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Integrating surface plasmon resonance (SPR) devices upon single-mode fiber (SMF) end facets renders
label-free sensing systems that have a simple dip-and-read configuration, a small form factor, high com-
patibility with fiber-optic techniques, and invasive testing capability. Such devices are not only low cost
replacement of current equipments in centralized laboratories, but also highly desirable for opening
paths to new applications of label-free optical sensing technologies, such as point-of-care immunological
tests and intravascular ultrasound imaging.
In this paper, we explain the requirements and challenges for such devices from the perspectives of

biomolecule and ultrasound detection applications. In such a context, we review our recent work on
SMF end-facet SPR cavities. This include a glue-and-strip fabrication method to transfer a nano-
patterned thin gold film to the SMF end-facet with high yield, high quality and high alignment precision,
the designs of distributed Bragg reflector (DBR) and distributed feedback (DFB) SPR cavities that couple
efficiently with the SMF guided mode and reach quality factors of over 100, and the preliminary results
for biomolecule interaction sensing and ultrasound detection. The particular advantages and potential
values of these devices have been discussed, in terms of sensitivity, data reliability, reproducibility, band-
width, etc.

� 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Integrating sensors at the ends of optical fibers, which changes
the intensity, spectrum and/or phase of the fiber-guided
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lightwaves upon detection of the targeted substances, is desired in
a number of application scenarios, e.g., biomolecule interaction
analysis, drug screening, immunological tests, agriculture produce
inspection and ultrasound imaging. For they have the advantages
of allowing optical access to the inside of opaque subjects, trans-
mitting optical excitations and signals in flexible fibers and
through long distances, taking advantages of the development of
fiber-optic communication technologies, and providing more com-
pact, simple and stable systems compared with the free-space
optics counterparts. In addition, by placing the fiber ends right
onto the targets and reading the outputs, the operation requires
much less technical expertise and is much more time efficient than
the alternative techniques, which is of high importance for emer-
gent medical diagnosis, point-of-care testing (POCT), and on-site
inspections.

An ideal fiber-end sensor device should satisfy the following
four requirements. (1) The sensing performance, in terms of limit
of detection (LOD), satisfies the targeted applications or even
matches its free-space counterpart which couples to planewaves.
(2) The fiber is a single-mode fiber (SMF) and the optical system
is an all-fiber system. Although using a straight segment of
multi-mode fiber (MMF) is an effective way to guide light into
and out of the sample [1], it loses most advantages of using
fiber-optics. In particular, when MMFs are applied, free-space
optics setups are often involved in order to couple to the funda-
mental or the few lowest order fiber-guided modes, which makes
the optical system complicated, bulky and incompatible with stan-
dard fiber-optic telecommunication techniques. (3) The sensor sig-
nal is collected by reflecting into and being guided through the
same fiber. The end-reflection configuration is crucial for
dip-and-read operation and insertion into tiny vessels. (4)
Reproducibility between different devices is important for quanti-
tative measurements and sensor arrays. This presents a challenge
for device fabrication.

Despite the fact that fiber-end sensors have been investigated
extensively for many years, there is limited success to achieve all
of the above four requirements, which has significantly hindered
progress for real applications and commercialization. In this paper,
after introduction to the fabrication methods, we review our recent
work on surface plasmon cavities on optical fiber end-facets for
refractive index sensing, in the contexts of biomolecule detection
and ultrasound detection [2–4]. In particular, we discuss the
requirements on the sensor devices in further details from the
application point of view, which seems to be elusive from an
amount of recent device research reports. We believe these discus-
sions are necessary to guide current device research towards pro-
ducing really valuable products.

While this review focuses on fiber end-facet surface plasmon
resonance (SPR) devices, reviews of a broad range of recent techni-
cal advances about lab-on-fiber nanostructures and fabrication
technologies can be found in Ref. [5–9], which open many other
opportunities for performance improvement and applications. In
addition, there have been a number of reports on SPR devices on
planar substrates whose sizes and numerical apertures match that
of a SMF, which are prospective to be integrated upon SMF end-
facets, e.g. SPP launching and shaping [10–14] and polarization
conversion [15].
2. Device fabrication

The endeavor to fabricate nano-plasmonic structures on the
tiny flat end-facets of optical fibers have been a subject under
active exploration. Electron beam lithography, in spite of being
the most efficient and reliable methods for patterning nanostruc-
tures on a planar substrate, becomes hugely challenging when
being applied on the fiber end-facets, due to the difficulty to coat
a thin layer of photoresist, the lack of a conductive substrate and
the difficulty to align the nano-pattern to the core of fiber.
Nonetheless, successful patterning of periodic nanodot arrays upon
SMFs and concentric rings upon large core area MMFs have been
successfully demonstrated [16,17]. The photoresist layers were
coated by dipping the fiber tips into the resist and then shaking
or blowing off the extra resist, by mounting the fiber end-facets
onto flat surfaces, or by thermal evaporation [18]. Meanwhile,
interference lithography has also been demonstrated, which also
requires a photoresist layer [19]. On the other hand, focused ion
beam milling is a much more straightforward method for fiber
end-facet nano-patterning, as have been reported by several
groups [20–23]. However, it is much more time consuming, and
the injection of gallium ions is a severe concern for Raman spec-
troscopy measurements [24].

In view of the difficulties to directly pattern the fiber end-facet,
a few transfer techniques have been developed in recent years, in
which a nano-patterned metallic film is first fabricated on a planar
substrate and then transferred to the fiber end-facet. In a nanoskiv-
ing approach, the metallic nanostructures embedded in epoxy are
sectioned into thin slabs, then the slabs are floated flat on top of
water and transferred to the fiber end-facets by pressing the fibers
into the slabs [25]. In a decal transfer approach, the nanometallic
structures are stripped from a planar substrate, and transferred
to a thin sacrificial film and then the fiber end-facet in sequence
[26]. This approach also enables transfer onto curved surfaces. At
the same time, the transfer method proposed by Ref. [27], in which
the gold nanostructures are directly stripped off silicon or SiO2

substrates, has become a widely employed technique in nanoplas-
monics device fabrication nowadays, due to the weak Van der
Waals binding force between gold and the substrates, and the
superior surface smoothness of the transferred gold. This transfer
method has also been adopted for transferring gold nanostructures
onto fiber end-facets by several groups, including us [2,28–30].
More recently, transfer by using hydrochloric acid to etch a sacrifi-
cial indium tin oxide layer has been demonstrated [31].

Fig. 1a shows the concept of our glue-and-strip fabrication
approach. The details are as follows [2]. First, an amount of optical
epoxy adhesive is applied on the tip of the fiber, with a careful con-
trol of the volume of the epoxy droplet. Then, the fiber is mounted
on a multi-axis translation stage and moved towards the substrate
which carries the gold film with the nano-patterns. The fiber is
observed under a stereomicroscope and aligned with its mirror
image in the gold film to be a straight line. Alignment marks on
the gold film enables a coarse alignment of the fiber to the nano-
pattern. Then precise alignment is achieved by sending a broad-
band light into the fiber, monitoring its reflection spectrum off
the gold nanostructure in real-time, and optimizing the position
of the fiber end. After alignment, the epoxy is either cured by a
UV lamp or heating the substrate. At last, the fiber tip is moved
off the substrate quickly to strip the gold film. For non-periodic
nano-patterns such as a cavity, UV curing through a transparent
substrate such as glass and quartz is preferred, since it avoids ther-
mal expansion of the substrate which may severely affect the
alignment. A front-view optical microscopy image of the resulting
device is shown in Fig. 1b, where the irregular outer rim is the edge
of the stripped and transferred thin gold film, the circular inner rim
is the edge of the cladding of a bare fiber underneath the gold film,
and the square-shaped shadow is a nanoslit array on the gold film.
The four dark rectangles are alignment marks. In the center of the
nanoslit array is an SPR cavity, which shows a lighter color than its
surrounding and which is aligned to the core of fiber.

In addition, there are a plethora of other inventions to modify
the fiber tips, including but not limited to the flat end-facets, e.g.,
direct laser writing [32–34], mechanical polishing [35–37],



Fig. 1. Fabrication of a nano-patterned thin gold film on the end-facet of an SMF. a, The glue-and-strip process. b, The front view of the fabricated device under an optical
microscope [2,29].
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chemical etching and tapering [38–42], fiber-aligned photolithog-
raphy [43], nanoimprinting [29], self-assembly of nanoparticles
[44], and Micro-Electro-Mechanical System (MEMS) techniques
[45]. A survey of these techniques can be found in Ref. [6].

3. SPR cavities on optical fiber end-facets for biomolecule
sensing

3.1. Label-free biosensing: Promises, challenges and comments

Micro-optical resonators and interferometers, whose responses
to external optical excitations shift with the changes in environ-
mental refractive indices, have been widely and intensively inves-
tigated for label-free biomolecule sensing [46–48]. It has long been
anticipated that the development of label-free sensing technolo-
gies, due to the fact that they significantly simply the biochemical
experiments by eliminating multiple labeling steps, will revolu-
tionize the traditional drug screening markets and bring new mar-
kets in POCT, food safety, environmental monitoring, etc., which
are worth tens of billions of USDs [49–52]. In addition, SPR has
been written in the pharmacopeia of the United States and Japan
for the first time last year, which brings the anticipation of a fast
growth of market in the near future [53]. However, more than
ten years after these predictions, nowadays the applications of
label-free biosensing are still mainly restricted in high-end biology
laboratories and secondary drug screening in pharmacy [54,55].
The limited applications are due to the high costs and bulky sizes
of the equipments, and the lengthy operation procedures which
require a certain degree of professionalism. In this aspect, the suc-
cessful integration of SPR at optical fiber end-facets has a great
promise to fulfill the promises of label-free biosensing by providing
compact, simple and fast testing equipments.

To facilitate paper writing, here we define the terminologies
that have been widely adopted to characterize the performance
of refractive index sensing devices, for the wavelength interroga-
tion scenarios.

Sensitivity ðnm RIU�1Þ ¼ resonance wavelength shift
refractive index increase

; ð1Þ

Figureof merit; FOM ðRIU�1Þ

¼ Sensitivity
FWHM linewidth of resonance spectrum

; ð2Þ

Limit of detection; LOD ðRIUÞ

¼ 3� RMS noise of resonance wavelength
Sensitivity

: ð3Þ
It seems that many optical physicists’ efforts in this field have
been contributed to improve the sensitivity and LOD, with the ulti-
mate goal of single molecule detection. However, the following
points should be noted with regard to this aspect. (1) The mini-
mum amount of molecules that can be detected is not only depen-
dent upon LOD, but also upon a number of other important factors.
For a well-designed system, the root-mean-square (RMS) noise
after being averaged for around a second is typically smaller than
the baseline drift in a few minutes. The baseline drift not only
comes from the system but also the instability of the chemically
functionalized sensor surface. Further, non-specific binding often
overwhelms the noise and baseline drifts, especially in compli-
cated samples such as blood and urine, in which situations the
mass of analytes adsorbed on the sensor surface should be
improved rather than the LOD. (2) For quantitative analysis, the
minimum amount of molecules that can be detected should be
defined together with the variance between different tests per-
formed on different days using different sensors. For example, in
the case of high-sensitivity cardiac troponin (hs-cTn) tests for clin-
ical diagnosis of myocardial infarction, the coefficient of variance is
required to be within 10% for each assay at the 99th percentile for a
reference control group, according to the Joint European Society of
Cardiology/American College of Cardiology Committee [56]. (3)
The minimum amount of molecules that can be detected is signif-
icantly affected by the diffusion of molecules. To ensure a fast
enough mass transfer in the sample solution so as to maintain
the concentration of analyte molecules near the sensor surface,
the samples are flowed or stirred at fast speeds in commercial
equipments [1,57,58]. However, this brings a fundamental diffi-
culty to localized surface plasmon resonance (LSPR) devices, in
which mass transfer into the local hotspots is both difficult and
at different speeds for different ‘‘corners” of the nanostructures.
Consequently, the combination of different mass transfer speeds
in the same sample makes the biomolecule interaction sensorgram
deviate from a simple exponential curve, as can be observed in
published data but rarely noted. (4) Intrinsically, it is difficult for
label-free sensing technologies to compete with the mature label-
ing technologies, such as fluorescence and chemiluminescence,
with regard to LOD. The inherent advantage of label-free biosens-
ing is, instead, the capability to monitor biomolecule interactions
in real-time, and in a fast and convenient way. Therefore, simple
operation and a compact system shall not be sacrificed for achiev-
ing low LOD, if we target the tremendous applications beyond
high-end laboratories. (5) At last, to claim the detection of a very
low concentration of molecules, a reference test with no specific
receptors on the sensor surface must be conducted for comparison,
which is surprisingly often missing from optical device research
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papers. In fact, a quick comparison between a number of research
papers and the Biacore product datasheet will indicate that the
FOMs and the baseline drifts of the former are far from enough
to support the conclusion of detecting the claimed ultralow con-
centration. Non-specific binding, water stains and substances from
the walls of containers can all possibly be what had been actually
detected in these research papers.

3.2. SPR cavities on single-mode fiber end-facets

In the well-known Kretschmann configuration for SPR prism
coupling, the illumination is at an incident angle larger than the
critical angle for total internal reflection (TIR), which can be readily
incorporated by fiber side-wall SPR devices. The fiber side-wall
devices have taken the configurations of exposed fiber cores,
chemically etched tapers, long-period grating coupling, titled
Bragg grating coupling, etc. [5,7,8,47,59–72].

However, the design of SPR structures on optical fiber end-
facets can’t straightforwardly inherit their free-space optics coun-
terparts. The Q values and coupling efficiencies of most grating-
coupled SPR structures for planewave coupling at normal inci-
dence, when coupled to the fiber in the end-fire configuration,
degrade significantly. This is due to the fact that these structures
consist of a periodic array of nanostructures in a metallic film,
while the fiber-guided lightwaves have a finite numerical aperture
(NA). This effect can be understood from two perspectives [2].
Firstly, when the periodic grating is illuminated by the fiber-
guided lightwaves at normal incidence, it is equivalent to grating
coupling of a superposition of planewaves with different angles
of incidence within the NA. Since the grating-coupled SPR’s reso-
nance wavelength shifts with the incidence angle of planewave,
the superposition broadens the SPR spectrum and reduces the cou-
pling efficiency at a single wavelength. Secondly, let’s assume a vir-
tual SPR mode which has a transverse modal area that matches the
fiber-guided lightwaves. A fundamental difference between this
SPR mode - fiber-guided mode coupling system and the SPR – pla-
newave coupling system is that the former contains an extra SPR
modal loss which is surface plasmon polariton (SPP) propagation
out of the modal area. This extra loss term item is so significant
for the small core area of a SMF that it severely broadens the SPR
spectrum and moves the system far away from critical coupling.
To date, there have been a variety of periodic nanoplasmonic struc-
tures fabricated on the end-facets of SMFs and MMFs, including
nanoholes, nanoparticles, nanoslits and gratings [5,8,9,16,19–26,2
9,30,44,73–76]. Many of these devices were used to demonstrate
surface enhanced Raman spectroscopy (SERS) instead of refractive
index sensing due to the broad linewidths of the SPR spectra.
Fig. 2. The DBR SPP cavity. a, The SEM image of the interface between the central and su
gold film is in yellow [2]. (For interpretation of the references to colour in this figure le
According to the abovementioned second perspective, in order
to improve the Q and spectral depth of SPR at the fiber end-facet,
it is critical to mitigate the SPP propagation out of the modal area.
Therefore, forming a cavity to confine the SPPs is a reasonable solu-
tion. Recently, two cavity designs have been demonstrated by us,
one using a distributed Bragg reflector (DBR) to confine the SPP
mode in the SPP band [2], the other using a phase shift section in
a second-order distributed-feedback (DFB) grating to create a
defect mode in the SPP bandgap [3]. Both show a high Q SPR, a
greatly improved FOM compared to previous work, and a LOD on
the order of 10�6 RIU.

In the following, we briefly summarize the design and charac-
terization of our SPR cavity devices on SMF end-facets. The front
view of one of the first type of devices under an optical microscope
has been shown in Fig. 1b. In this device, a 55 nm thick gold film
covers the end-facet of a SMF. The square shadow is an array of
50 nm wide nanoslits penetrating through the gold film. The slits
in the central lighter color region have a period, K1, of 645 nm,
and occupy an area of around 11 � 1 lm2. The slits in the sur-
rounding region have a period, K2, of 315 nm. A scanning electron
micrograph (SEM) image around the interface between the central
and surrounding slit regions is shown in Fig. 2a. The square design
makes the device performance insensitive to the polarization of the
fiber-guided lightwaves. A 2-D schematic illustration of the device
is shown in Fig. 2b, where the fiber has been simplified into a 2-D
dielectric waveguide with the same core diameter and refractive
indices as a standard SMF.

The central nanoslit array couples the fiber-guided lightwaves
and the SPPs through its first order spatial Fourier component,
same as commonly used grating-coupled SPR for planewave cou-
pling. In addition, it also has a considerable second-order spatial
Fourier component due to the tiny width of the slits, which results
in bandgaps in the SPP band diagram. The SPP band diagram of the
central 2-D structure in Fig. 2b, which is taken to be infinitely
extended in the in-plane direction, has been calculated by finite-
difference time-domain (FDTD) calculation, and plotted in Fig. 3.
Here, the power reflectivity for p-polarized planewaves incident
within a range of wavelengths and in-plane wave-vectors is plot-
ted. In the figure, the points A and B correspond to SPPs on the
water-gold interface, and C and D correspond to SPPs on the (fiber)
glass-gold interface. A and C are bright modes under normally inci-
dent illumination, and B and D are dark modes which only show up
under tilted illumination. A is the SPR mode that we use for detect-
ing molecules in the water.

The surrounding nanoslit array forms a DBR to confine SPPs in
the cavity. The distance between the two nanoslit arrays, s, is
designed to achieve constructive interference between the two
rrounding nanoslit arrays. b, A 2-D schematic illustration of the device, in which the
gend, the reader is referred to the web version of this article.)



Fig. 3. The SPP band diagram of the 2-D central nanoslit array calculated by FDTD
[2].
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reflections at the interface, which are labeled as r1 and r2 in
Fig. 2b.

The second type of devices’ SEM image and 2-D schematic illus-
tration are shown in Fig. 4. The same nanoslit array in a thin gold
film is used to grating-couple the fiber-guided lightwaves to SPPs
along the water-gold interface. Borrowing the concept of DFB laser
cavity, a phase-shift section with a length of s is inserted in the
center of the cavity to create a defect SPP mode.

The SPP band diagram of the 2-D periodic nanoslit array is
shown in Fig. 5a, together with the light lines of water and glass.
Here, it has been calculated by using pulsed dipole sources to
excite the SPP fields, and performing Fourier transform on the
Fig. 4. The DFB SPP cavity. a, The SEM image of the center of the device. b, A 2-D schemat
of the references to color in this figure legend, the reader is referred to the web version

a                                    b

W
av

el
en

gt
h 

(n
m

)

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
750

800

850

900

950

1000

1050
Light line (SiO2 )

 Light line (water)
 SPP band

W
av

el
en

gt
h 

(n
m

)

kx (µm
-1)

Fig. 5. The SPP band diagram of the 2-D DFB cavity calculated by FDTD. a,
time-domain fields to find the frequencies of the SPP modes under
the Bloch boundary condition for each in-plane wave-vector kx. The
coupling between a normally incident p-polarized illumination and
the SPPs along the gold-water interface corresponds to the kx = 0
point on the shortest wavelength band, coupled by the first order
spatial Fourier component of the nanoslit array. Meanwhile, the
same as in the first type of devices, the strong second-order spatial
Fourier component of the nanoslit array produces a bandgap from
865 nm to 877 nm, as indicated by the blue dash-dot lines. In
Fig. 5b, the p-wave power reflectivity of the 2-D waveguide upon
the 2-D nanoslit array as in Fig. 4b has been calculated by FDTD
and plotted. It shows that by inserting the phase-shift section, a
defect mode appears within the bandgap, whose wavelength shifts
with s and moves out of the bandgap and cycles when s is further
increased. It is noteworthy that a set of odd symmetry
defect modes are not excited in the calculation and not shown in
Fig. 5b.

In Fig. 6, the electric field intensity distributions of the 2-D SPR
field without and with a phase-shift section s = 110 nm are com-
pared, at 850 and 871 nm, respectively. The on-band mode extends
in-plane until it extinguishes by ohmic and scattering losses, while
the defect mode is confined near the core of waveguide due to for-
bidden propagation in the DFB structure.

The experimental setup to characterize the sensors is schemat-
ically illustrated in Fig. 7. The fiber is a typical SMF for 780 nm. A
super-luminescent diode (SLD) is used as the light source. A
ic illustration of the device, in which the gold film is in yellow [3]. (For interpretation
of this article.)
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Fig. 7. The biosensing experiment setup [3].

Fig. 6. The 2-D electric field intensity distributions of the SPR fields under waveguide illumination. a, A periodic nanoslit array. b, With a phase shift section of length s = 110
nm [3].
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50–50% fiber directional coupler routes the fiber-guided light-
waves to the SPR sensor probe. Reflection off the sensor is routed
to a fiber-coupled CCD spectrometer. It is important that a fiber-
coupled SLD is used as the light source, since it sends enough opti-
cal power into the SMF in order to achieve a high signal-to-noise
ratio (SNR). This is impossible when the SPR Q is low and a broader
band light source such as a halogen lamp has to be used to cover all
of the SPR spectral range. Such lamps couple extremely ineffi-
ciently into an SMF, which results in a much lower SNR.

The normalized reflection spectra when an SPR sensor of the
first type is immersed in seven different liquids are shown in
Fig. 8, together with a plot of SPR central wavelength versus refrac-
tive index. The Q values are around 101, and the SPR spectral dips’
depths are around 20%. A good linearity within a broad range of
refractive indices is observed, with a sensitivity of 571 nm RIU�1.
The FOM is determined to be 68 RIU�1, showing over an order of
magnitude improvement to previous reports on SMF end-facet
periodic SPR structures. The LOD is measured to be 3.5 � 10�6

RIU with a 1 s integration time, showing two orders of magnitude
Fig. 8. Refractive index sensing experiment results. a, SPR spectra for differ
improvement to previous reports on optical fiber end-facet SPR
sensors. A sensor of the second type has been measured to have
a sensitivity of 628 nm RIU�1 and a FOM of 80 RIU�1. We expect
that with more nanoplasmonic structures being designed and
mechanisms being understood, the sensing performance will have
a large space to be further improved in the future.

In Fig. 9, the result of a real-time biosensing experiment using
our fiber end-facet SPR cavity sensor is shown. Here, 1 RU corre-
sponds to approximately 1 pg mm�2 surface mass density of
adsorbed molecules. In the experiment, first the sensor with a bare
gold surface is immersed in a 4-(2-hydroxyethyl)-1-piperazineetha
nesulfonic acid (HEPES) buffer solution to obtain a baseline. Then
the sensor is immersed in a (poly-L-lysine)-(polyethylene glycol)-
biotin (PPB) solution to form an antifouling layer by electrostatic
forces, in order to reduce the nonspecific binding [77,78]. Next, a
layer of streptavidin (SA) is added on top of the PPB through
biotin-SA binding. Then, a layer of biotinylated protein A (BPA) is
added on top through SA-biotin binding. Finally, the sensor with
a protein A surface is used to capture human immunoglobulin G
molecules. In each step, after binding with the target molecules,
the sensor is immersed in HEPES to wash off extra molecules or
to observe the dissociation process. The switching to HEPES time
moments are labeled by arrows in the figure.
4. SPR cavities on optical fiber end-facets for ultrasound
detection

To achieve high resolution and fast speed ultrasound imaging, it
is desired that the ultrasound detection technique has a low noise
equivalent pressure (NEP), a broad band frequency response, a
broad angular response and the ability to perform phased-array
detection. In addition, for invasive applications, e.g., intravascular
imaging, ultra-compact sensor probes and signal transmission
cables are necessary, in which situation the fiber-end devices have
ent solutions. b, SPR resonance wavelength versus refractive index [2].



Fig. 9. Biomolecule interaction monitoring experiment results.

Fig. 10. The sensor probe packaged in a fiber-optic cable ferrule [4].
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obvious advantages. In particular, SMF should be applied when the
fiber cable is constantly moving in the in vivo environment.

For traditional piezoelectric hydrophones, there is a
compromise between NEP and bandwidth/angular response. The
sensitivity increases with the size of the sensing element by
harvesting more acoustic waves. On the other hand, the acoustic
pressures in the sensing element cancel each other when they
are out of phase, i.e., when piezzoelectric material
dimension P 1

2
acoustic wavelength

cos hi
; where hi is the incident angle of

the ultrasound wave.
In the last twenty years or so, there have been quite a number of

research work on acousto-optical micro-devices for ultrasound
detection [4,79–89]. The fundamental signal transduction principle
is detecting the change in refractive index and/or device morphol-
ogy under acoustic pressure, which results in a shift in the micro-
resonator’s resonance wavelength and a consequent change in the
reflectivity or transmissivity of a fixed-wavelength laser. Due to
the ultrahigh Q values and the micrometer scale thicknesses of
the optical resonant modes, the latest NEP and bandwidth values
reported are as good as on the order of Pa MHz�1/2 and 100 MHz,
respectively [81,85,87,88]. Among them, Fabry-Pérot (F-P) cavities
have been fabricated on the SMF end-facets [82–85]. An NEP of 5
kPa over a 20 MHz bandwidth and a bandwidth of 50 MHz have
been reported for a flat mirror F-P cavity in 2009, and the device
has been implemented in the commercial UMS3 scanning system
of Precision Acoustics [82]. More recently, NEP values as low as
4 Pa over 5 MHz [85] have been reported, by creating spherical
mirrors under surface tension.

The SPR cavity sensors on SMF end-facets as described in Sec-
tion 3 are also good candidates for ultrasound detection. They have
two advantages over the dielectric resonators as follows. First, the
active volume for sensing is ultra-small, which has a transverse
area comparable to the SMF guided optical mode, and an evanes-
cent depth equal to that of the SPPs. Therefore, a large bandwidth
for a wide angular range of detection is in principle possible.
Second, different from the dielectric resonators, in which the
acoustic sensitive material has to be the wave-guiding material
at the same time, in our devices we can choose the overlaying layer
from a wide range of highly acoustic sensitive materials and nanos-
tructures to cover the evanescent SPP field. It is noteworthy that
pursuing high Q values, as in previous work, will risk the repro-
ducibility between different devices which is critical for phased
array, while pursuing highly acoustic sensitive overlaying layers
with intermediate Q values may be a more viable solution in this
situation.

Fig. 10 is a picture of our ultrasound sensor packaged in a fiber-
optic cable ferrule, which contains a ceramic rod and a metallic
housing [4]. The SPR cavity sits at the end-facet of a bare optical
fiber that protrudes out of the metallic housing for about 10 mm.
The device design concept and fabrication method inherit our work
on the first type of biomolecule sensing devices as described in
Section 3, and will not be repeated. Here, K1 is 1020 nm, K2 is
504 nm, and s is 500 nm. The SMF guided lightwaves around
1550 nm are coupled to SPPs on the gold-epoxy interface, though
the SPPs on the gold-water interface can be used as well [86].

Fig. 11a is a schematic illustration of our ultrasound measure-
ment system, where a tunable laser’s output is guided by the
SMF to the SPR cavity, interacts with the ultrasound signal, and
is received by a photodetector and an oscilloscope. Fig. 11b shows
the experimental SPR spectrum, which has a Q of 282 and a reso-
nance dip depth of 45%. Theoretically, the refractive index sensitiv-
ity is 876 nm RIU�1 within a large range of refractive indices. The
tunable laser wavelength is set at either side of the SPR dip to mea-
sure the ultrasound output of a piezoelectric transducer. The
reflected laser power versus time is plotted in Fig. 4c and d at
1539 nm and 1543 nm, respectively. The opposite polarities of
the two measurement results are due to the opposite signs of the
SPR dip slopes [4].

By calibrating our sensing system using the UMS3 system [4],
we have obtained an NEP of 5.2 kPa over 20 MHz, a 6 dB angle of
70� at 10 MHz, and a stable performance for 20 min in ambient
conditions without feedback control. By using a pulsed laser with
a 5 ns pulse duration and a 532 nm wavelength to pump a 200
nm thick chromium film, we have generated short ultrasound
pulses and calibrated our sensor’s bandwidth to be over 125
MHz, which is limited by our measurement method. We expect
the sensitivity of our sensors to be significantly improved in future
work by applying acoustic sensitive materials and metamaterials
that have much smaller elastic moduli as the overlaying layer.



a b

c d

1539 1543

1539 nm 1543 nm

Fig. 11. Ultrasound detection experiment. a, The experiment setup. b, The SPR spectrum. c & d, The oscilloscope readouts of the same ultrasound pulses, by setting the laser
wavelength at the opposite sides of the SPR dip [4].
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5. Conclusion

We have discussed the advantages and potentials of refractive
index sensors integrated at optical fiber end-facets, particularly
for biomolecule and ultrasound detection applications. Specific
requirements and challenges from the application point of view
have been elaborated, including comments on how to correctly
evaluate the device performance and pursue their potential values.

A review of our recent work on SMF end-facet SPR cavities has
been conducted in the above context, together with a brief intro-
duction to the other fabrication techniques and devices developed
in the field. In our work, using a glue-and-strip fabrication tech-
nique, nano-patterned gold films are transferred from a planar sub-
strate to the fiber end-facet with high quality and with high
alignment precision to the fiber core. By either confining an SPR
mode on the SPP band with a DBR, or creating a defect SPR mode
in the second-order DFB bandgap, the SMF excided SPPs are in
the form of a cavity mode that spatially matches the fiber-guided
lightwave mode. The resulting SPR resonances show Q values
around 100 and sensitivity values up to 628 nm RIU�1 near 850
nm, and a Q of 282 and a sensitivity of 876 nm RIU�1 near 1550
nm.

For biomolecule detection, we believe the values and/or poten-
tials of fiber end-facet label-free sensors are fast and convenient
operations, compact systems and invasive detection. At the same
time, a reasonable LOD should be reached in the context that there
are other highly sensitive labeling technologies available. A good
reproducibility between different devices must be satisfied as well.
The LOD of our sensors with an SLD light source is on the order of
10�6 RIU at 1 s integration time. A real-time biomolecule interac-
tion sensorgram has been shown, which outperforms a MMF-
based commercial equipment (comparison data not shown).
For ultrasound detection, the particular advantages of our SPR
cavity sensors include an ultrasmall acoustic sensing volume
which allows large bandwidth and wide angle detection, the free-
dom to apply highly acoustic sensitive materials and nanostruc-
tures to interact with the SPP field (in future work), and the
reproducibility between different devices which is critical for
phased arrays.

As the performance of SMF end-facet SPR sensors continue to
improve, not only will they replace some of the expensive and
bulky equipments in high-end laboratories, but more importantly
it holds out the prospect to fulfill the long-time expectation to have
label-free sensing technologies find tremendous values in new
application areas, including immunological diagnosis, medical
imaging, high throughput drug screening, food safety, etc.
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