the MMI. From the
results, it is considered that the increase in the spectral shift is
related to the amount of extinction in the telecommunication
band. The resultant sensitivity of the MMI sensor with
NPs was approximately 218.28 nm=RIU for a RI range from
1.31535 to 1.35199 in the telecommunication band. The
sensitivity of the RI sensor using the MMI structure could
be easily improved by accurately controlling the adhesion of
the gold NPs. Furthermore, this sensor system has potential
in biosensing applications because both gold NPs and silica
optical fibers have good biocompatibility.
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