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High-quality near-field optical probes by tube etching
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A method calledtube etchingfor the fabrication of near-field optical probes is presented. Tip
formation occurs inside a cylindrical cavity formed by the polymer coating of an optical fiber which
is not stripped away prior to etching in hydrofluoric acid. The influence of temperature, etchant
concentration, and fiber type on the tip quality is studied. A tip formation mechanism for the given
geometry is proposed. The procedure overcomes drawbacks of the conventional etching techniques
while still producing large cone angles:~i! tips with reproducible shapes are formed in a high yield,
~ii ! the surface roughness on the taper is drastically reduced, and~iii ! the tip quality is insensitive
to vibrations and temperature fluctuations during the etching process. After aluminum coating,
optical probes with well-defined apertures are obtained. Due to the smooth glass surface the
aluminum coating is virtually free of pinholes. ©1999 American Institute of Physics.
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In many of today’s near-field optical~NFO! microscopes
the scanned probe with a subwavelength aperture at the
of a metal-coated tapered glass fiber is the most deli
component.1,2 Desirable properties of such aperture prob
are high brightness, obtained by large cone angles,3–6 a well-
defined circular aperture, no light leaking through pinholes
the metal coating,7 and a high optical damage threshold. Se
eral methods have been proposed to prepare the tapered
core necessary for NFO probes. Most popular up to now
the adiabatic pulling of optical fibers during heating with
CO2 laser.8,9 Recently, microfabricated tips have been p
sented in the literature,10,11 however, such tips are not ye
commercially available.

A convenient method is based on etching glass fiber
the meniscus between hydrofluoric acid and an organic o
layer ~Turner method!.4,12 A taper is formed due to a de
creasing meniscus height as the fiber diameter is reduce
the etchant. Variation of the organic solvent influences
resulting tip geometry. Fiber probes produced by etch
usually provide higher optical throughput due to larger co
angles.3–6 A well-known problem of etched tips is the sens
tivity of the tip shape to environmental influences such
vibrations, temperature drifts, etc., during the etching, res
ing in a glass surface with considerable roughness. T
roughness and the asymmetry of the tip apex are gene
held responsible for pinholes in the subsequently applied
minum coating and ill-defined optical apertures, respectiv

We describe and study a process for tip formation ca
tube etching that overcomes these problems: instead of s
ping the polymer coating off the optical fiber before etchin
the cladded fiber end is dipped into a hydrofluoric acid~HF!
solution. Consequently, the whole etching process ta
place inside a hollow cylinder formed by the fiber’s prote
tive polymer coating that withstands degradation by HF.

Etching was carried out in a Teflon vessel, equipp

a!Electronic mail: zenobi@org.chem.ethz.ch
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with two sapphire windows on opposite sides allowing us
observe the taper formation process with a slow scan cha
coupled device camera. Pictures were taken at an acquis
rate of 0.03 Hz. The resulting time-lapse movie of the et
ing process facilitated the detailed investigation of the
formation pathways. The HF~40%! was obtained from
Fluka; 30 ml were used to etch batches of 8 tips, resp
tively. An organic overlayer~p-xylene or iso-octane! was
used to protect the fiber mounts from the corrosive HF vap
This overlayer had no influence on the tip formation proc
itself. The etching temperature was controlled by a therm
stat to60.1 °C between 10 and 50 °C.

After the etching the polymer coating was removed
either dissolving it in hot concentrated H2SO4 or by me-
chanical stripping.

We tested five different types of optical fibers: Thr
single-mode fibers~FS-SN-3224, inner core diameter 3.3
mm from 3M; 40-692.11, inner core diameter 3mm from
Cabloptic; 91-9116.136, inner core diameter 3mm from Al-
catel! and two multimode fibers~HCG-M0100T-14, inner
core diameter 100mm from Laser Components; HCG
M0200T-14, inner core diameter 200mm from Laser Com-
ponents!.

To check the permeability of the polymer coating f
HF, for each type of fiber a closed fiber loop was dipped in
a vessel containing HF. For the two multimode fibers
etching inside the plastic jacket was observed, whereas
other fibers showed severe thinning of the fiber core after
min in HF due to HF diffusion through the polymer coatin

Tip formation was found to follow two different path
ways depending on whether the fiber’s polymer coating
permeable for HF or not. Nevertheless, similar tips were
tained independent of the taper formation pathway involv
Figure 1~a! shows the etching process of a fiber with H
impermeable polymer coating; Figure 1~b!, the etching pro-
cess for a fiber with HF permeable polymer coating, resp
tively. For each case, the etching behavior is sketched s
© 1999 American Institute of Physics
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matically and supported by video frames acquired during
etching process~insets!.

If no HF can penetrate through the coating@Fig. 1~a!#,
the tip formation starts at the lower end of the fiber. N
thinning of the glass in the upper region of the fiber is o
served. Once a tip is formed, the tip shape is maintai
while the tip shortens inside the tube. The tip quality in ter
of sharpness and smoothness does not deteriorate upon
ther etching; the tube etching process is found to be s
limiting. The scanning electron microscopy~SEM! images in
Fig. 2 show aluminum-coated optical probes etched for
min ~a! and 130 min~b!, respectively. It is evident that th
taper angle and the surface quality are insensitive to the e
ing time. This result compares very well with the vide
frames in Fig. 1~a!. This observation is in contrast to ou
experience with the Turner method4,12 where the tip quality
decreases after the tip has been formed, although the pro
should be self-terminating.

For the HF permeable protective polymer coating,
glass fiber is thinned regularly inside the plastic jacket due
diffusion of HF through the jacket as demonstrated in F
1~b!. A preliminary tip formation at the position of the inte
face between the HF solution and the organic overlayer
be seen in Fig. 1~b!. This is possibly due to a gradient in th
lateral diffusion along the tip in the meniscus region. T
final tip formation takes placeabovethe interface after com
plete removal of the thinned part. It should be noted t
above the interface lateral diffusion of HF through the jac
is no longer possible. We, therefore, conclude that the tip

FIG. 1. Taper formation by tube etching for different fiber polymer co
ings: ~a! HF impermeable coating and~b! HF permeable coating. The inse
show video frames taken at the fiber part below the meniscus during
etching process.

FIG. 2. Tube-etched tips coated with 100 nm aluminum. They were etc
for ~a! 90 min and~b! 130 min, respectively. The surface quality is inse
sitive to the etching time.
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this region is formed by the same mechanism as in the c
of the impermeable polymer coating.

The most prominent result was the finding that the fib
type itself has the strongest influence on the resulting pr
quality. Not only the cone angle, but also the resulting s
face roughness is strongly dependent on the fiber type u
However, except for the Alcatel and Cabloptic single-mo
fibers, all tested fibers yielded extremely smooth glass s
faces after etching.

To investigate the influence of the HF concentration a
etching temperature on the taper quality and geometry
series of etching experiments with dilute HF solutions
different temperatures was performed. For each set of par
eters 6–8 tips were prepared.

While no influence of the variation of HF concentratio
and temperature on the tip surface quality was observed
cone angle showed a slight dependence on these param
Measured values for different concentrations are listed
Table I. For both, temperature and concentration series,
found optimum tip shapes for intermediate values~40 °C and
34% HF!. Note that the taper angle deviation within a s
was generally smaller than 2°. At room temperature the
quired etching time was between 90 min~40% HF! and 15 h
~21% HF!. Temperature fluctuations of a few degrees dur
etching did not show any influence on the resulting tip
Most probably, as the taper formation no longer occurs a
liquid surface but rather in a self-contained volume, the et
ing solution acts as a heat buffer allowing only slow, grad
temperature changes.

We propose a model based on microconvection ins
the tube, probably in combination with transient capilla
effects to explain our findings~see Fig. 3!. A similar mecha-
nism was also postulated by Ungeret al.13 for other fiber
materials. Initially, due to geometrical constraints, it is e
pected that the outer regions of the fiber are etched slig
faster than the center. This is attributed to the fact that at
rim of the glass cylinder, HF supply occurs out of a larg
volume as compared to the central region@see Fig. 3~a!#.
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TABLE I. Taper angles obtained with different HF concentrations at ro
temperature.

Fiber 40% 34% 28% 21%

3M 2261 2561 2261 2061
Cabloptic 1862 23.661 20.861.5 19.461.1
Laser Comp. 100mm 22.961.2 2661 ¯ 35.161

FIG. 3. Schematic of the proposed convection mechanism involved in
etching:~a! initial diffusion-controlled etching and~b! convection-controlled
tip formation inside the tube.
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This effect starts the formation of a conical shape@see
the first inset in Fig. 1~a!#. As soon as a preliminary taper
formed, convection starts to deliver HF to the upper reg
of the cone as shown in Fig. 3~b!. This convection is driven
by concentration gradients caused by the etching proces
self and the gravitational removal of the reaction product14

SiO214 HF→SiF412 H2O,

3 SiF412 H2O→SiO212 H2SiF6.

The influence of gravity on the tip formation proce
was checked by etching the fibers at various angles. Un
such conditions asymmetric tip shapes were obtained.

Within the convection model the tip geometry is e
pected to be determined mainly by the relative magnitude
lateral diffusion and convection as well as the temperat
dependence of the etching rate. In the etching region H
consumed and the reaction products are transported awa
gravity. The diffusion of products and educts increases
early with temperature. The etching rate increases stron
with temperature. An increased diffusion is expected to le
to less sharp tips because of a more isotropic etching of
tip. An increased etching rate is likely to decrease the c
angle because the fresh HF delivered by convection m
already be used up at the upper part of the conebefore it
reaches the apex region. As a consequence, a maximum
angle is expected to be obtained for an intermediate temp
ture. A similar explanation may also hold for the concent
tion dependence: concentration changes will influence
reaction rate, and therefore, result in an optimum concen
tion for a given temperature.

The most striking advantage of the tube-etching meth
is the high quality of the tips. In Fig. 4, a comparison b
tween a typical tip prepared by the Turner method~a! and a
characteristic tube-etched tip~b! is shown. While the tape
angle is quite similar for both techniques, the tube-etch
tips are much smoother~see the top panel!, evidently due to

FIG. 4. Scanning electron and optical micrographs of~a! conventionally
etched~Turner method! and~b! tube-etched fiber probes. Top panel: optic
images of uncoated tips. Middle panel: SEM images of the glass surfac~3
nm platinum sputtered at 77 K! close to the tip apex. Bottom panel: SEM
images of Al-coated fiber tips.
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the fact that the taper formation is no longer a perturbati
sensitive surface phenomenon but rather takes place in a
tected container. This is even more evident in the SEM
ages of the glass surface recorded in close proximity to
tip apex~middle panels in Fig. 4!. In particular, the dramati-
cally increased smoothness of the tips is nicely reflected
the quality of the subsequently deposited'100 nm alumi-
num layer~Fig. 4, bottom panel!. In the case of the tube
etched tips, the applied metal coating is virtually free of s
holes. Their far-field transmission ranged from 231024 to
531023 for aperture diameters between 80 and 120 n
Furthermore, the yield of usable tips after etching is arou
80% for tube etching compared to below 40% for the Turn
method.

Tube etching is a highly reproducible and efficie
method to produce high-definition near-field optical prob
with large cone angles and smooth, sidehole-free alumin
coatings. The method is tolerant against environmental p
turbations such as temperature changes and vibrations.
fact that etching time does not influence the tip qual
makes the handling of the process straightforward and e
For a given fiber type the cone angle can to some exten
controlled by varying the etching conditions. However, t
main influence on the cone angle seems to result from
actual fiber type; for the same etching parameters the c
angles varied significantly. The smoothness of the glass
face allows us to reduce the aluminum thickness and to
fine the coating technique. This leads to improved dam
thresholds15 and NFO properties.16

Note added in proof. After the submission of this let-
ter, a publication describing a similar method appeared.17

The authors wish to thank Professor Ro¨sgen and Profes
sor A. Meixner for helpful discussions and the Swiss N
tional Science Foundation~NFP 36! for financial support.
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