Optical fiber nanoprobe preparation for nearfield optical microscopy by chemical etching
under surface tension and capillary action
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Abstract: We propose a technique of chemical etching for fabrication of
near perfect optical fiber nanoprobe (NNP). It uses photosensitive single
mode optical fiber to etch in hydro fluoric (HF) acid solution. The
difference in etching rate for cladding and photosensitive core in HF acid
solution creates capillary ring along core-cladding boundary under a given
condition. The capillary ring is filled with acid solution due to surface
tension and capillary action. Finally it creates near perfect symmetric tip at
the apex of the fiber as the height of the acid level in capillary ring
decreases while width of the ring increases with continuous etching. Typical
tip features are short taper length (~4 µm), large cone angle (~38°), and
small probe tip dimension (<100 nm). A finite difference time domain
(FDTD) analysis is also presented to compare near field optics of the NNP
with conventional nanoprobe (CNP). The probe may be ideal for near field
optical imaging and sensor applications.
© 2009 Optical Society of America
OCIS Codes: (230.2285) Fiber devices and optical amplifiers; (180.4243) Near-field
microscopy.
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1. Introduction
Study of near field optics shows potential benefits by removing classical diffraction limit of
optics. Developing special probing arrangement is a major issue to study near field optics.
Nanometric probing in scanning near field optical microscopy (SNOM) [1–5] enables
acquisition of optical images with a resolution beyond the Rayleigh diffraction limit by
scanning a light source of subwavelength diameter across the sample surface. Nanoprobe has
also been using in many studies like biological sample analysis, single molecule imaging,
surface plasmonics, and surface enhanced Raman scattering detection. In SNOM employing a
probe tip, the apex size of the tip is important that decides the quality of the image. Usually,
the probe is a metal coated tapered optical fiber with a tiny tip aperture whose diameter could
be between 50 and 200 nm. It is quite difficult to manufacture nanoprobe in a controlled
mechanism. The cost-effective and wide application of the scanning near-field optical
microscopy can be assured by producing probes with a sufficient accuracy and a good
reproducibility. Various techniques on nanoprobe fabrication are reported in published works
[6–11]. There are two methods commonly used for the preparation of tapered optical fibers
with a sharp tip and reasonable cone angle: (i) heating and pulling [12] method, and (ii)
chemical etching in aqueous solution of HF acid. Chemical etching technique is widely used
as it achieves fiber tips with much shorter cone and much larger angle, allowing higher
transmission. Turner patented [6] a method on fabrication of optical fiber nanoprobe which
leads nanoprobe fabrication by chemical etching. The method is based on glass fiber etching
guided with surface tension meniscus rise of HF acid solution along the fiber. The mechanism
is based on the fact that the meniscus height is a function of the remaining fiber diameter.
Although it is convenient and cost-effective, one of the shortcomings of this method lies in its
sensitivity related to the ambient conditions. Hence, it often leads to imperfections, like axis
asymmetry in the probe cone, rough probe surface etc. Such features strongly affect the nearfield optical signal. Keeping acrylate jacket of the optical fiber during the etching, known as
tube etching [8], into the HF solution improve quality of the probe but difficulty arises to
remove the jacket after the tip formation, breakage is significant and probe’s length is big.
In this paper we propose a new etching method for fine fiber nanoprobe fabrication. The
method is also based on simple chemical etching in HF solution but probe shape is determined
by surface tension meniscus rise, and self-etched capillary ring and capillary rise of the acid
solution at the fiber core-cladding boundary. It needs special type of optical fiber having faster
etching rate for fiber core compared to its cladding. The method is first time reported to the
best of our knowledge. The remaining part of the paper is organized as follows.
Section 2 describes etching process and probe fabrication in diagrams with a theoretical
explanation. Section 3 presents fabricated nanoprobes and FDTD analysis for near field optics
of the nanoprobes. Finally, a conclusion is drawn in section 4.
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2. Etching process in steps
The technique presented here is an evolution of chemical etching technique for fiber
nanoprobe fabrication. Figure 1 illustrates etching and fabrication procedure in steps. Etching
is performed inside a plastic beaker containing glycerin at the bottom. A certain amount of
diluted, 48%, HF acid solution is poured into the beaker. The aqueous solution of the acid
being lighter floats on glycerin. A small amount of toluene is added into the beaker. Toluene
floats on and covers free surface of the acid solution preventing evaporation of the toxic acid.
A special type of GeO2 doped photosensitive single-mode optical fiber of diameter 125 µm
with mode field diameter ~7 µm is stripped and dipped inside the acid solution from a stable
holder. Due to surface tension force between the acid solution and glass optical fiber a thin
film of HF acid rises along the edge of the stripped cylindrical fiber, Fig. 1, Step (I).

Fig. 1. Schematic illustration of the etching process to fabricate the probe: Step (I) stripped
fiber is dipped in acid solution and shows meniscus rise, Step (II) after an interval of ~30
minutes HF acid level is elevated by ~10 µm to 20 µm by dropping steel ball shown in the
figure, Step (III) Enlarged picture showing schematic of self-made capillary ring at corecladding boundary due to different etching rate for core and cladding. Capillary ring controls
final probe dimension shown by square dotted line.

It is well known phenomenon that liquid will rise up along the edge of the stripped fiber
due to surface tension combined with adhesion to the wall of the fiber. The general balance of
capillary and hydrostatic forces and relation between meniscus rise h and radius r of the fiber
can be described as [13]

hMeniscus

 γ

=  2( )(1 − cos θ a ) 
 ρg


1/ 2


γ 1/ 2 1 
1 + ( ρ g ) r 



−1/ 2

(1)

where γ, ρ, and θa are surface tension, density, and contact angle of the liquid respectively, g
is the acceleration due to gravity, and r is the radius of the optical fiber. Although there is no
data available on surface tension and contact angle of such solution with silica, it is observed
that meniscus rises within 300 µm to 400 µm along the silica fiber of diameter 125 µ m
depending on the degree of dilution of HF acid. According to the Turner method meniscus
etches the fiber producing 300 µm to 400 µm long probe with small cone angle determined by
meniscus rise and original fiber diameter. The relation between radius r and hMeniscus given in
Eq. (1) also determines surface curvature of the respective nanoprobes.
We define CNP for the probe, Fig. 2 (c), made by single step meniscus controlled etching,
Step (I), which is also common in this new technique. After a certain period of etching, an
intermediate step is introduced where acid level around the fiber is elevated by a small height.
The Step (II) in Fig. 1 shows the elevation of the acid level which should be far below the
initial meniscus rise in Step (I). As etching approaches towards the core of the fiber, ~30
minutes of etching of the fiber at the etching rate of 3.2 µm/ minute, acid level is elevated by
several microns, 10µm – 20 µm, by dropping a solid metallic sphere (steel ball) of appropriate
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volume into the beaker. The schematic in Step (II) in Fig. 1 shows elevation of the acid level
after dropping steel ball into it. The ball is washed in glycerin to avoid acid contamination.
Etching at elevated region should maintain conical shape of the fiber whereas below the
elevation regime it etches fiber sidewise preserving its cylindrical shape.
Finally Step (III) in Fig. 1 describes the mechanism of NNP fabrication. As etching
solution reaches to the core-cladding boundary it etches fiber core sidewise (x-direction) as
well as vertically (y-direction) along core-cladding boundary and form a capillary ring. The
elevated acid level favors upward etching and pushes it further above the new acid level due
to surface tension pulling along self-made core-cladding capillary ring. Step (III) in Fig. 1
schematically shows formation of self-made circular capillary ring around fiber core-cladding
boundary and surface tension capillary rise along the ring. Elevated acid level and difference
in the etching rate of fiber cladding and core creates capillary ring at the core-cladding
boundary. The final tip shape depends on capillary ring and capillary rise due to surface
tension. The capillary rise of HF acid solution in the capillary ring due to surface tension can
be expressed as [14]
hcapillary =

2γ
cos θ a
ρ gr

(2)

After attaining a certain height the capillary rise should start falling while ring width
increases due to continuous etching resulting a nanoprobe at the apex of the fiber and a
circular rim at the base of the probe towards the cladding. The square dotted drawing around
the core of the fiber in Step (III) estimates the shape of the final nanoprobe. The relation
between hcapillary and radius r of the ring given in Eq. (2) should determine surface curvature of
NNP.
3. (a) Fabricated probes

Figure 2 (a) and (b) are the SEM pictures of the NNP fabricated by chemical etching
technique described above. The probe is coated with few nanometer Aluminum coating for
SEM imaging. Uniform coating of Aluminum, as seen in SEM image, suggests that the
residual capillary should not pose any difficulty in coating the nanoprobe. The fabricated NNP
in Fig. 2 (a) is similar to the predicted tip shown by square dotted line in Step (III) in Fig. 1.

Fig. 2. (a) and (b) are SEM images of NNP with different resolutions, (c) is SEM image of
CNP made by single step meniscus rise based chemical etching under similar conditions. The
rim at the base of the nanoprobe likely to be part of the capillary ring left after completion of
etching. The scale bars are (a) 200 nm, (b) 2µm, and (c) 200 nm.

In absence of elevated acid level, the probe shape should follow pencil like tip shape
outlined by dashed line in, Step (III), Fig. 1. It is observed that the near perfect probe has
height ~4 m, base ~3 m. Introduction of the intermediate Step (II) in Fig. 1 and using
photosensitive fiber determine probe’s shape. The probe appears perfectly symmetric with
large cone angle of 38°. The total taper length is also reduced to ~4 µm form ~350 µm, length
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of CNP. Bigger cone angle and short probe length should increase light collection efficiency
significantly. Also HF acid being highly corrosive, longer etching period increases chance of
deformation in the nanoprobe. We observe one such off-axis deformation in the CNP, Fig.
2(c), made under similar ambient conditions. Although the total etching period is same for
both the cases, the effective etching period for NNP is much less and minimizes probe
deformation. We also observe a difference in the surface curvature of NNP and CNP. The
surface curvature on the NNP is determined by the rectangular hyperbolic relation, hr =
constant, between height (h) and radius (r) of the capillary rise given in Eq. (2). Figure 2 (a)
shows that the probe surface gets an inwards curvature although radius of curvature is very
large. The NNP curvature appears visibly different from the surface curvature of CNP which
is determined by Eq. (1). The rim like capillary boundary at the base of the nanoprobe is part
of the capillary ring left after the completion of etching. It has shorter height than nanoprobe
as surface tension rise toward cladding side of the capillary ring will be dominating due to
bigger outer radius which results in longer meniscus rise (Eq. (1)). The rim at the base,
smaller dimensions and surface curvature of the NNP are the evidences for capillary rise
factor in making the nanoprobe.
b. FDTD analysis

The FDTD simulation demonstrates near field optics characteristics of uncoated NNP and
CNP at the end of single-mode optical fibers. Figure 3 presents FDTD simulation results for
field propagation and light throughput capacity of the probes. The simulation is performed
using the FDTD method [15] and Meep with subpixel smoothing for increased accuracy
[16,17]. The base diameter and length of NNP and CNP are taken as 3µm and 4 µm, and 125
µm and 300 µm respectively [5]. The dimensions for NNP are taken from its SEM image. For
FDTD simulation of NNP, a uniform grid of 1280 × 1280 × 1280 is taken along the x, y and z
directions for a volume of size 16µm × 16µm × 16µm and for CNP, a uniform grid of 8800 ×
8800 × 32000 is taken along x, y and z for a volume of size 110 µm × 110 µm × 400 µm.

Fig. 3. plots FDTD simulation results for optical field propagation and distribution in fiber with
nanoprobes illuminated by similar source but different amplitudes. The adjacent color bars are
to estimate magnitude of the field in the probes. The schematic of single-mode fibers (core 7
µm, diameter 125µm) with probe present respective design.

We have taken smaller dimension for NNP to make tip visible in Fig. 3(b). A large dipole
source [15] of unit amplitude emitting monochromatic waves at wavelength, λ = 1550 nm is
placed inside the fiber with NNP. For the CNP we consider same source but 100 times
stronger in amplitude for the FDTD simulation. Figure 3(a) and (b) show field propagation
and pattern in CNP and NNP respectively. The color bar and field pattern in the nanoprobes
estimate light guidance capacity of the probes.
The simulation does not include the curvature that appears at the boundary of the
nanoprobe base as it may not be possible to extract exact information of the curvature.
However, it should not change the light collection efficiency as the position of the curvature is
far from the nanoprobe base. To study near field characteristics of NNP we compare the
#115108 - $15.00 USD

(C) 2009 OSA

Received 31 Jul 2009; revised 26 Aug 2009; accepted 15 Sep 2009; published 13 Oct 2009

26 October 2009 / Vol. 17, No. 22 / OPTICS EXPRESS 19474

normalized near field distribution of the probes near the tips. The blue and red curves in Fig. 4
present beam width of CNP and NNP respectively measured at 100 nm away from the tip. The
normalized power plot reveals that the full-width-half-maxima (FWHM) of NNP, ~200 nm, is
~1/3 of the FWHM for CNP. It is also found that the NNP makes 34 times throughput
compared to CNP.

Fig. 4. Normalized near field distribution for NNP (−−−) and CNP (−−−) at 100 nm from
probes tip.

The smaller value of FWHM and enhanced throughput reduces noise level in collected
optical signals. Confined and higher throughput should also make NNP potential for sensor
probe for Surface Enhanced Raman Scattering (SERS) detection. It is to be mentioned that the
near field characteristic of the nanoprobe should be different with nano order metal film
coating. However, the FDTD results of the uncoated nanoprobes should be helpful for
evaluating the optics of the probe.
4. Conclusions

We propose a new approach of chemical etching for fabricating near perfect optical fiber
nanoprobe using GeO2 doped photosensitive single mode optical fiber. The method is based
on chemical etching guided under surface tension capillary rise and surface tension meniscus
rise. The fabricated probe has shorter dimensions, base ~3µm and height 4 µm, ideal for near
field imaging applications. The probe appears perfectly symmetric about the fiber axis and has
bigger cone angle of 38° which enhances light throughput and light collection efficiency.
FDTD analysis shows 34 times enhancement in optical throughput compared to CNP. Smaller
value of FWHM, ~200 nm, should reduce noise level in collected optical signal. The NNP
may be ideal low cost probe for SNOM, SERS detection, and other sensor and imaging
applications. The method also needs optimization to control the shape of the tip further.
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