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Localized surface plasmon resonance (LSPR) has demonstrated its promising capability for biochemical sensing and
surface-enhanced spectroscopy applications. However, harnessing LSPR for remote sensing and spectroscopy applications
remains a challenge due to the difficulty in realizing a configuration compatible with the current optical communication
system. Here, we propose and theoretically investigate a hybrid plasmonic-photonic device comprised of a single gold
nanorod and an optical fiber-based one-dimensional photonic crystal microcavity, which can be integrated with the optical
communication system without insertion loss. The line width of the LSPR, as a crucial indicator that determines the
performances for various applications, is narrowed by the cavity—plasmon coupling in our device. Our device provides a
promising alternative to exploit the LSPR for high-performance remote sensing and spectroscopy applications.

Keywords: photonic microcavtiy, localized surface plasmon resonance
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1. Introduction

Localized surface plasmon resonance (LSPR), as a kind
of coherent oscillation of the surface conduction electrons as-
sociated with optical polarization,!'="! is capable of achiev-
ing strong enhancement and subwavelength confinement of
This offers the possibility to effi-
ciently realize the strong light—matter interaction in the mi-

electromagnetic fields.

cro/nanoscales, which enables a variety of intriguing appli-
cations, such as biochemical sensing,®-!5 surface-enhanced
spectroscopies, 2% nanolithographic fabrication,?'->! and
subwavelength photonic devices.?0-28]

Among various applications of LSPR, the line width
of LSPR is a crucial indicator of the performance as it
is closely related to the field enhancement and plasmon

.l Due to the strong intrinsic material absorption,

lifetim
most LSPR line widths of metallic nanoparticles are confined
to tens of nanometers, severely limiting the LSPR perfor-
mance. To narrow the line width of LSPR, many structures
and strategies have been explored, such as utilizing nanopar-
ticle clusters to form steep Fano resonance line shapes29-3?1
and coupling LSPR nanoparticles with high-quality photonic
cavities.[#26-33-36] However, making use of LSPR with a nar-
rowed line width for remote sensing and spectroscopy appli-
cations remains a challenge due to the difficulty in realizing a
configuration compatible with the current optical communica-
tion system and free from high coupling or insertion loss.

In this paper, we theoretically propose and investigate

DOI: 10.1088/1674-1056/27/1/017301

a hybrid plasmonic-photonic device for remote sensing and
spectroscopy applications by coupling a single gold nanorod
with an optical fiber-based photonic crystal microcavity. The
whole configuration is designed within an optical fiber, which
overcomes the difficulty of integrating with the optical com-
munication system and avoids the high coupling or insertion
loss. The dependences of the device performance on the cavity
length, position and orientation of the nanorod are simulated
and analyzed. Our design provides a promising configuration
compatible with the current optical communication system to
exploit LSPR with a narrowed line width, which is applicable
for remote sensing and spectroscopy applications.

2. Results and discussion

We firstly investigate a hybrid gold nanorod-microfiber
coupling system as shown in Fig. 1(a). A single gold nanorod
with a bottom radius of 8 nm and a length of 169 nm is ad-
hered to the surface of a microfiber with a diameter of 1.7 um
that satisfies the single-mode condition. The microfiber is adi-
abatically tapered from a single-mode fiber within an optical
communication system, which will not induce any coupling or
insertion loss. A plane wave with the x-direction polarization,
propagating vertically to the microfiber, is used to excite the
LSPR of the hybrid system. The long axis of the Au nanorod is
parallel to the polarization direction of the incident wave, en-
suring the excitation of the longitudinal mode of the nanorod.
The transmission spectrum from the ends of the microfiber is
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illustrated in Fig. 1(c), which is the LSPR spectrum of the hy-
brid system. The LSPR spectrum of the system is nearly equal
to that of a single gold nanorod placed on a silica slab whose
resonance peak is at 1466.2 nm while the line width is around
60 nm. The electric field magnitude distribution of the cross
section of the hybrid system at the wavelength of 1466.2 nm
is demonstrated in Fig. 1(b). When the distance between the
nanorod and the microfiber is gradually increased, not only
the blue shift of the LSPR peak but also the decrease of the

transmission intensity can be observed, as shown in Fig. 1(d).
The blue shift is due to the decrease of the effective optical
path of the LSPR mode, originating from the decrease of the
surrounding effective refractive index when the distance be-
tween the nanorod and the microfiber increases. The decrease
of the transmission spectrum results from the decrease of the
coupling efficiency between the nanorod and microfiber by the

evanescent field.
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Fig. 1. (color online) (a) Hybrid gold nanorod-microfiber coupling system. (b) Electric field magnitude of the gold nanorod LSPR
in the cross section of the system. (c) LSPR spectrum of the hybrid system with the nanorod being adhered to the surface of the
microfiber. (d) Transmission spectrums with different distance & between the nanorod and the microfiber surface.

With the above study as a basis and a comparison, we
propose a hybrid plasmonic-photonic device comprised of a
single gold nanorod and an optical fiber-based photonic crys-
tal microcavity as shown in Fig. 2(a). The gold nanorod is
integrated at a distance of 0.275 um away from the center of
the microcavity by adhering to the surface of the fiber. The
designed microcavity whose cavity length is 0.9 pm consists
of two broadband reflectors. Each reflector is an array of
eleven y-direction through-holes with a period of 0.66 pum.
The length and width of the through-holes are designed to be
1.2 um and 0.3 wm, respectively, which not only ensures the

bandgap of the reflector stays within the communication band

but also makes the microcavity mechanically strong enough
to be freely suspended.’*’3°! When we excite the hybrid
plasmonic-photonic device by an external x-polarized plane
wave propagating vertically to the fiber as shown Fig. 2(a),
the excited hybrid longitudinal mode in the xz plane cross-
ing the center of the microfiber is shown in Fig. 2(b). Due
to the delicate design of the microcavity, the excited longitudi-
nal mode is confined in an ultrasmall microcavity. The electric
field strength at the center of the microfiber decays drastically
along the z axis into the mirror, revealing that the penetrat-
ing length of the reflector, through which the magnitude of the

electric field decreases to 1/e of the original, is around four
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periods. The transmission spectrum from the ends of the mi-
crofiber, which is the spectrum of the hybrid device, is illus-
trated by the solid line in Fig. 2(c). In comparison, the LSPR
spectrum of a single nanorod is also shown by the dashed line
in the figure. It is observed from the figure that the width of
the resonance peak of the hybrid system is much smaller than
that of a single nanorod even though both of them have the res-
onance peaks at the equal wavelength of 1466.2 nm. This is
due to the coupling between the gold nanorod and the micro-
cavity that greatly decreases the width of the resonance peak

from 60 nm to 7.3 nm. As the width of the resonance peak is
inversely proportional to the lifetime of photons oscillating in
the resonant system, the decrease of the resonance peak width
indicates the increase of the lifetime, which enhances the in-
teraction between the oscillating photons and the surrounding
environment of the device. The electric field magnitude of the
cross section of our hybrid device is demonstrated in Fig. 2(d).
The radiated photons of the LSPR of the gold nanorod will in-
duce the excitation of the cavity mode, which goes back to
further excite the LSPR.
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Fig. 2. (color online) (a) Hybrid plasmonic-photonic system. (b) Excited hybrid longitudinal mode in xz plane crossing the center of
the microfiber. (c) Spectrum of the hybrid system (solid line) and LSPR spectrum (dashed line). (d) Electric field magnitude in the

cross section of the hybrid plasmonic-photonic device.

The dependence of the spectrum of our proposed device
on the cavity length is studied as shown in Fig. 3. The dashed
line depicts the LSPR spectrum of the gold nanorod while the
solid lines represent the hybrid spectra of our device with dif-
ferent cavity lengths. It is observed that the transmission peak
is the highest when the cavity length is 0.9 pm as shown by
the black solid line. This is because the coupled light intensity
into the microcavity is the highest when the resonance peak
of the microcavity is coincident with that of the gold nanorod
LSPR. Moreover, the coupling coefficient of the microcavity
with the larger cavity length is higher than that with the smaller
cavity length. For example, even though the radiation intensi-
ties of the LSPR are equal at the wavelengths of the resonance
peaks of the hybrid devices with the cavity lengths of 0.94 pm
and 0.86 pum respectively, the transmission intensity of the de-

vice with the cavity length of 0.94 um is higher than that with
the cavity length of 0.86 pm. This is because the increase
of the cavity length increases the quality factor of the cavity,
a critical parameter of the coupling condition, leading to the
enhancement of the coupling from the LSPR radiation to the
microcavity resonance. This demonstrates the tunability of the
hybrid mode of our device by varying the cavity length.

We also study the dependence of the spectrum of our hy-
brid device on the position of the nanorod. As we have to
excite the longitudinal mode of the LSPR, the propagation di-
rection of the incident wave needs to be vertical while the po-
larization of the incident wave needs to be parallel to the long
axis of the nanorod direction. Two different positions of the
nanorod of our hybrid device are schematically shown at the
left top of Fig. 4(a). These two positions are selected for two
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different polarized incident waves. The x-polarized incident
light means that the polarization of the incident wave is paral-
lel to the x axis while the propagation direction is along the —y
axis. The y-polarized incident light is polarized in the direc-
tion of the y axis while it propagates along the —x axis. The
transmission spectra of these two different hybrid devices are
demonstrated in Fig. 4(a). The width of the resonance peak
of the device with the x-polarized incident wave is much nar-
rower than that with the y-polarized incident wave. As the mi-
crocavity is designed for the x-polarized light, the hybrid de-
vice with x-polarized incident wave suffers from much less ra-
diation loss than that with the y-polarized incident wave, thus
possessing a higher quality factor. Additionally, compared
with the device with the x-polarized incident wave, the device
with the y-polarized incident wave shifts the resonance peak to
the red wavelength. This is because the effective mode index
of the excited hybrid mode in the device with the y-polarized
incident wave is bigger than that with the x-polarized incident
wave, thus leading to the increase of the effective length of the
cavity. The difference of the effective mode indices of these
two devices is also reflected in the hybrid transverse mode dis-
tributions as illustrated in Figs. 4(b) and 4(c). Besides these
two positions, we further investigate the spectrum dependence
of the hybrid device on the nanorod position in between the
two positions with both x- and y-polarized incident light. The
spectra of the hybrid device for different positions with x- and

y-polarized incident light are shown in Figs. 5(a) and 5(b). The
insets indicate the specific positions of the nanorod by the po-
sition angles. It is observed from the figures that the trans-
mission of the hybrid device drastically decreases with the in-
crease of the position angle from 0° to 30°. However, when
the position angle of the nanorod further increases from 30°
to 900, the variation of the transmission is small. This indi-
cates that the excitation efficiency of the hybrid mode, which
is closely related to the excitation of the LSPR longitudinal
mode and the coupling between the nanorod and the micro-
cavity, is more sensitive to the variation of the position angle

when it is smaller than 30°.
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Fig. 3. (color online) LSPR spectrum (dashed line) and spectra of the

hybrid plasmonic-photonic system with different microcavity lengths
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Fig. 4. (color online) (a) LSPR spectrum (the dashed line) and spectra of the hybrid plasmonic-photonic system with two vertical
polarizations (solid lines). (b) Electric field magnitude of the hybrid device with the x-polarized incident wave. (c) Electric field

magnitude of the hybrid device with y-polarized incident wave.

Furthermore, we investigate the dependence of the spec-
trum of our hybrid device on the orientation of the nanorod
characterized by the angle 6 (dashed arc line) as shown in
Fig. 6(a). Figure 6(b) demonstrates the spectra of the hybrid

device with different orientations. It can be observed that with
the increase of the orientation angle, the transmission inten-
sity of the device decreases dramatically. This is due to the

decrease of the coupling coefficient originating from the varia-
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tion of the polarization direction. The corresponding transmis-
sion intensities for different orientation angles are extracted
and displayed in Fig. 6(c). The sensitivity of the transmission
intensity to the variation of the orientation angle is larger from
2.5° to 5°. On the condition of 6 being 0°, we further investi-
gate the spectrum dependence of our hybrid device on the de-
viation of the nanorod from the center of the microcavity along
the z axis. Figure 7(a) shows the spectra of our hybrid device
with the gold nanorod at different z coordinates. With the in-
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crease of the z coordinate of the nanorod, the transmission in-
tensity of the device increases obviously. This is because the
coupling increases with the increase of the electric field mag-
nitude. When the gold nanorod arrives at the coordinate that is
0.275 pm away from the center of the microcavity, the electric
field magnitude is the maximum as shown in Fig. 2(b), thus
leading to the highest transmission intensity in Fig. 7(a). The
corresponding transmission intensities for different deviations
of gold nanorod are displayed in Fig. 7(b).
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Fig. 5. (color online) Spectra of the hybrid plasmonic-photonic system with different position angles: (a) excited by x-polarized

incident wave, (b) excited by y-polarized incident wave.
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Fig. 6. (color online) (a) Hybrid plasmonic-photonic system with the nanorod orientation 8. (b) Spectra of the hybrid device with
different orientations from 0° to 7.5°. (c) The corresponding transmission intensities at the peak wavelength.
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Fig. 7. (color online) (a) Spectra of the hybrid device with different deviations of the nanorod from the center of the microcavity.
(b) Transmission intensities of the peak wavelengths with different deviations.
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Based on the above investigation and analysis, we apply
our device to refractive index sensing, as a proof of concept for
its potential applications. The figure of merit (FOM) of our de-
vice, as a crucial parameter of a sensor that characterizes both
the sensitivity and the sensing resolution,®! is calculated and
compared with the hybrid gold nanorod-microfiber coupling
system. With the increase of the environmental refractive in-
dex from 1 to 1.04, the resonance peaks in both configurations
experience red shifts as shown in Figs. 8(a) and 8(b). The
FOMs of both configurations are calculated based on the spe-
cific red shifts and line widths. Our hybrid device possesses
a FOM of 73.3 while the hybrid gold nanorod-microfiber cou-
pling system possesses a FOM of 18.8. The larger FOM in-
dicates a superior performance of our device in the refractive
index sensing application.
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Fig. 8. (color online) (a) Spectra of the hybrid nanorod-microfiber cou-
pling system with different environmental refractive indices. (b) Spectra
of the hybrid plasmonic-photonic device with different environmental
refractive indices.

3. Conclusion

In conclusion, we have theoretically proposed and investi-
gated a hybrid plasmonic-photonic device comprised of a sin-
gle gold nanorod and an optical fiber-based photonic crystal
microcavity. Due to the coupling between the LSPR and the
cavity mode, the line width of the LSPR, which is intimately
related with the sensing resolution and plasmon lifetime, is
narrowed from 60 nm to 7.3 nm. The dependence of the nar-
rowed resonance peak on the cavity length, position and ori-
entation of the nanorod are simulated and analyzed. Our de-
vice offers a promising alternative to overcome the difficulty
of integrating LSPR with the current optical communication
system for high-performance remote sensing and spectroscopy
applications.
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