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ABSTRACT 
The development of plasmonic devices for sensing applications can offer high sensitivity and a dramatic improvement to 
the detection limits due to the high field enhancement at the metal surfaces. The platform proposed here is a tapered 
hybrid microfiber comprising a metal core and a glass cladding. The existence of a glass cladding not only serves as a 
mechanical host for the metal core, but also provides ease of handling regarding the tapering process. The advantages of 
this composite material system over pure metal tips are the absence of impurities and the multiple excitation of the 
plasmon modes due to the total internal reflection at the glass/air interface. The improved field enhancement at the apex 
of these tapered microwires was calculated through Finite Element Method (FEM) simulations. Enhancement factors up 
to 104 were theoretically observed for this type of tapered microwires. The use of different metals having different 
melting points and thermal expansion coefficients as well as different glass thicknesses can lead to an optimization of the 
tapering process conditions in order to achieve tapered microwires with the desirable geometrical characteristics. 
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1. INTRODUCTION 
Surface plasmon polaritons (SPPs) are surface electromagnetic waves travelling along a metal/dielectric interface 
originated from coupling between oscillating electrons and incident photons. SPPs and localized surface Plasmon 
resonances (LSPR) can offer high field enhancement and confinement beyond the diffraction limit and have found many 
applications in biosensing, surface-enhanced Raman spectroscopy (SERS) and also microscopy. 
 
In this paper a tapered hybrid gold-core/borosilicate-cladding microfiber is studied. Their advantages over the metal tips 
are the ease of light coupling and the re-excitation of the plasmon modes due to the total internal reflection at the 
dielectric/air interface through the length of the fiber. Although the field enhancement of pure metal tips has been 
extensively studied theoretically1-3, it has been clearly identified lately the need for further research4 towards the 
engineering of physically realizable and robust plasmonic structures with enhanced performance. The absence of 
impurities and the multiple excitation of the nanowire due to the repeated silicate glass/air total internal reflections5 can 
provide high field enhancement at the apex of such tapers by overcoming the metal induced losses. For the tapering the 
method of heating and stretching is used for the accurate control of the final taper geometry. 
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2. FABRICATION OF DIELECTRIC CLADDING/METAL CORE MICROFIBERS 
The hybrid gold core/borosilicate cladding are fabricated in  the Optoelectronics Research Center (ORC, University of 
Southampton) and have core diameters varying from 3-20μm. For the fabrication of the hybrid metal-core/glass-cladding 
microfibers a suitable metal should be used having melting point below the softening point of the glass cladding. The 
metals that were used were silver, copper, gold and aluminum having melting points ranging from 660 °C for aluminum 
to 1085 °C for copper (Fig. 1). For the glass cladding Schott Duran borosilicate tubing of different outer and inner 
diameters (81 wt% SiO2, 13 wt% B2O2, 4 wt% Na2O+K2O, 2 wt% Al2O3) was identified as a promising ,widely available 
and low cost solution and therefore it was used6. 
 

 
Figure 1. (a), (b) Bundles of silver, gold and copper-core borosilicate microfiber, (c), (d) SEM images of metal-core borosilicate 
microfibers 

 
The microwires' fabrication process was proved to be not a trivial process and certain modifications in the "stack and 
draw" fiber drawing systems were needed. The main parameters that had to be controlled during the drawing process of 
the fibers are the temperature, feed rate, pull rate and volume of metal used together with a number of secondary 
parameters. The initial trials were based on copper based microwires due to the copper's low cost. Many fiber snaps 
occurred during initial copper-core fiber draws mostly due to the copper not melting fully, or too much copper flowing 
into the preform neck at once. For continuous core microfibers a Schott Duran borosilicate preform of 6 mm outer 
diameter and 2.5 mm inner diameter is fused at one end to create a seal, and four lengths of 0.5 mm diameter copper wire 
are inserted into the preform. No gas purge is supplied to the center of the furnace, where the preform is situated, but 
instead a nitrogen gas flow is delivered through the cooling ring. A number of carefully considered parameters in drum's 
speed were needed to be considered in order to achieve the continuous production of microwires at speeds of several tens 
of meters per minute, and of a solitary spool up to 50 km in length of continuous fiber microwire. However it was 
identified that for some metals there were metal core discontinuities in the entire spool length and therefore there is 
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currently under way an optimization process for production of continuous microwires in such long lengths. In plasmonic 
applications though, continuity over long length is not a crucial factor as small pieces of microwires are needed.  
 
The core discontinuity that was apparent a number of studied microwires were further investigated. It was confirmed that 
in core discontinuous fibers, the mode profile at the output of these fibers is well preserved due to the continuous re-
excitation effects into the silicate enclosure, through the length of the fiber as a result of repeated total internal reflection 
at the silicate/air interface5. We obtained the beam profile of a microfiber of 54μm diameter and 11μm core diameter. 
Figure 2 shows the beam profiles of a continuous and a discontinuous piece of the microfiber (see inset picture). The 
nanowires are excited by coupling light of 532nm into the borosilicate enclosure. As expected two peaks are observed in 
the 2D beam profile at the gold/glass interface corresponding to the illustrated modelled TM01 mode profile (inset 
picture). In order to obtain the beam profile we used a 60x objective lens to image the near-field intensity distribution at 
the fiber output and a scanning slit optical beam profiler. 
 

Figure 2. Mode profile of a hybrid microfiber with continuous (a) and discontinuous (b) core. The inset pictures show the TM01 
mode profiles and a characteristic segment of a core discontinuous fiber. 

 
 

3. MODELLING 
For metallic core nano-wires of radius R1 surrounded by a dielectric layer of radius R2, the amplitudes of the electric and 
magnetic fields for TM01 mode6 are: 

(ߩ)ࡱ =
۔ۖۖەۖۖ
ۓ ଵܣ ൤−݅ ൬ ଵ൰ߙߚ ఘ̂݁(ߩଵߙ)ଵ߇ + ௭൨̂݁(ߩଵߙ)଴߇ ߩ										, ൑ ܴଵ൬ ଶ൰ߙߚ ሾ−݅ܣଶܫଵ(ߙଶߩ) + ሿ݁̂ఘ(ߩଶߙ)ଵ߈ଶ߀ + ሾ޿ଶ߇଴(ߙଶߩ) − ,ሿ݁̂௭(ߩଶߙ)଴߈ଶ߀݅ ܴଵ ൑ ߩ ൑ ܴଶ޿ଷ ൤൬ ఘ̂݁(ߩଷߙ)ଵ߈ଷ൰ߙߚ − ߩ									,௭൨̂݁(ߩଷߙ)଴߈݅ ൒ ܴଶ

 

 

(ߩ)ఝ߅ = ݇ ൈ
۔ۖەۖ
ۓ ଵܣ ൤−݅(ߝଵߙଵ)߇ଵ(ߙଵߩ)൨ ߩ													, ൑ ܴଵ൬ߝଶߙଶ൰ ሾ−݅޿ଶ߇ଵ(ߙଶߩ) + ܴଵ										ሿ,(ߩଶߙ)ଵ߈ଶ߀ ൑ ߩ ൑ ܴଶ޿ଷ ൤(ߝଷߙଷ)߈ଵ(ߙଷߩ)൨ ߩ																, ൒ ܴଶ  

 
where β is the propagation constant, ε1, ε2 and ε3 are the relative permittivities of metal core, dielectric cladding and air 
respectively, αj = (β2−εjk2)1/2 for j=1,2,3, I and K are the modified Bessel functions of the first and second kinds and A1, 
A2 and A3 are the complex constants. 
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The dispersion equation can be derived by the continuity of the tangential components of the fields at the interfaces ρ = 
R1 and ρ = R2: ߝଵߙଶ߇ଵ(ߙଵܴଵ)ሾߙଶߝଷ߈ଵ(ߙଷܴଶ)ܯ଴଴ + ଵ଴ሿܯ(ଷܴଶߙ)଴߈ଶߝଷߙ ଴ଵܯ(ଷܴଶߙ)ଵ߈ଷߝଶߙሾ(ଵܴଵߙ)଴߇ଵߙଶߝ− = +  ଵଵሿߊ(ଷܴଶߙ)଴߈ଶߝଷߙ
 
where     ܯ௔௕ = ௕(ܽଶܴଵ)ܭ௔(ܽଶܴଶ)ܫ − (−1)௔ା௕ܫ௕(ܽଶܴଵ)ܭ௔(ܽଶܴଶ)	        with α, b = {0 or 1} 
 
Figures 3 show the real and imaginary parts of the effective refractive index (neff) as a function of the wavelength for 
different radii of the gold core. As the radius of the copper tip decreases, both the real and imaginary parts of neff 
increase. This means that, toward the apex of the metal tip, the effective wavelength of the plasmon wave decreases and 
the losses increase. For radii of the metal tip larger than 50nm the losses are relatively low. As the radius decreases the 
losses become significant and they are minimum for wavelength around 800nm. 
 
 

 
Figure 3. The real (left) and imaginary (right) part of the effective refractive index of TM01 mode for different radii of the gold 
core. 

 
 
3.1 Simulations of metal tips 
Simulations through Finite Element Method (FEM) using COMSOL Multiphysics were performed in order to study the 
enhancement at the apex of tapered hybrid microfibers. The simulated gold tapered core has input and output radius of 
150nm and 3nm, respectively, and semi-angle of 3.5˚. The cladding/core ratio is ~12 along the length of the fiber. 
Boundary mode analysis was used at the input of the fiber for the excitation of TM01 mode. Figure 4 (a) shows the 
enhancement spectrum of the tapered microfiber. The enhancement factor Ef was calculated as the maximum intensity at 
the apex of the tip divided by the intensity at the glass/metal interface at the input of the fiber. The maximum Ef 
calculated was ~2.5 x 105 for 1100nm excitation wavelength. The normalized electric field for 1100nm excitation 
wavelength and its enhancement toward smaller radii is shown in Figure 2 (b). When the length of the tip is larger than 
1μm the propagating SPPs are reflected at the tip’s end and form cavity modes appeared as periodic peaks in the 
enhancement spectrum.  
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Figure 4. a) Enhancement spectrum of a tapered hybrid microfiber of a=3.5˚ and input and output radius of 150nm and 3nm, 
respectively. b) Normalized electric field for 1100nm excitation wavelength along a tapered microfiber. 

 
 

4. EXPERIMENTAL 
4.1. Tapering process 
For the tapering of the microfibers the method of heating and stretching in a flame was used as shown8,9. A schematic 
representation of the tapering setup is shown in Figure 5. The tapering rig consists of three stages, one that moves the 
micro-burner and two for stretching the fiber. The temperature profile and geometry of the micro-burner flame is tailored 
by mixing oxygen and butane gasses at appropriate flow rates. Two electronic mass flow controllers are employed for 
accurately controlling the oxygen and butane gas flow rates. The whole tapering process is computer controlled in order 
to achieve the desired final taper geometry. 
 

 
Figure 5. Schematic representation of the tapering rig. 

 
The accurate temperature control is important in order to obtain a smooth hybrid tip. The appropriate tapering 
temperature is just below the melting point of gold (1064˚ C). For higher temperatures the gold core melts leading to the 
formation discontinuous core metal patterns or even the formation of well defined  microspheres as can be seen Figure 6 
(a). For the tapering process a whole range of different microfibers with continuous cores were used but the typical 
dimensions of the majority of fibers had metal core and silicate cladding diameters of ~10μm and ~35μm, respectively. 
For discontinuous cores and temperatures below the melting point of gold it was observed that the glass cladding 
collapses as shown in Figure 6 (b).  
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Figure 6. a) Hybrid microfiber with melted core due to tapering at T > 1064˚ C. b) Collapsed hybrid microfiber due to tapering at 
T < 1064˚ C. 

 
For temperature just below 1064˚ C smooth tips were fabricated (Figure 7). The initial core/cladding diameter ratio is not 
preserved creating a sharp tip with a thick glass cladding facilitating the required robustness for easy handling. 
 

 
Figure 7. Fabricated tips. 

 

In the following Figure 8 is demonstrated the drastic decrease of the metal core to silicate cladding diameter ratio. At the 
left picture is illustrated the initial untapered  microwire where their ratio is about 1/3. At the right SEM picture it can be 
seen the tapered fiber tip where now the ration has been drastically decreased to 1/20. 

In the tapered   microwire's tip image the metal core could not be seen and also the core's shape looks asymmetric and 
non circular due to the non perfect cleaving that was attempted to the microwire.  

  

 

 

 

Proc. of SPIE Vol. 10028  100280N-6



IMEL Sb 59 SEM LEI 1.0kV X4,500 WO5.7mm fpm

r

20 ism EHT20.00kV
W0=10.5mm

SOY A=SEI
Photo No. = 6075

Dote :19 Feb 2014
Time :20:19:30

Figure 8.  SEM picture of the initial  microwire (left).  SEM image of the tapered microwires tip which demonstrates the drastic 
decrease in core /silicate diameters ratio.  

5. CONCLUSIONS
Fabrication of hybrid metal core tips by tapering metal core/dielectric cladding microfibers is proposed for high field 
enhancement and confinement. The hybrid microfibers used, offer ease  of light coupling, as  well as  mechanical  
robustness. Even though a solitary spool up to 50 km in length of continuous diameter fiber can be fabricated, a few core 
discontinuities apparent in the entire length do not influence the TM01 mode profile due to the multiple re-excitation of 
the plasmon modes due to the repeatable glass/air total internal reflection. The simple and cost – effective method of 
heating and stretching in a flame was used for the tapering of the microfibers offering control of the tip’s geometrical 
characteristics. For the tapering process though continuous cores with smooth surfaces are needed in order to get a good 
quality tip. Tapered tips with final core to silicate diameter ratio of 1/20 were demonstrated. 
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