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Abstract. A conical cross-section gold nanoholes array is fabricated on a multi-mode optical
fiber tip with an electron-beam lithography process. Underneath the conical gold nanoholes,
nanocavities are etched into the substrate fiber glass to increase the light–matter interaction vol-
ume. Localized surface plasmon resonance of the fabricated fiber optical device is characterized
by measuring the optical transmittance through the fiber tip in the visible and near infrared spec-
tral range. The fiber optical device is used as an index of refraction sensor to detect isopropyl
alcohol, ethanol, and methanol. A largely enhanced sensitivity of 652 nm per refractive index
unit due to the conical cross-section gold nanoholes and the nanocavities in the fiber glass sub-
strate is observed. Additionally, the response and recovery times of the fiber-tip plasmon sensor
are measured for the first time. © The Authors. Published by SPIE under a Creative Commons
Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part requires
full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JNP.14.026006]
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1 Introduction

Localized surface plasmon resonance (LSPR) sensors made of metal nanostructures are a type
of “label-free” biochemical sensors, which potentially are useful for many applications such
as biochemical sensing,1–5 medical diagnostics,6 food safety inspection, and environmental
monitoring.7–9 LSPR label-free sensors utilize the shift of LSPR wavelength caused by surface
binding of chemicals as the signal transduction mechanism. Previously, most reported LSPR
sensors were made on wafer substrates. Recently, there is increasing interest of integrating
LSPR sensors onto optical fibers to create the “lab-on-fiber” sensor platform.10–23 “Lab-on-fiber”
sensor platform eliminates the need for free space optical alignment, which has many advantages
over the traditional “lab-on-chip” sensor platform. Previous works on “lab-on-fiber” technolo-
gies have been comprehensively reviewed recently in Refs. 24–26. Among the “lab-on-fiber”
sensors, fiber-tip surface plasmon resonance sensors utilize LSPR of metal nanostructures on
fiber tips for sensing applications. Various fabrication techniques including focused ion-beam
etching, e-beam lithography, and nanopattern transfer have been reported to fabricate LSPR
nanostructures on fiber tips.3,13,19,20,22,23 In this paper, we report a new fiber-tip nanostructure
device for sensing applications. Our new fiber-tip sensor consists of an array of conical
cross-section gold nanoholes on a multimode fiber tip and an array of nanocavities underneath
in the fiber glass substrate. The fabricated fiber-tip LSPR device was characterized by measuring
the optical transmission while different liquid chemicals were applied on the surface. It has been
demonstrated that the new fiber-tip LSPR sensor has a higher sensitivity than most previously
reported fiber-tip LSPR sensors.3,19,21–23 The enhanced sensitivity is verified by rigorous finite-
different time-domain (FDTD) numerical simulations. It is explained that both the conical shape
of gold nanoholes and nanocavities in the fiber substrate contribute to the enhanced sensitivity.
Additionally, the response time and recovery time of the fiber-tip plasmonic sensor are measured
for the first time per our knowledge.
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2 Fiber-Tip Nanohole Array Device Fabrication

The fiber-tip nanohole device fabrication is illustrated in Fig. 1. First, a multimode optical fiber
(Corning Infinicor SX+50/125) with a core diameter of 50 μm and cladding diameter of 125 μm
was cleaved to have a flat facet. This type of optical fiber was chosen because of its excellent
optical transmission in the visible and short-wave IR spectral range. On the well-cleaved fiber
tip, a 1.5-nm thick titanium layer was first deposited as an adhesion layer with a Denton sputter
machine. The fiber tip was then dipped into a diluted ZEP-520A e-beam resist (1:1 ratio of ZEP-
520A to anisole solution) and followed by multiple mechanical vibrations for forming a uniform
thin layer of e-beam resist on the fiber facet. The e-beam resist-coated fiber tip was baked in a
120°C oven for 30 min. The thickness of the e-beam resist layer is about 100 nm.3 Using e-beam
lithography direct writing, an array of nanoholes was patterned on the e-beam resist layer on the
fiber facet. The device was dipped in an e-beam resist developer (ZED-N50) for 1 min and then
was rinsed with deionized water. After that the device was postbaked in the 120°C oven for
another 30 min. To transfer the nanohole pattern from the e-beam resist layer to the fiber tip,
reactive-ion etching (RIE) (Plasma Thermal 790) was used to etch down the developed nano-
holes into the fiber glass. The pressure for the RIE etching was 40 mTorr. The radio frequency
power was 270 W. The oxygen gas flow rate was 4 standard cubic centimeters per minute (sccm)
and the carbon tetrafluoride gas flow rate was 40 sccm. After 5-min RIE etching, nanocavities
with 200-nm depth were created in the fiber glass. Since the ratio of the etching rates for glass
and e-beam resist is 3:1, a layer of e-beam resist between 30 to 40 nm thickness, was left on the
fiber tip after the RIE etching. Then a 60-nm thick gold film was deposited on the fiber tip device
surface in a Denton sputter machine with a sputtering angle of about 50 deg with respect to the
surface normal on a rotational holding stage. The sputtered gold thin film was deposited on the
sidewall and top surface of the photoresist, protecting the photoresist from chemical etching
during the chemical sensing. The gold deposition process is illustrated in Fig. 1(c). After depos-
iting a 60-nm gold film, transmittance from the fiber device was measured with a broadband light
source and an optical spectrometer. After the measurement, an additional 30-nm gold film was

Fig. 1 Fiber-tip nanohole device fabrication process: (a) vibrational coating of an e-beam resist
layer on the flat facet of a multimode optical fiber, (b) e-beam lithography patterning of nanoholes
and subsequent development and RIE into the fiber glass substrate, (c) rotational oblique angle
deposition of gold film on nanohole surface, and (d) the cross section of the conical shape
nanoholes.
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deposited on the fiber tip device surface with the same process illustrated in Fig. 1(c). Figure 1(d)
shows the schematic cross section of the conical nanohole array structure.

Scanning electron microscope (SEM) images of fabricated nanoholes on a fiber tip are shown
in Fig. 2. Figure 2(a) shows the SEM image of the nanohole array pattern of the e-beam resist
layer. Figures 2(b) and 2(c) show the SEM images of the fabricated device with a 90-nm gold
film on the edge and the core area of the fiber-tip, respectively. The period of the nanohole is
480 nm in both dimensions. The depth of the nanocavities etched into the fiber glass is 200 nm.
The diameter of the etched nanocavities is about 220 nm. After deposition of the 90-nm gold
film, the diameter of the aperture of the conical cross-section holes on the top is 140 nm. To
validate the fabrication process, the gold film was peeled off near the edge of the fiber tip for
comparison. In Fig. 2(d), it can be seen that the nanoholes on the top of the metal film (left) and
nanoholes in the bottom of the gold film on the e-beam resist layer (right) have different sizes.
Nanoapertures on the left have a smaller size than the nanoapertures on the right. The size differ-
ence was due to the rotational oblique angle deposition of the gold film.

3 Measurement Results and Discussion

After a 60-nm gold layer was deposited on the fiber facet, transmittance through the fiber-tip
device was measured using a broadband halogen light source and an optical spectrometer
(StellarNet, Inc.). The measured transmittance is shown as the blue line curve in Fig. 3(a).
After the measurement, an additional 30-nm gold film was deposited using the same technique
and the optical transmittance was measured again. Transmittance corresponding to a 90-nm gold
film is also shown as the black line curve in Fig. 3(a). Two surface plasmon resonance modes

Fig. 2 (a) SEM image of nanohole array patterned in an e-beam resist layer on an optical fiber
facet. (b) SEM image of the fabricated device with a 90-nm thick gold film deposited near the fiber
edge area. (c) SEM image of the fabricated device with a 90-nm thick gold film deposited in the
fiber core area. (d) SEM image of a selected area on the edge of the fiber tip where the right half
of the picture shows the metal film was peeled off.
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were observed in the transmittance curves. One is at the 510-nm wavelength, which is due to
the intrinsic material resonance of gold film. Another occurs at the wavelength of 614 nm for the
60-nm gold film and 616.5 nm for the 90-nm thick gold film. It can be seen that the spectral
linewidth of this resonance mode becomes narrower as the gold layer changes from 60 to 90 nm
and the peak transmittance decreases as the gold layer becomes thicker. The transmission peak
wavelength changes very little with gold film thickness. The dependence of the resonance wave-
length on gold layer thickness follows the same trend of localized plasmon resonance in cylin-
drical gold nanohole arrays.27

The fabricated fiber device with a 90-nm gold film was used as a refractive index sensor. In
the optical setup, the fiber tip points down from the top so that an optical fiber collimator placed
below can collect the transmission light through fiber-tip nanoholes. A microscope glass slide
is put between the fiber tip and the collimator so it can hold chemical liquids. The fiber tip can
move up and down using a translation stage so that the fiber tip can dip into liquid on the glass
slide. The transmitted light collected was sent to an optical spectrometer. Methanol, ethanol, and
isopropyl alcohol (IPA) liquids with refractive indices of 1.330, 1.366, and 1.377, respectively,
were used for the experiments. During the measurements, each chemical was dropped on the
glass slide and the transmission spectrum was measured. Figure 3(b) shows the measured trans-
mittance spectra after applying different liquid chemicals (the solid line curves) to the fiber-tip
device. For comparison, the dash line curve in Fig. 3(b) is the transmittance spectrum of the fiber
device in air. It can be seen that after a liquid chemical was applied on the fiber tip, a large
transmission peak appears in the near-infrared region. This large transmission peak corresponds
to the fundamental mode of the LSPR of the gold nanohole array device. The small transmission
peak on the left corresponds to the second-order surface plasmon resonance mode. As the chemi-
cal was changed, the peak transmission wavelength shifted accordingly. The peak transmission
wavelength is 789.0 nm for methanol of n ¼ 1.330, 812.5 nm for ethanol of n ¼ 1.366, and
819.5 nm for IPA of n ¼ 1.377. It can be seen that the peak transmission wavelength of the
fundamental mode resonance is very sensitive to the change of chemicals with different indices
of refraction. The peak transmission wavelength shifted from 789 to 812.5 nm as the methanol
was replaced with ethanol. The refractive index difference between ethanol and methanol is
0.036. Therefore, the sensitivity is 653 nm per refractive index unit (RIU). When the ethanol
was replaced with IPA, the peak transmission wavelength shifted from 812.5 to 819.5 nm. The
sensitivity corresponding to this resonance wavelength shift is 636 nm∕RIU. This sensitivity is
higher than all previously reported sensitivities of cylindrical gold nanohole array surface
plasmon resonance sensors in the same spectral range.21–23,28–31 The measured sensitivities are
summarized in Table 1.

The response and recovery times of the fiber-tip plasmon resonance sensor are characterized
in the first time with a musical metronome. In the measurement, the temple of the metronome
was set to 3 beats per second. The transmittance spectrum and metronome beats were recorded

Fig. 3 (a) Measured optical transmission spectra of fabricated conical cross-section fiber-tip
nanohole devices with 60- and 90-nm thick gold films in the air (n ¼ 1.0). (b) Measured optical
transmission spectra of the 90-nm gold layer fiber-tip device when three different chemicals are
applied on the fiber sensor tip.
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with a rate of 30 ms per frame. When the measurement started, we started to count the met-
ronome beats and counted to the 9th metronome beat (last 3 s). At the 10th beat, the fiber-tip
device was dipped into the liquid. After the transmission spectrum was stabilized, we counted
another 9 beats and removed the fiber tip from the chemical liquid at exactly the 10th beat. The
response time is the time duration starting from when the fiber tip contacted the chemical liquid
to the time when the transmission spectrum became stabilized. The recovery time is the time
duration when the fiber tip leaves the liquid to the time when the transmission spectrum recov-
ered to the transmission spectrum in air. By counting the number of the beats of the metronome,
the response times for methanol, ethanol, and IPA are 0.84, 0.96, and 0.36 s, respectively. The
recovery times for methanol, ethanol, and IPA to completely evaporate were 2.7, 4.1, and 3.7 s,
respectively. The measured response and recovery times are also summarized in Table 1. The
response and recovery times vary with chemicals, but are in the order of seconds. The fast recov-
ery is due to the local heating effect of the surface plasmon resonance.32,33

To understand the effects of the conical shape of nanoholes and nanocavities on the LSPR,
FDTD simulations were carried out to calculate the transmittance spectrum and the electric field
distribution using a software code (Lumerical Solutions, Inc.). In the simulations, the boundaries
were set as periodic boundaries in x and y directions. A perfect matched layer (PML) boundary
was set in the z direction. In the simulated structure, the gold layer thickness is set at 90 nm, the
period of the square lattice nanohole array is 480 nm, and optical constants of gold film and
silicon dioxide are from the Palik’s Handbook of Optical Constants.34 To obtain electric field
distributions, a two-dimensional (2-D) field monitor is placed on the cross section of a nanohole
in the y–z plane. A conical-shape nanohole array with a top radius of 70 nm and a bottom radius
of 110 nm sits on a glass substrate with a 200-nm deep cavity below each conical cross-section
gold nanohole. The transmittance spectra for different top aperture sizes are plotted and shown in
Fig. 4(a). With the bottom aperture diameter fixed at 220 nm, optical transmittance was calcu-
lated for different top aperture diameters from 0 to 220 nm. The index of refraction of the
medium in the hole and the surrounding is 1.40 in simulations. It can be seen that as the top
aperture size decreases, the spectral width of the fundamental mode decreases and the peak

Fig. 4 (a) Calculated optical transmission spectra of conical cross-section nanoholes with differ-
ent top aperture radii from 0 to 110 nm. (b) Simulated electric field enhancement profile at the
peak transmission wavelength of 850 nm plotted in logarithmic scale.

Table 1 Sensitivities and response and recovery times of the LSPR optical fiber tip sensor.

Chemical N λ (nm) Sensitivity (nm/RIU) Response time (s) Recovery time (s)

Methanol 1.330 789.0 — 0.84 2.7

Ethanol 1.366 812.5 652 0.96 4.1

IPA 1.377 819.5 636 0.36 3.7
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transmittance also decreases as shown in Fig. 4(a). The fundamental plasmon resonance mode
has a blue shift and the second-order resonance mode stays at about the same wavelength.

We also calculated the electric field distribution on the conical cross section of a nanohole at
the fundamental mode resonance wavelength of 850 nm. In the structure, the top diameter of the
nanohole aperture is 140 nm and the bottom diameter of the nanohole aperture is 220 nm.
Figure 4(b) shows the calculated electric field enhancement in logarithmic scale. The electric
field enhancement is the ratio of the calculated electric field amplitude over the incident plane
wave electric field amplitude. The black dash line shows a nanocavity below a conical shape
nanohole in the gold film. It can be seen that the electric field inside the conical cross-section
gold nanohole is significantly enhanced at the fundamental LSPR wavelength. A maximal elec-
tric field enhancement factor of two orders of magnitude is observed at the peak transmission
wavelength of 850 nm.

Both the conical shape nanoholes and the nanocavities contribute to the large sensitivity. To
explain the enhanced sensitivity, FDTD simulations were carried out to calculate the transmis-
sion spectra of devices with cylindrical shape and conical shape nanoholes, and with and without
nanocavities. Transmission spectra from a conical shape nanohole array and from a cylindrical
shape nanohole array without cavities were calculated for different surrounding media with
refractive indices n ¼ 1.0, 1.36, 1.50, respectively. The cross sections of a conical nanohole
and a cylindrical nanohole are shown in the inset of Fig. 5(a). The nanohole aperture radius
at the bottom is 110 nm and the nanohole aperture radius at the top is 70 nm. For the cylindrical
nanohole array, the nanohole radius is 110 nm. The calculated transmission spectra are plotted
and shown in Fig. 5(a). For the conical cross-section nanohole array, the transmittance spectra
are the solid line curves with peak transmission wavelengths at 806, 832, and 849 nm for
n ¼ 1.0, 1.36, 1.50, respectively. The shift of the peak transmission wavelength shift is 43 nm
from air (n ¼ 1.0) to n ¼ 1.50. From n ¼ 1.36 to n ¼ 1.50, the peak transmission wavelength
shift is 17 nm. For the cylindrical cross-section nanohole array, the peak transmission wave-
lengths are 806, 826, and 840 nm for n ¼ 1.0, 1.36, 1.50, respectively. The peak transmission
wavelength shift is 34 nm from air (n ¼ 1.0) to n ¼ 1.50, and 14 nm from n ¼ 1.36 to n ¼ 1.50.
It is clearly seen that the conical cross-section nanohole array gives a larger peak transmission
wavelength shift than that of the cylindrical cross-section nanohole array for the same amount of
change of the index of refraction. Therefore, the conical cross-section nanohole array gives
higher sensitivity for the index of refraction sensing. In addition, from Fig. 5(a), it can be seen
that the conical nanohole array has a higher peak transmittance than that of the cylindrical nano-
hole array for the high index of refraction surrounding medium. A similar finding was reported
earlier in reference.35

Transmission spectra of a conical nanohole array with and without nanocavities were calcu-
lated for surrounding media of different indices of refraction. The depth of the nanocavities is

Fig. 5 (a) Calculated transmittance spectra of conical nanohole arrays (solid lines) and cylin-
drical nanohole arrays (dashed lines) for different indices of refraction of surrounding media.
(b) Calculated transmittance spectra of conical nanohole arrays with nanocavities (solid lines)
and without nanocavities (dashed lines).

Guo and Guo: Cavity-coupled conical cross-section gold nanohole array fiber tip. . .

Journal of Nanophotonics 026006-6 Apr–Jun 2020 • Vol. 14(2)



200 nm in the fiber glass. The cross section of gold nanoholes with cavities below is shown in the
inset of Fig. 5(b). Calculated transmittance curves are shown in Fig. 5(b). The solid line curves
are the transmission spectra of the device with nanocavities, and the dashed line curves are the
transmission spectra of the device without cavities for three different surrounding media with
indices of refraction n ¼ 1.00, 1.36, and 1.50, respectively. With nanocavities, the peak trans-
mission wavelengths are 799, 828, and 849 nm, respectively. From n ¼ 1.0 to n ¼ 1.50, the
device with nanocavities has a 50-nm wavelength shift. From n ¼ 1.36 to n ¼ 1.50, the device
with nanocavities has a 21-nm wavelength shift. Without cavities, the peak transmission wave-
lengths are 806, 832, 849 nm for n ¼ 1.00, 1.36, 1.50, respectively. Without cavities, the device
has a 43-nm wavelength shift from n ¼ 1.00 to n ¼ 1.50. From n ¼ 1.36 to n ¼ 1.50, the device
without nanocavities has a shift of a 17-nm wavelength. Comparing the device without nano-
cavities with the device with nanocavities, the device with nanocavities has a smaller resonance
wavelength for low indices of refraction material filling such as n ¼ 1.00 and n ¼ 1.36, there-
fore, it has a larger resonance wavelength shift for increasing the index of refraction of the sur-
rounding medium. The cavities in the substrate cause the blue shift of the resonance wavelength
for a lower index of refraction material filling in the cavities. Therefore, nanocavities increase
the sensitivity of the sensor. The nanocavities increase the volume of light–matter interactions
and can also enhance signals of other types of measurements such as surface enhanced Raman
scattering spectroscopy.

4 Conclusion

In this work, we fabricated a conical cross-section gold nanohole array device on a flat optical
fiber tip. Underneath the conical shape nanoholes, nanocavities were etched into the fiber glass
substrate to increase the volume of light–matter interactions. LSPR in the fiber-tip device was
characterized by measuring the transmittance spectra with different liquid chemicals applied.
Enhanced sensitivity of the fiber-tip LSPR chemical sensor has been demonstrated. The
enhanced sensitivity was verified by rigorous FDTD numerical simulations. It has been shown
that both conical shape and the nanocavities below contribute to the enhanced sensitivity.
Additionally, response time and recovery time of the fiber optical sensor were measured for
the first time. The new “lab-on-fiber” LSPR sensor can be potentially used for many chemical
and biological sensing applications.
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