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Abstract: We demonstrate a novel miniature multi-parameter sensing
device based on a plasmonic interferometer fabricated on a fiber facet in the
optical communication wavelength range. This device enables the coupling
between surface plasmon resonance and plasmonic interference in the
structure, which are the two essential mechanisms for multi-parameter
sensing. We experimentally show that these two mechanisms have
distinctive responses to temperature and refractive index, rendering the
device the capability of simultaneous temperature and refractive index
measurement on an ultra-miniature form factor. A high refractive index
sensitivity of 220 nm per refractive index unit (RIU) and a high temperature
sensitivity of —60 pm/ °C is achieved with our device.
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1. Introduction

For decades, sensor miniaturization has received a lot of attention in a broad range of
applications for physical, chemical and biomedical parameters sensing [1, 2]. Owing to the
recent advances in micro/nano fabrication techniques [3], miniature sensors can be realized in
smaller and smaller scales. As a popular miniature sensor platform, optical fiber based sensors
have been extensively investigated because of their small sizes, light weight, flexibility,
robustness to electromagnetic interference, and remote sensing ability [1]. However, as the
size of a conventional optical element gets closer to the operating wavelength, the size of
fiber-optic sensors seems irreducible due to the diffraction limit [4], Nevertheless, recent
studies on surface plasmons (SPs) shed some light on the realization of optical devices with
an even smaller form factor. SPs are electromagnetic wave induced collective oscillations of
free electrons on a metal/dielectric interface with a wavelength shorter than that of the
incident light, which enable the confinement and manipulation of light at the subwavelength
scale [5]. With the help of SPs, sensors with excellent sensing ability and ultra-thin film
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configurations have been demonstrated, including SP resonance [6], localized SP [7], and
plasmonic interferometer based sensors [8]. Recently, the facet of an optical fiber tip is found
to be an appealing platform to integrate plasmonic structures for sensing applications [9, 10].
However, all of these sensors are either limited to single parameter sensing or can be sensitive
to multiple parameters but are not capable of distinguishing different parameters.

(@) o (gl

Fig. 1. (a) Schematic of on-fiber plasmonic interferometer with nano-hole array. The inset
shows the unit cells of the array (t = 150 nm, d = 528 nm and A = 1055 nm). (b) SEM of the
fabricated sensor. (¢) SEM of the nano-hole array.

On the other hand, sensors with multi-parameter sensing ability become more and more
important, since in practical situations the measured parameters are often coupled with each
other. Therefore, sensor designs that can distinguish different parameters in a single
measurement are highly desirable. Over the last decade, a number of multi-parameter fiber-
optic sensors have been presented [11-18]. There are generally two methods. One method is
to include additional sensing elements to measure different parameters, such as dual Bragg
gratings in a fiber [13], cascaded Fabry—Pérot (FP) cavities [14, 16], and fiber Bragg grating
(FBG) cascaded to a photonic crystal fiber interferometer [18]. Consequently, this method
will increase the size of the sensor. Another method is to utilize multiple modes that are
distinctively responsive to different parameters. As a result, multiple parameters can be
discriminated by using a sensitivity matrix [12, 15-17]. However, all these sensors utilize
conventional optical components with a relatively large sensor size.

In this paper, we present a novel miniature on-fiber multi-parameter sensor based on a
plasmonic interferometer. The sensor consists of a two-dimensional (2D) nano-hole array
pattern fabricated on a silver film deposited on a cleaved fiber facet, as shown in Fig. 1. The
nano-hole array induces SPs, which propagate at the interface of metal and silica, resulting in
plasmonic interference of the multiple reflections at the boundaries of the finite-sized pattern.
Owing to the distinct responses of the SP resonance and the plasmonic interference to
temperature and refractive index, simultaneous measurements of temperature and refractive
index can be achieved, which are the essential sensing parameters in many biomedical
applications [19, 20].

2. Fabrication and experiment

To fabricate the on-fiber plasmonic interferometer illustrated in Fig. 1(a), a single mode fiber
(SMF28, Corning) [21] was first cleaved with a typical cleave angle of + 0.5°. Next, a silver
film with a thickness of # = 150 nm was deposited on the cleaved facet by magnetron
sputtering. Further, a focused ion beam (FIB) (Helios 650, FEI) milling was used to write the
nano-hole array pattern on the silver film around the fiber core region. The diameter d of the
individual hole was designed to be 528 nm and periodicity 4 is 1055 nm. The entire array
pattern consists of 31 x 31 units with an overall patterned area of d x d (=33 pm % 33 pm).
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This design ensures the following: i) SPs can be excited around the optical communication
wavelength of 1550 nm, ii) a proper free spectrum range is obtained to observe multiple
fringes in our spectrum range, iii) the SP resonance will not be degraded by the finite pattern
size [22, 23], and iv) the entire core area of the fiber is covered by the hole array. The
scanning electron microscopy (SEM) pictures of the fabricated device are shown in Figs. 1 (b)
and 1(c).

The reflection spectrum of the fabricated device was measured by using an optical sensing
interrogator (SM130, Micron Optics) with an uncertainty of 1 pm in the wavelength range
from 1510 nm to 1590 nm. The remote sensing configuration was used, so that both incident
light and the reflected signal can be guided through the fiber, as shown in Fig. 2(a). A
polarization controller was used in the light path to control the light polarization. The
measured reflection spectra were normalized by the reflection spectrum of a fixed fiber mirror
(a cleaved fiber with 150 nm silver deposited without patterning). Note that the nano-hole
array structure was designed to be polarization independent, since the 2D symmetric structure
is illuminated under normal incidence through the fiber. A typical reflection spectrum of the
sensor is shown in Fig. 2(b), which is a result of two mechanisms: SP resonance and
plasmonic interference. The incident light first interacts with the hole-array structure. Due to
the grating diffraction of the nanopattern, momentum matching can be achieved, which leads
to effective coupling from incident light to SPs at the resonant wavelength [24]:

A op | LaE, (D (1)
resonace gd (ﬂ,) + gm (ﬂ,) 2

where ¢, and ¢, are the permittivities of silica (or environment media) and silver, respectively.
It should be noted that SP resonance is usually accompanied with Wood’s anomalies in long
wavelength region [30]. The Wood’s anomaly happens at the wavelength predicted

by Ayooars = AyE,(A) , which is close to the SP resonance but at a shorter wavelength.

Moreover, the individual holes can act as elementary scatters, enabling broadband excitation
of surface waves [see Fig. 2(e)] that resemble the spoof/hybrid surface plasmons (SSPs) [25—
27] counter-propagating on the hole-array structures. These surface modes will be reflected at
the boundaries of the hole-array pattern, resulting in an interference effect of surface waves
propagating at the metal-fiber interface. It should be noted that the SSPs can be re-scattered
through the individual holes, and the re-scattered signals can be collected and guided through
the optical fiber. From the fringe pattern shown in the fiber reflection spectrum [Fig. 2(b)], it
indicates that the interference effect of SSPs on the fiber end-face can be measured and
characterized in the far field. Therefore, the sensor can act as a plasmonic interferometer [8,
28, 29] as well as a SP resonator.

To clearly observe the two different mechanisms from the reflection spectrum, fast Fourier
transform (FFT) of the measured spectrum is performed and the corresponding spatial
frequency spectrum (i.e., wavenumber spectrum) is obtained [14, 17]. It is noted that the SP
resonance mainly affects the low spatial frequency components while the plasmonic
interference contributes to the higher spatial frequency components of the spatial frequency
spectrum. After filtering out the direct current (DC) component in the spatial frequency
spectrum, two bandpass filters were applied to the first and second peaks of the spatial
frequency spectrum, and then inverse FFT was performed to the two filtered spectra
respectively. Therefore, two distinctive spectra corresponding to the SP resonance effect
[Fig. 2(c)] and plasmonic interference [Fig. 2(d)] can be obtained. Figure 2(c) shows an
asymmetric Fano line shape of the spectrum, which clearly indicates a SP resonance peak
accompanied by a Wood’s anomaly dip at a shorter wavelength. On the other hand, Fig. 2(d)
clearly indicates the periodic fringes of a F-P interferometer due to the plasmonic
interference. To validate the influence of SP resonance, a rigorous coupled-wave analysis
(RCWA) simulation was conducted for a nano-hole array structure with the same hole
diameter and periodicity as the fabricated device but an infinite size, shown in Fig. 2(f). Due
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to the excitation of SPs, a resonance peak can be found around 1553 nm in the reflection
spectrum, which agrees well with the theoretical prediction using Eq. (1) (=1542 nm). Further,
it can be seen that the spectrum obtained with RCWA simulations exhibits an asymmetric
Fano line shape, which matches with the filtered experimental spectrum shown in Fig. 2(b).
The experimentally measured resonance peak is about 1558 nm, which agrees well with the
theoretical prediction and numerical simulation.
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Fig. 2. (a) Schematic of the experimental setup, (b) typical reflection spectrum of the sensor in
glucose solution at room temperature (glucose concentration 10%), (c) reflection spectrum of
SP resonance extracted from (b), (d) reflection spectrum of plasmonic interference extracted
from (b), (e) The schematic of the on-fiber plasmonic interference effect, and (f) reflection
spectrum obtained with RCWA simulations for a hole array structure of infinite size in a 10%
glucose solution. The insets show the field distributions at the SP resonance peak and the
Wood’s anomaly dip in one unit cell.

To demonstrate the multi-parameter sensing ability of the on-fiber plasmonic
interferometer, the responses of the sensor was characterized with respect to refractive index
of the environment and temperature changes. In the refractive index experiments, the sensor
was immersed in glucose/water solution. By changing the concentration of glucose solution to
5%, 10%, 15%, 20%, and 25%, the refractive index of the solution was tuned to 1.3382,
1.3448, 1.3506, 1.3575 and 1.3623 respectively. The refractive index of the solution was
calibrated by using a refractometer (Digital Brix/RI-Chek, Reichert) with an uncertainty of
4.1 x 107 (note the uncertainties discussed in this paper are defined by the coverage factor k =
1 [31]). The temperature measurements were conducted in air by using a temperature control
chamber that allows us to accurately calibrate temperature. The device was sandwiched
between two polyimide-insulated flexible film heaters (KH 103/10, Omega Engineering Inc.)
and the temperature control was achieved by using a temperature controller (CN77333,
Omega Engineering Inc.) with a film thermocouple (CO1-K, Omega Engineering Inc.) as the
reference that has a measurement uncertainty of 0.4 °C.

Further, the spatial frequency filtering method was used to extract the spectra dominated
by two different mechanisms discussed previously. For refractive index measurements,
Fig. 3(a) shows the filtered spectra dominated by the SP resonance. The SP resonance exhibits
a red shift with increasing refractive index of the solution, which is consistent with the
prediction of Eq. (1). By tracing the shift of SP resonance, the refractive index of the solution
can be determined. Here, the Wood’s anomaly dip was not used to obtain the refractive index
change. Instead, the SP resonance peak was chosen, since it is more sensitive to the refractive
index change. This can be explained by using the field distributions obtained at the SP
resonance peak and the Wood’s anomaly dip [insets of Fig. 2(f)]. At the Wood’s anomaly,
light is mostly confined in the SiO, region, while around the SP resonance more evanescent
field can extend into the environment (solution region), hence the SP peak is more sensitive to
the environmental changes. Figure 3 (b) shows the obtained peak wavelength shift with
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respect to the refractive index change. The estimated sensitivity is 220 nm/RIU with an
uncertainty of 2.1%. All the sensitivity uncertainties calculated here are standard deviations
based on the linear fits. Similarly, the high spatial frequency contribution from plasmonic
interference was extracted [see Fig. 3(c)]. By tracking the peak around 1545 nm, the effective
optical path difference (OPD) for the interference was obtained by using the one peak tracing
method [32] [see Fig. 3(d)]. The effective OPD increases with increasing the refractive index.
The sensitivity of effective OPD with respect to the refractive index change of the
environment was determined to be 1700 nm/RIU with an uncertainty of 17.2%. It should be
noted that a linear fit was used in Fig. 3(d) because of the underlying mechanism. It is known
that OPD = 2n,4d, where d is the pattern size and 7, is effective refractive index of surface
plasmon modes on the hole-array structure. Since the effective refractive index is proportional

to the environmental dielectric refractive index in the infrared region (n,, o /€, ) [33], the

effective OPD should change linearly with respect to the environment refractive index
change. However, due to the short wavelength span (80 nm) of the interrogator (SM130) used
in the experiment, the resolution of the obtained spatial frequency spectra was limited. This is
believed to cause the relatively large deviations of the experimental data from the linear fit in

Fig. 3(d).
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Fig. 3. (a) Extracted reflection spectra dominated by SP resonance with respect to refractive
index change, (b) peak wavelength of the SP resonance versus refractive index, (c) extracted
reflection spectra dominated by plasmonic interference with respect to different refractive
indices, (d) effective OPD versus refractive index.

With the spatial frequency filtering method, the spectra obtained at different temperatures
in air were also analyzed [see Fig. 4]. As shown in Figs. 4(a) and 4(b), the peak wavelength
due to the SP resonance manifests a blue shift as the temperature increases. This is because
the negative thermo-optical coefficient of silver (on the order of 107°/°C around 1550 nm
[34]) dominates in the temperature measurement, compared with the thermo-optical
coefficient of SiO, (on the order of 107%/°C [35]) and thermal expansion coefficient of both
silver and SiO, (on the order of 107%°C [36, 37]). The temperature sensitivity of the SP
resonance was obtained as —60 pm/°C with an uncertainty of 11.6%. Furthermore, the
effective OPD increases as the temperature rises [see Figs. 4(c) and 4(d)]. The temperature
sensitivity for the effective OPD was estimated to be 500 pm/ °C with an uncertainty of 9.7%.

In order to distinguish the refractive index and temperature in a single measurement, the
sensitivity matrix method was used, in which the refractive index and temperature changes
(An, AT) as functions of the peak wavelength shift of the SP resonance and the effective OPD
change (A4, AL) can be represented as
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M _ (M) (K s T(AAY (220mm/RIU —60x107nm /°C) " (A4
AT AL ky,, k., AL 1700nm / RIU 500107 nm/°C ) AL )
2

where K is the sensitivity matrix, k;, and k;, are the refractive index sensitivities of SP
resonance peak and the effective OPD, respectively, and k; r and k; 7 are the corresponding
temperature sensitivities, respectively.

Note that the k;,, k. r are obtained only for facilitating the multi-parameter sensing and
discriminating the temperature and refractive index change. In terms of wavelength shift, the
SP resonance gives much larger sensitivities as the primary system sensitivities for refractive
index and temperature measurements. For the SP resonance, the obtained refractive index
sensitivity of 220 nm/RIU is comparable to the localized SP sensor on a fiber facet working in
the visible region [9]. Moreover, the temperature sensitivity of —60 pm/°C is six times higher
than that of a FBG temperature sensor [38].
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Fig. 4. (a) Extracted reflection spectra dominated by SP resonance with respect to temperature
change, (b) peak wavelength of SP resonance versus temperature, (c) extracted reflection
spectra due to plasmonic interference with respect to temperature change, and (d) effective
OPD versus temperature.

3. Discussion

The geometries of the hole-array structure can play an important role to modify the SP
dispersion relation, and therefore can influence the plasmonic interference effect. The fringe
pattern appears in the reflection spectrum [see Fig. 2(d)] clearly indicates the interference
effect of SPs, which may be characterized by an effective F-P resonance equation:

k,(@)-d =2¢(®) = mz. 3)

Here, k

sp
reflection at the boundaries of the hole-array structure. m is a positive integer corresponding
to the F-P mode orders (i.e., m =1, 2, ...). Since the SPs are re-scattered at the fiber-hole array
interface, the far-field measurement of the spectrum fringe pattern will carry the information
about the SPs modes, and the dispersion relation of the SPs may be extracted from the fringe
pattern of the reflection spectrum by using the following approximations:

(w) is the wave-vector of the SPs and ¢(w) represents the phase shift due to the SPs
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dQ2r|/A)n, =29, =(m+i)-7, “4)

where i = 1,2,3... represents the order of the fringe pattern shown in Fig. 2(d), A, is the mode
wavelength corresponding to the fringe peaks in the reflection spectrum (counted from long
wavelength to short wavelength), and n, is the effective refractive index of the SPs. For
closely spaced fringes in the spectrum, the phase-shift difference between these modes (e.g., i
and i + 1) is assumed to be small so that ¢, = ¢,,, .On the other hand, since the SPs with larger

wavelength will be relatively insensitive to the surface patterns, the SPs on the hole array in
the long wavelength region (e.g., 4; = 1587.5 nm) may behave as a surface plasmon mode
propagating on a flat metal surface, and approximately satisfy the relation

n =n, =.€,&,/(€,+&,) . Based on the Eq. (4) and the above approximations, the effective
refractive index n; of the SPs can be estimated from the fringing patterns obtained from the
experimental measurements as

n, = i+1/2d+niﬂ'i+l//1i’ (5)

i+

and the dispersion relations of the SPs can be obtained as
k(f,)=n 27| A, (6)

where f; corresponds to the frequency of SPs. As shown in Fig. 5, in the low frequency region,
the dispersion curve of SPs on the hole-array structure approaches the dispersion line of SPs
on the flat silver surface, while at high frequency region it starts to derivate from that of the
flat silver surface. Therefore, it is evident from the experiment that the hole-array structure
will modify the dispersion properties of SPs as compared with SPs propagating on a flat metal
surface, which is due to the spoof or hybrid surface plasmons supported by the hole-array
structures [25-27]. The reflection of SPs at the boundaries of the hole-array pattern is due to
the wave impedance mismatch (i.e., refractive index difference) in the hole-array region and
outside the hole-array pattern. It is expected that the geometries of the hole-array structure,
including the size, shape, and depth of the individual holes as well as the periodicity of the
array can modify the dispersion relation of the SPs [27], and therefore will influence the
effective F-P resonance due to the plasmonic interference effect.
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Fig. 5. The comparison of dispersion relations of surface plasmons on the hole array structure
(red line) and on the flat silver surface (blue line). The dashed line represents the light
dispersion in the fiber core region.

It should be noted that although the above analytical model can provide a good physical
understanding of the on-fiber plasmonic interference effect, it cannot be used to accurately
characterize the influences of hole-array geometries on the free-spectrum-range (FSR) and
finesse of the plasmonic F-P cavity. These comprehensive characterizations and analyses
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require more rigorous numerical simulations (e.g., three-dimensional FDTD simulations),
which is beyond the scope of this work.

4. Conclusion

In conclusion, an on-fiber plasmonic interferometer with nanohole array structures has been
successfully demonstrated for multi-parameter sensing. This device can excite SPs in the
optical communication wavelength range and induce plasmonic interference due to the finite
pattern area. The influences of two different mechanisms (i.e., SP resonance and plasmonic
interference) on the reflection spectrum have been studied and utilized as a novel mechanism
for multi-parameter sensing on a miniaturized sensing area. To the best of our knowledge, this
is the first time that high sensitivity, simultaneous sensing of refractive index (220 nm/RIU)
and temperature (—60 pm/ °C) has been achieved by using such a compact device. Owing to
the ultra-thin sensing element (=150 nm thick) with a small sensing area (=33 pm x 33 um),
our sensor has a much smaller volume than conventional fiber optic sensors. Moreover, the
sensing is based on the measurement of SPP evanescent fields, thus enabling a very short
light-sample interaction depth of about 1 um. This enables the capability of measuring the
refractive index of femto-liter samples (=33 um % 33 um x 1 pum) and at the same time
provides a high spatial resolution for temperature sensing. This work renders a new paradigm
for the realization of ultra-miniature multi-parameter optical sensors, which can impact many
fronts, such as biological and chemical sensing, biomedical diagnostic, and environmental
sensing.
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