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Figure 1 The structure of a fiber taper [21].
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Figure 2 Schematic diagram of morphology distribution of tapered
fibers with different o parameters [21].
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Figure 3 (Color online) (a) Photograph of a flame-heated hand-held
optical fiber stretching process; (b) photograph of a guide-assisted hand-
held flame-heated optical fiber taper device [26].
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Figure 4 (Color online) Schematic diagram of flame-heated two-step
stretching method. (a) Schematic diagram of sapphire fiber-assisted
flame-heating for drawing micro-/nanofibers; (b) magnified schematic
diagram of the drawing process [27].
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Figure 5 (Color online) Schematic diagram illustrating the direct
draw of nanofibers from bulk glasses. (a) A bulk glass is moved towards
a sapphire fiber heated by a CO, laser or flame; (b) the sapphire fiber
end is immersed into the bulk glass through local melting; (¢) withdraw
the bulk glass; (d) a second sapphire fiber is brought into contact with
the molten-glass-coated end of the first sapphire fiber; (e) pull the

second sapphire fiber; (f) a micro-/nanofiber is formed at the end of the
taper [29].
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Figure 6 (a) Scanning electron microscopy (SEM) image of three
manually drawn silica nanofibers placed in a bundle. The diameters of
the nanofibers are 140, 510 and 30 nm (from top left to bottom right
respectively); (b) SEM image of a 150 nm diameter silica nanofibers
wrapped around a 4 pm diameter fiber [28].
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Figure 7 (Color online) Three heating and stretching schemes using
the “flame brush” approach. Schematic diagrams of (a) a stationary
flame with stacked pulling stages; (b) a stationary flame with
independent pulling stages; (c) a moving flame with independent
pulling stages. Double headed arrows indicate oscillating motion [34].
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Figure 8 (Color online) (a) Comparison between specific losses of the tapers fabricated using the “flame brush” approach and the data reported in
ref. [27]. The dynamic and static losses in the inset refer to measurements performed during the nanotaper fabrication and after it, respectively [30]; (b)
the measured profile of a exponential tapered micro-/nanofiber (Inset: power transmittance curve of the micro-/nanofiber) [34]; (¢) a comparison of the
measured and the expected profile of an exponentially shaped micro-/nanofiber [34]; (d) a measured profile of a sinusoidally modulated micro-/

nanofiber, and a zoom-in is demonstrated by the inset [35].
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Figure 9 (Color online) (a) Typical micro-electric heating mechanical
stretching device; (b) ceramic thermoelectric heater; (c) experimental
measurement of morphology distribution of tapered fiber (distribution

according to exponential relationship); (d) recorded fiber-taper
transmission as a function of the elongation length [43].
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Figure 10 (Color online) (a) Schematic diagram of a typical CO, laser focusing heating device [45]; (b) relationship between heating power and the
minimum diameter of the tapered fiber waist region [45]; (c) experimental measurement of morphology distribution of tapered fiber (distribution
according to exponential relationship) [46]; (d) schematic diagram of CO, laser heated sapphire tube fiber drawing method [47].
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Figure 11 Microscope images of polymer (a) [48] and DNA (b) [55]
micro-/nanofibers fabricated by direct drawing from solution.

i

:| High voltage
power supply

B 12 (WS MR ) (a) S i 5 22285 BRI (b) R
e g

Figure 12 (Color online) (a) Schematic diagram of the typical
electrospinning device [56]; (b) SEM image of the polymer micro-/
nanofibers [57].

(a) FS Laser'

Aperture __/
diaphragm

’
’ A

%. ...... U. ........ Hjoma
Galvano €

mirror set ND filter Tran§flétt ie cco
mirror

Compurter

% ~600 nm

1 um

B 13 (MKEEE) () XETREERGREE; (b) SUSHK
(DL P R AROERE L TR DG AL

Figure 13 (Color online) (a) Schematic diagram of two-photon
polymerization system; (b) SEM image of SU8 glue micro-/nanofibers
[59].
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Figure 14 (Color online) Optical power curve of the monitoring light
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Figure 16 (Color online) (a) Relationship between the effective refractive index of the mode and the fiber diameter; (b) transmittance curve of the
monitoring light at 785 nm during the tapering; (c) magnified graph of the power step change [63].
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Figure 17 (Color online) Experimental photo of the fiber taper device
(main part) [66].
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Figure 18 (Color online) (a) Measurement method for measuring the fiber’s morphological changes using the echo wall mode [68]; (b) diameter
measuring device based on second harmonic and third harmonic [69]; (c) experimental device for measuring the fiber’s diameter using a diffraction
pattern [70]; (d) device for measuring the fiber’s diameter using photonic crystal cavity mode [71].
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Fabrication methods and high-precision diameter control
techniques of optical micro-/nanofibers

KANG Yi, LIU KeYing, XIE Yu, GONG Jue, YAO Ni, FANG Wei, GUO Xin,
ZHANG Lei, WANG Pan & TONG LiMin"

State Key Laboratory of Modern Optical Instrumentation, College of Optical Science and Engineering, Zhejiang University,
Hangzhou 310027, China

Owing to their favorable properties including small sizes, tight optical confinement, large fractional evanescent fields,
and low waveguiding losses, optical micro-/nanofibers have attracted broad research interest and technological
applications in recent years, in which the precision in micro-/nanofiber fabrication is critical to determine their
waveguiding properties and performances. Here, we firstly introduce the principles of high-temperature taper drawing of
glass fibers. Next, we review typical fabrication methods including flame-heated manual drawing approach, flame-heated
mechanical drawing technique, electric-heated mechanical drawing technique and laser-heated mechanical drawing
technique. Cons and pros of the above-mentioned techniques are discussed, followed by a brief introduction to the
fabrication of polymer micro-/nanofibers. Thirdly, we introduce the principle and techniques of high-precision diameter
control in glass micro-/nanofiber fabrication based on a in-situ feedback from the cutoff of high-order waveguiding
modes, which can offer a diameter precision down to nanometer level. In addition, several techniques for diameter
measurement of a micro-/nanofiber are also introduced. Finally, we end the review with a brief summary in micro-/
nanofiber fabrication, as well as an outlook to future possibilities.

micro-/nanofibers, high-precision fabrication, diameter control
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