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Abstract: Maskless micromachining of all-fiber photonics'structures, based on the selective etching of structure forming optical fibers
(SFF) is presented. A maskless micromachining process can reform or reshape a section of an optical fiber into a complex 3D photonic
microstructure. This proposed micromachining process is based on the introduction of phosphorus pentoxide (P205) into silica glass
through standard fiber manufacturing technology. Micro-machining is presented as a highly effective tool for the realization of new
solutions in the design of optical sensors and microfluidic devices.
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Mikroobdelava povsem vlakenskih fotonskih

mikrostruktur za podrocje mikrofluidnih aplikacij

Izvlecek: Predstavljena je mikroobdelava na osnovi selektivnega jedkanja posebnega opti¢nega vlakna v namene izdelave
mikrofotonskih struktur. Proces mikroobdelave brez maskiranja sloni na vgradnji fosforjevega pentoksida (P,0,) v steklena opti¢na
vlakna skozi postopek standardne proizvodnje opticnih vlaken. Mikroobdelava je predstavljena kot zelo uc¢inkovito orodje za realizacijo
novih resitev na podrocju nacrtovanja senzorjev in mikrofluidnih naprav.
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1 Introduction

sive and time-consuming task. Beside laser techniques,

Photonic micro-structures are being increasingly used there are also other techniques like lithographic pro-
in a number of applications, ranging from optical tel- cesses [15, 16], micromachining by dry etching [17] and
ecommunications [1-3] to biomedical sensor [4-6]. by focused ion beam [18-21]. Lithographic process re-
Direct implementation of micro-devices can extend quires many process steps, dry etching is related with
their use and allow many important advantages and time-consuming and low selectivity etching, focused
novel functionality. Existing solutions for optical fiber ion beam technique is also time-consuming and cost-
micromachining are mostly based on laser techniques. inefficient and as such unsuitable for production.
Reshaping of SiO, optical fiber is typically realized by

laser sources operating in ultraviolet (UV) or middle- This paper presents a cost effective, mask-less mi-
infrared (MIR), where they have sufficient absorption of cromachining process that can re-shape a section of an
light in the SiO, [7]. UV excimer lasers [8, 9] and fem- optical fiber into a complex 3D photonic microstruc-
tosecond lasers [10-14] have been successfully applied ture. Micromachining based on selective etching pro-
as efficient tool for optical fiber micromachining. How- vides a unique way for efficient design and production
ever all direct laser techniques have a common need of complex 3D photonic all-fiber microstructures and
for individual and precision guiding of the laser beam devices [22-25]. The selective chemical etching utilizes
over cylindrical optical fiber, which is complex, expen- a phenomenon where the introduction of dopants into
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silica glass affects the etching rate of the glass when
exposed to etching solution (usually HF). When pur-
posely designed and properly doped optical fibers are
combined/fusion spliced with standard fibers, selec-
tive etching can be exploited for the manufacturing of
micro-structures on the tip, along or within the optical
fibers. Structures produced by this process are made
entirely of silica glass, do not utilize any adhesives or
foreign materials, and can thus sustain harsh chemi-
cal and temperature conditions. Thus selective etching
based micromachining involves production of SFF that
involves preform production, mechanical reshaping of
the preform and fiber drawing, fusion-splicing of these
fibers with standard fibers, and etching of such assem-
blies into final photonics microstructures or devices.
Thus after proper SFF production, the device produc-
tion is accomplished by a sequence of fiber cleave and
splice sequence(s) that are followed by (wet) etching.

This proposed micromachining process is mainly based
on the introduction of PO, into silica, which can be ef-
fectively removed upon exposing the fiber to the etch-
ing medium. These preferentially etchable PO, doped
areas within the fiber cross section can thus serve as
sacrificial layers, thus allowing for the economical crea-
tion of complex all-fiber devices, which will be present-
ed as result of proposed micromachining technology.

2 Etching solutions and etching
selectivity

Etching selectivity S of doped region is defined as the
ratio between the etching rate of the doped (v_), and

XX

that of the pure silica (Vgio0)-
%
S = 1)
Vsio,

The S depends on the dopant type, dopant concen-
tration, etching medium and temperature. During in-
vestigation several differently doped fiber preforms
contained between one and five different doped layers
of P,0, concentrations were produced to study the im-
pact of P.O..

Preforms with known refractive index profiles (one typ-
ical refractive index profile is shown in Fig. 1) were in
first step cut into approximately 1 to 2 cm long samples
using alow speed diamond saw. The samples were then
etched in etching medium. Depending on the compo-
sition of the doped glass, an etching time of between 1
min and 3 h was used to obtain well-defined surface re-
lief. The etching vessel was temperature stabilized and
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Figure 1: Preform analyzer data obtained after MCVD
preform production.

also vibrated to provide acid-mixing and the removal
of etching by-products from the sample’s surface. The
etched-preform samples were then cut in the axial di-
rection through their centers, and were then analyzed/
measured under an optical microscope. An example
of such an etched preform measurement is shown in
Fig. 2. The initial preform diameter and dimensions of
the removed doped region were then used to deter-
mine the average v /v, ratio of the individual layers
of etched preform.

preform after etching

TAfter etching

a)1.21 mm
b) 0.31 mm
©)0.19 mm
d)0.10 mm
€)0.21 mm
f)1.18 mm
g) 1.46 mm
h) 1.77 mm
8) 0.052 mm

Figure 2: Selectivity measurement of PO, doped pre-
form obtained by comparison of geometrical shape of
preform before and after etching.

The preform analyzer data and the etching data were
then combined to obtain a relationship between the
etching selectivity S and the refractive index change
caused by doping, which was further correlated to the
dopant molar concentration [26].

Some dopants strongly increase S, while the others
provide limited effect on the S at comparable concen-
tration levels. From all researched dopants, PO, proved
to be of particular interest for fiber micromachining. As
shown in Fig. 3, the PO, doping of silica can provide
very high etching selectivity S, even at low PO, con-
centrations. Composition of an etching agent can also
strongly influence the etching selectivity. Other do-
pants can provide other benefits, such as strong index
increase whilst providing very limited impact on the S
(e.g.TiOz).
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Figure 3: Selectivity as a function of P,0,and GeO, in 40
% hydrofluoric acid at 25°C.

Great impact on selectivity has also temperature of hy-
drofluoric acid (HF), where by reducing the tempera-
ture from 40 to -25 °C, selectivity of P,O, doped sam-
ple with higher dopant concentration (7.9 mol %) is
increased from 28 to 39 as shown in Fig. 4.
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Figure 4: Selectivity as a function of temperature for
two different P,O, doped preform, etched in 40 % HF.

Reducing the temperature has also negative impact on
etching process, because it significantly slows down
the absolute etching rate and thus increase the time
required for the formation of the microstructure. Fur-
thermore by adding isopropyl-alcohol (IPA) to HF, IPA-
HF etching solutions work particularly well in combina-
tion with P,O, doping where doubling or even tripling
of the etching selectivity can be achieved.

3 Micromachining of all-fiber photonics
devices

Fiber devices are created by splicing short section of
SFF at the end-of lead or in-between two lead fibers.
One, very simple example produced by selective etch-
ing based on PO, doping is shown in Fig. 6. Here the
micro-resonator on the optical fiber tip is presented.
Micro-resonators have found applications within vari-
ous photonic systems [27] such as sensors, filters, cou-
pling devices, etc., but are difficult to produce. A cross
section of the SFF, used for creation of resonator, is
shown in Fig. 5 and consists of pure silica core, a large
P.O, region (5.7 mol%), and a thin pure SiO, outer-layer
with the same glass transition temperature as the lead-
in fiber-cladding and, thus, allows for straightforward
splicing between them.

In this case the SFF was spliced between two coreless
fibers, where the second coreless fiber was shortened
to alength of about 15 um as shown in Fig. 6b and then
etched for sufficient time in HF.

P,O, doped
region

Pure SiO,

Figure 5: Optical microscopic cross-sectional view of
SFF intended for micro-structure formation.

The etchant first uniformly etched the entire structure,
but once the pure silica outer-layer of the SFF was re-
moved and HF came into contact with the P,O,-doped
region, it preferentially removed this region entirely,
leaving behind the final structure shown in Fig. 6a. The
total etching time was 12 min in 40 % HF at 25 °C.
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Figure 6: (a) Scanning electron microscope view of the
produced micro-resonator, (b) Fiber structure before
etching (after cleaving and splicing).

Depending of the device design, etching of SFF can be
performed before or after splicing. Below are given few
more typical examples of structures produced by ap-
plication of splicing, cleaving and etching of SFFs.

The first device shown in Fig. 7a is an all-fiber optical
microcell that allows for the direct insertion of liquids,
gases or solids within the optical path of the transmis-
sion fiber. The micro-cell can be used as a transmission
cell or as a miniature Fabry-Perot resonator. The total
transmission loss of the microcell in Fig. 7a was less
than 1 dB at 1550 nm, when immersed in water. Various
lengths of micro-cells can be produced ranging from
few tenths to few 1000 um.

Another example device that can be effectively pro-
duced by this method is shown in Fig. 7b, and presents
a miniature, all-silica, dual-parameter Fabry-Perot sen-
sor for simultaneous measurement of surrounding
fluid’s refractive index (Rl) and temperature. This sensor
permits a full temperature-compensated high resolu-
tion Rl measurement in range of 107 RIU, that can be
used to determine very small changes in fluid structure
or composition. All-silica design provides high chemi-
cal and thermal inertness, while the miniature size pro-
vides opportunities for measuring very small (nL) fluid
volumes.

Rl sensing
microcell

Figure 7: Microstructure devices: (a) Microcell [28], (b)
Refractive index — temperature sensor [29].

Next example shown in Fig. 8a presents an all glass,
Fabry-Perot, fiber-optic pressure sensor. It is the world’s
smallest commercial available pressure sensor [30],
with outer diameter less than 125 um, and is produced
by proposed technology in few sequential steps on the
tip of multi-mode lead-in optical fiber. Membrane thick-
ness for typical pressure sensor is round 2 um, which
allow high pressure sensitivity needed for medical
performance requirements. A sensitivity of 1100 nm/
bar was also achieved which is, to our knowledge, the
highest all-glass miniature sensor sensitivity reported
in the literature. This robust sensor also demonstrated
very high resistance to overload, which is an important
advantage for practical usage of the sensor in realistic
applications. The proposed miniature all-glass pressure
sensor design is, therefore, a good candidate for appli-
cations where size, cost, material inertness, mechani-
cal and chemical resistance as well as insensitivity to
electromagnetic interferences are important concerns.
Beside all advantages coming from all silica glass opti-
cal fiber design, this sensor can achieve high resolution
and repeatability, very low drift, and fast response time.
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Figure 8: Microstructure devices: (a) Pressure sensor
[31], (b1) SEM photo and (bz) optical microscope photo
of Pressure — refractive index sensor respectively [32].

Another example shows one of more complex devices
that can be produced by proposed technology, where
microcell with pressure sensor was joined in series; it
is multi parameter (multi cavity) Fabry-Perot sensor for
simultaneous measurements of pressure and refractive
index. Figure 8 (b1) shows scanning microscope (SEM)
image, and Fig. 8 (bz) shows the same sensor under an
optical microscope. These sensor was created at the
tip of an optical fiber with a diameter that is equal to
the standard fiber diameter, and length that does not
exceeded 600 um. High measurement resolutions bet-
ter than 0.1 mBar and 2x10A-5 RIU can be achieved by
using spectral interrogation and a FT-based measure-
ment algorithm.

Next example in Fig. 9a shows nanowire-based refrac-
tive index sensor created on the tip of a single mode
optical fiber configured as Fabry-Perot interferometer.
Proposed micromachining technique including taper-
ing allows creation of fiber coupled silica nanowires
with radius between 200 and 600 nm. Nanowire sen-
sor is made entirely of silica and includes a mechanical

structure that provides stable operation and easy han-
dling and packaging. High measuring spectral sensitiv-
ity as 800 nm/RIU and low temperature sensitivity in
water are typical sensor characteristics. Sensor might
be an especially attractive platform for use in com-
pact biochemical sensors, which utilize active surfaces,
for example in various label-free detection-sensing
schemes.

One more example presented in Fig. 9b shows Fabry-
Perot strain sensor created on the tip of a standard mul-
ti-mode fiber. Sensor’s great advantage is simplicity of
its production process that includes production of SFF
(inset on Fig. 9b), which is cleaved, etched, and spliced
between lead fibers in order to form final sensor. Tested
sensors were successfully applied to strain-measure-
ments exceeding 3000 pe, which accommodate most
of requirements encountered in practical industrial
applications. A strain-resolution of 0.5 pg, high tem-
perature range exceeding 650 °C, and low temperature
intrinsic sensitivity below 0.04 nm/°C are typical char-
acteristics for that kind of sensor.

The last device shown in row is miniature all-silica fiber-
optic sensor for simultaneous measurements of rela-
tive humidity (RH) and temperature. The sensor is com-
posed of two cascaded Fabry-Perot interferometers
(FPIs) as shown in Fig. 9c. The first FPI consists of a short
silica micro-wire (diameter is cca. 13 um) coated by a
thin layer of porous silica, and forms a RH sensing part.
The second section created on the sensor tip forms a
temperature measuring part. The typical total length
of produced sensor is less than 2 mm, while diameter
doesn't exceed 125 um. The sensor has good dynamic
performances (rise time in few second range), it cover
broad RH measuring range (0-100 %RH), and has linear
characteristics for both measurement parameters with
sensitivity of 0.48 degree/%RH and 3.7 degree/°C.

All sensors and devices have all glass structure, high en-
vironmental robustness, and a miniature design, which
in any of the cases does not exceed the diameter of a
standard optical fiber (i.e. 125 um) and has an active
length of less than 1.5 mm (more details can be found
in appropriate references). All devices are robust and
allow easy handling and packaging, especially those
designed and fabricated on the tip of the optical fiber.
Small dimensions, chemical resistance and robustness
make sensors suitable for microfluidic applications.

Since a single customized SFF production may result
in the manufacturing of a large number of devices, the
proposed process potentially presents a versatile and
cost-efficient way of producing all-fiber devices or de-
vice sub-assemblies.
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Figure 9: Microstructure devices: (a) Nano-wire refrac-
tive index sensor [33], (b) Strain sensor [34], and (c)
Relative humidity — temperature sensor [35].

4 Conclusions

An effective technique for production of all fiber de-
vices through application of selective etching and spe-
cially designed SFF was presented. The proposed tech-
nique provides versatile and potential cost-efficient
way of all fiber device manufacturing through design
and production of specialty SFFs.
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