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Fabrication of Photonic crystal fiber based gas sensors
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Abstract

The polymer-based photonic crystal
optical fibers (or polymer microsctrucured
optical fibers, PMOFs) were fabricated by
stack and draw process. The influence of
holes structure on the gas diffusion and
transmission loss of PMOFs was discussed.
The result shows the PMOFs with a higher
fraction of holes structure favors more gases
to be absorbed, and hence enhanced the
transmission loss of PMOFs. The adsorption
of O, and C,H; gases on PMOFs is faster to
achieve saturation state compared to that of
N, gas. The measured gas adsorption induced
transmission loss of polymer PMOFs is
greater for C,H; than that of other gases.

Keywords: gas sensing, polymer
microstructured optical fiber, energy loss.
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Thermal Stability of Al,O; Coated Low Transition Temperature Glass
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Chao?f
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Abstract. There are growing varieties of glasses available on the market for the manufacture of
molded optical lenses. The glass with low transition temperature (Tg) has the advantage of
extending the service life of molding dies. However, most of low Tg glasses have high content of
alkali metal oxides and tend to induce severe glass sticking problems. This has made the molding
process of these kinds of glasses very difficult indeed. The low Tg glasses normally demonstrate
poor chemical durability and scratch resistance. As a result, the yields of fabricating the
glass-preforms are frequently rather low. This research tried depositing very thin layer of aluminum
oxide on various glass-preforms by water based sol-gel process. High temperature glass wetting
experiment was carried out to investigate the high temperature interfacial reaction between the
coated glass gobs and stainless steel substrate.

It was found that, when the uncoated glass-preforms were brought in contacted with stainless steel,
the contact angle decreased with increasing heating temperature and duration. Owing to the severe
interfacial chemical reaction, the originally transparent glass was gradually turned translucent. In
the case of Al,O3 coated glass-preforms, the variation of the contact angles were very limited, which
presented no sticking and no wetting behavior. There was no reaction products could be detected on
the contact area after wetting test. The optical transmission of those lenses molded from the coated
glass-preforms exhibited no or very little changes after the molding process.

Introduction
The glass molding process is considered to have a great potential for the mass production of
aspherical and free form glass lenses with high precision and lower cost [1, 2]. In glass molding
process, the die surfaces are exposed to the chemically active glass and also subjected to mechanical
and thermal cyclic operations, which leads to three critical problems including sticking/adhesion of
glass to the die surface, oxidation and wear of the die. These problems result in imperfections in the
glass products, loss of dimensional control of glass products and limited service life of dies. To
develop protective coating on the mold surafce and low transition temperature (Tg) moldable
glasses are the most popular approaches to improve above mensioned problems.

The precious metal alloys and amorphous carbon based coatings have been widely used as
protective coatings to improve glass contact induced sticking problems [3-5]. The thickness and



chemical composition of coatings need to be optimized to achieve satisfied protecting effects.
However, protective coating on the mold is unable to avoid volative or unstable elements
evapoarted from glass and redeposited on the mold surface.

The glass with low transition temperature (Tg) has the advantage of extending the service life of
molding dies because the molding temperature is significantly reduced [6, 7]. However, most of low
Tg glasses have high content of alkali metal oxides and tend to be decomposed at high temperature
and may induce severe glass sticking problems [8]. Furthermore, The low Tg glasses normally
demonstrate poor chemical durability and scratch resistance. As a result, the yields of fabricating
the glass-preforms are frequently rather low. These issues have made the molding process of these
kinds of low Tg glasses very difficult indeed.

Recently, some researches proposed to apply a very thin carbon or carbon-hydrogen based coating
on glass performs to suppress the unstable elements diffusion and hence improve glass sticking
problems [9]. However, some drawbacks still existed for these coatings: (1) thermal decomposed C:
H coatings with hydrogen trapped in the film may result in the reduction of oxide glass. (b) the a-C
or C: H film is unstable at high temperature. Both effects may cause glass sticking on the mold.

It is expectable to apply a more stable oxide layer on glass performs to avoid glass sticking with
the molds. Al,Os3 is one of the candidate coatings due to its high chemical and thermal stability. It
also can be applied on the glass preforms with good surface coverage by sol-gel process. Typically,
colloidal sol-gel ceramic process is classified according to the precursors used in, including
water-based processes that start from a solution of metal salt and alcohol-based processes that
derive from a metal alkoxides. In comparison, the water-based sol-gel process can provide the
following advantages over alcohol-based process: (1) better surface coverage and thickness
uniformity (2) water base films without organic residues and stable at high temperature (3) low
temperature process.

This research tried depositing very thin layer of aluminum oxide on L-BAL42 glass preforms by
water based sol-gel process. High temperature glass wetting experiment was carried out to
investigate the high temperature interfacial reaction between the coated glass gobs and stainless
steel substrate.

Experimental

50 mol of alumina acetate dihydrate was mixed with 100 mL diluted water, and then concentrated
solution was continuously stirred at 25°C for 2h. The diluted water act as solvent for solution.
Gelation and condensation of the derive solution through suitable method. The PH value of water
based Al,O3sol-gel coating is approximately 4~4.1. Mirror-polished Grade 304 stainless steel plates
with dimensions 15mm x 15mm x 1 mm and glass balls (Ohara L-BAL 42) with 6 mm diameter
were choice as substrates and glass preforms. The composition of the glass ball is shown in Table 1.
All glass preforms were dipped into solution bath for 30 seconds, and then withdrawn at a speed of
5 ~200 cm/min and to be dried in air for 2 minutes inside the clean room. Finally, the coated glass
preforms were placed into a vacuum furnace to carry out annealing treatment at 530°C for 30
minutes. The thickness of Al,O3 film can be controlled by the drawing speed in dip coating process.

High temperature glass wetting experiment was carried out in N, ambient to investigate the high
temperature interfacial reaction between the coated glass gobs and stainless steel substrate, as



shown in Fig.1. Glass wetting images can be in-situ taken using a CCD camera and image analysis
was performed with a computer. The morphology, reaction products and crystal structure were
investigated by optical microscope (OM), high resolution electron scanning microscope (HRSEM),
EDX and XRD. Molding glass optical lenses were carried out by Toshiba press molding machine at
a molding temperature of 580°C to examine the plastic extension behaviour of Al,Os film.

Table 1 Composition of Ohara L-BAL 42 glass

Content SiO, BaO B203 Al,O3 ZnO Sh,0s
Composition
in Wt. % 40-50 20-30 2-10 2-10 2-10 0-2
Heater
Chamber

- l

glass
g % mold plate O ccDh

-

e

Fig. 1 Schematic drawing of experimental set up for the measurement of high temperature wetting
angle

Results and discussions

Hydrolysis and polycondensation reactions of the alkoxy and hydroxyl group take place during the
deposition and drying stages at the room temperature. The cross-sectional SEM image shows Al,O3
film with smooth and dense structure, as shown in Figure 2. The measured thickness of Al,O3 film
is 34 nm at a drawing speed of 200 mm/min and the variation of film thickness is less than 10 %.
The XRD results present amorphous structure after annealed treatment.

Fig. 2 Cross-sectional SEM image of sol-gel Al,O3 coated glass ball after annealing treatment

The pictures of glass balls recorded at 825°C after 5 minutes holding period are shown in Fig.
3(a). In the case of uncoated glass ball, the contact angle was decreased from 155° to 32° at 825°C.
However, the Al,O3 coated glass still remained high contact angle (136°) when contacted with
stainless steel substrate (Fig. 3(b)).



(b)
Fig. 3 Images of the contact angle of (a) uncoated glass ball and (b) Al,O3 coated glass ball on the
stainless steel at 825°C after holding 5 minutes

The variation of the contact angle with respect to the temperature profile from 550 to 825°C and
processing time is shown in Fig. 3. The result can be classified into 3 stages, such as heating,
holding and cooling stages. In the first stage, the contact angles of molten glass slowly decrease
from 550 to 825°C followed by a very slow spreading kinetics for uncoatedglass balls. In the
second stage the temperature was kept at 825°C for five minutes. The contact angle was rapidly
decreasing with respect to holding period. In the third stage, the contact angles present unobserved
changes. The total cycle time is twenty five minutes.

 HOLDING
HEATING STAGE ' sTAGE | COOLING STAGE

160 o

Al203 coated | 4., .

glass ball
140 o
F700

120 4 Lsoo

100 500

20 4 400

Temperature ( C )

60 |300

Contact angle { degrees )

F200

407 Uncoated glass ball =

F100
20

— LI T T T T T T T T T I‘ T T T T T T T
2 4 6 8 10 12 14 16 18 20 22 24 26
[ Holding time (min)|

Fig. 3 The variation of contact angle as a function of holding time and temperature for uncoated and

sol-gel Al,O3 coated glass ball on stainless steel

The interfacial reaction between the substrate and nucoated molten glass has been investigated
through EDX analysis and elements mapping (Fig. 4). The results indicate that high affinity reactive
elements Cr, Fe, and Ni enhance chemical reactions, resulting in the formation of Cr-O, Fe-O and
Ni-O based complex compounds layer at the interface. It has also observed that some of the reactive
elements Si and Ba diffused out from the molten glass into the substrate. The obvious mass
diffusion and redox reaction occurred at interfaces, which resulted in the decrease of the contact
angle. The second possible mechanism to reduce contact angle may be from the surface roughness
of the substrates and other physical forces which needs to be further studied.



Fig. 4 Cross-sectional view at the interface of the uncoated glass preform/stainless steel substrate
with element mapping results

The wetting curve shows very interesting results for Al,O3 coated glass ball. The variation of the
contact angles varied from 152 to 136° with very little change in contact angle, presents
anti-sticking or non-wetting behavior (Fig. 3). The Al,O3 coated glass ball still remains fully
transparent after wetting test when contacted with stainless steel substrate (Fig. 5(a)). The
surface of stainless steel contacted with Al,O3 coated glass ball remains smooth and clean (Fig.
5(b)). Although stainless steel was oxidized, there is no observable glass sticking products, such
as Zn, Ba, Al and Si oxides to be detected on the glass contacted surface (Fig. 5(c)). It means that
there is no detectable chemical interaction occurred at the interfaces between the Al,O3 coated glass
ball and stainless steel substrate. The sol-gel coated Al,O3 film acted as an excellent diffusion
barrier which effectively inhibit the element diffusion and reaction between the substrate and glass.
This is the reason why the final contact angle of Al,O3 coated substrate has little change at 825°C.

(a) (b) (©)
Fig. 5 (a) Appearance of Al,O3coated glass ball (b) SEM image of stainless steel and (c) EDX
results after wetting test

Fig. 6 shows the elements depth profile of Al,O3; coated lens after glass molding test at 580°C.
It shows that the Al,O3 film is thermodynamic stable phase which can effectively hinder out



diffusion of elements such as Si, Zn, B and Ba at 580°C.  Carbon based contaminants still exist
on the Al,O3 coated glass surface which need to be avoided.
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Fig. 6 Elements depth profile of Al,O3 coated glass lens produced by molding process at 580°C.

A desired optical lens is obtained by press molding a glass preform using stainless steel
material as the mold (Fig. 7(a)). When press molding a glass materials having a Al,O3 film on the
surface, deformation of the glass materials is accompanied by extension of Al,O3 film on the
surface. When extension of the Al,O3 film cannot keep up with deformation of glass material,
breach will occur. Thus, the glass material is exposed at the breached portions, resulting in the
risk of fusion to the molding surface.  Our results showing the surface of molded lens appear
defectless within the designed the aspherical aperture when the thickness of Al,O3 film is 34 nm
(Fig. 7(b)). The breaches only appear near the edge of the molded lens due to a greater glass
deformation on this portion (Fig. 7(c)). The thickness of Al,Os film less than 15 nm is suggested
to completely avoid breaches on the whole molded lenses.

(b)
(c)
Fig. 7 (a) Appearance of molded lens (b) SEM surface image of molded lens and (c) high
magnification SEM image near the edge of the molded lens

5. Conclusions

The final contact angles of the uncoated and Al,O3; coated glass preform contacted with stainless
steel are observed to be 32° and 156° respectively at 825°C for 5 minutes holding period. The
Al,O3 coated glass preforms demonstrated an excellent anti-sticking behavior compared to that of
uncoated ones. The SEM/EDAX analysis shows no detectable interaction between the Al,O3 coated



glass and stainless steel substrates. It is believed that applying a stable Al,O3 film on glass performs
can significantly improve glass sticking problems and hence extend the service life of optical
molds.
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