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We report the transmission characteristics of infrared hollow fiber with multi- Agl and SiO, inner-
coating layers in the mid-infrared region. A three-dielectric-layer hollow glass fiber with a SiO,—Agl—
SiO,—Ag structure was fabricated and low-loss property was obtained in the mid-infrared region. The
SiO, films were coated by use of the liquid-phase coating method and a semi-inorganic polymer was used
as the coating material. For deposition of the Agl film between the two SiO, films, a silver film was first
plated by use of the silver mirror reaction method. Then the iodination process was conducted to turn the
silver layer into silver iodide. A calculation method was also developed to estimate the film thickness of
dielectric layers in each fabrication step according to the position of loss peaks in the measured loss spec-
tra. Good agreement between calculated and measured loss spectra was demonstrated by taking into

consideration material dispersion and surface roughness of inner-coating films. © 2009 Optical Society

of America
OCIS codes:

1. Introduction

Hollow fiber [1-3] with inner coatings of a silver
layer and a dielectric layer obtains low-loss property
in infrared regions. It is capable of delivering key in-
frared lasers that are widely used in medicine and
industry, including Nd:YAG, Ho:YAG, Er:YAG, CO,
and CO, lasers. The low-loss property can be at-
tained at a target wavelength by selecting an appro-
priate dielectric film thickness according to the
design theory [4]. Furthermore, to increase the num-
ber of dielectric layers is also an effective means to
lower the attenuation of the hollow fiber.

The structure composed of periodically deposited
dielectric layers of low and high refractive indices
[5,6] is one of the most commonly used structures
for multiple dielectric layer hollow fibers. However,
one encounters many difficulties in fabricating mul-

0003-6935/09/356765-05$15.00/0
© 2009 Optical Society of America

060.2390, 230.4170, 040.6040, 160.5470, 260.2030.

tilayered hollow fiber. One is the fabrication techni-
que for a uniform and durable hollow fiber. For the
application of a conventional glass-drawing techni-
que, it is not easy to find two appropriate optical ma-
terials that can maintain the original structure after
the co-draw process. Other fabrication methods that
involve sputtering, electroplate coating, chemical va-
por deposition (CVD), and liquid-phase chemistry
are proposed. Recently, several different materials
were used for multilayer hollow fiber fabrication.
Both PbS-CdS [7,8] and Tay05—Si04[9] pairs were
proposed, and fabricated three-layer hollow fiber
showed low-loss property in the near-infrared re-
gions. Limited by the coating techniques, thick films
tend to have a rough surface and high nonuniformity.
To avoid additional loss caused by the imperfections,
these multilayer fibers need thin films targeted at
near-infrared regions for Nd:YAG lasers.

We report the fabrication of multilayer hollow fiber
with a SiO,—Agl-SiO;-Ag structure. Agl and SiO,
were chosen because they have been studied
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extensively with regard to hollow fibers and the coat-
ing techniques have been well established. We
carried out research using these two materials sepa-
rately [10,11]. Coating techniques have been im-
proved to obtain smooth and uniform optical films
in the hollow air core surface. Furthermore, it is pos-
sible for the coating process to avoid high tempera-
ture curing that could destroy the flexibility of a
hollow glass fiber. The calculated loss spectrum of
multilayer hollow fiber was used to estimate the film
thickness of each layer. Loss spectrum in each fabri-
cation step for the SiO,—Agl-SiO,—Ag hollow fiber
was measured and good agreement with the calcu-
lated results was demonstrated when we took into
consideration material dispersion and surface rough-
ness of inner-coating films.

2. Theoretical Loss Spectrum

The theoretical calculation for loss spectrum is based
on the ray-optics theory [12]. For a hollow fiber of
length z, the transmitted power P(2) is

P(z) = / PO(H)exp[—;;iiag)z] singdo, (1)

where Py(0) is the angular distribution of the inci-
dent beam, R(0) is the power reflection coefficient,
T is the inner radius of the hollow core, and 6,,,, de-
notes the maximum launching angle. For multilayer
hollow fiber, R(0) can be calculated from characteris-
tic matrix M:

M = [mn

myg ]
mgy

Mgs
~ L sin(konz cos 6)

| cos(konz cos @)
B cos(kqonz cos6)

—ip sin(konz cos 6)

, (2)

where p = , /£cos 6 for the TE mode and p = /£ cos 6
m €

for the TM mode [13]. Then the reflective coefficient
can be expressed as

- (my1 + mqg)p; — (Mgy + magp;) (3)
(my1 +myg)p; + (Mo + magp;)

With regard to the multiple-layer calculation, matrix
M1 can be calculated as

Mgt = M1 (21)M (22 —21)M (25 —25-1), (4)

where M is the characteristic matrix of the dielectric
layer closest to the air core of hollow fibers, M, is that
of the layer beneath the former layer, and M,, is that
of the layer on the metal layer. Then the equivalent
R(60)ota for multiple dielectric layers can be derived
from the equivalent characteristic matrix M. For
the calculation, R(6) depends on the refractive index
of the dielectric film, and material dispersion has a
significant influence on the shape and positions of
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low-loss valleys of the loss spectra. Therefore, mate-
rial dispersion [14] for Agl and SiO, is also taken into
consideration for the loss spectrum calculation.

A. Loss Spectrum Calculation

Figure 1 shows the calculated results for the loss
spectra of hollow fiber with a single SiOy layer
and fifteen dielectric layers (eight SiO, layers and se-
ven Agl layers alternately). Both fibers attain low-
loss property at the target wavelength of 2.94 ym.
The bandgap effect of the multilayer coating can
be observed and thus has a much lower loss than that
of the single-layer coating hollow fiber. The calcu-
lated results also show that loss at the target wave-
length decreases dramatically with an increase in
the number of dielectric layers. When the number
is greater than 100, loss does not decrease quickly,
because the bandgap effect has been well established
by the high reflection rate of the outer metallic
layer [9].

B. Film Thickness Estimation

The optimized film thickness is important to realize
low loss at a target wavelength. For single-layer hol-
low fiber, the film thickness can be easily calculated
according to the wavelength of interference peaks in
the measured loss spectrum [4]. For multilayer hol-
low fiber, it is impossible to simply calculate the film
thickness of each layer using a certain formula. We
used the above-mentioned loss spectrum calculation
method to estimate the thickness of each layer. When
calculated and measured loss spectra are in good
agreement, we conclude that the actual film thick-
ness is equal to the thickness value in the calcula-
tion. Fabrication parameters that control the film
thickness should be carefully adjusted according to
the estimated results so that optimized film thick-
nesses can be obtained. As we have shown in pre-
vious publications [11,14], the shape of the loss
spectra relies greatly on the dispersion property of
film material. For the calculation, we used the
following Cauchy formula for SiO, and Agl material
derived in [14]:

Agl : n(4) = 2.0216 + 0.0878/42 — 0.0024/4%, (5)

-
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Fig. 1. Calculated loss spectra of hollow fiber with single and
fifteen dielectric films.




Si0, : n(4) = 1.42614 + 0.02729/4% + 0.0001 /4%,
(6)

Figure 2 shows the calculated loss spectra of hol-
low fiber with a SiO,—AgI-SiOx—-Ag structure for Er:
YAG laser delivery at 2.94 um wavelength. The loss
spectrum is shown when the three dielectric layers
are all with the optimized thicknesses. When there
is an error for the inner-coating layer thickness,
the loss spectrum changes. Figure 2 also shows the
calculated results when one of the three inner-
coating layers becomes 20% thicker than the opti-
mum. When the first layer (SiOy) on the silver layer
is 20% thicker, the loss spectrum is shown as the first
layer in the figure. When the 2nd layer (AgI) or the
third layer (SiO,) is thicker, the loss spectra are
shown as the 2nd layer and the 3rd layer in the fig-
ure, respectively. Considering the loss property at the
target wavelength of 2.94 ym, we note that the sec-
ond layer (the middle Agl layer) has the strongest im-
pact on the transmission property when it has a
thickness error. The first SiO, layer on the Ag film
has the largest tolerance on the thickness error.

C. Surface Roughness

Limited by the film coating techniques, surface rough-
ness exists for each layer. Normally, a thicker film has
a rougher surface. The roughness causes additional
loss whose property depends on the wavelength. Light
reflected by a rough surface can be divided into two
parts: diffuse reflection and specular reflection. By
considering that the surface RMS roughness o is
much smaller than the operating wavelength, for sim-
plicity, it is assumed that inclination of the surface is
minimal and the energy of diffuse reflection could be
disregarded. The effect of roughness on the reflected
light can be regarded as the phase offset of the spec-
ular reflection of light [15]:

A¢ = 2kyn;o cos ¢;, (7

where ¢; represents the angle of incidence. Then the
reflectance coefficient r on the rough surface can be

Attenuation (a.u.indB)

Wavelength (um)

(Color online) Calculated loss spectra of hollow fiber with
and without thickness errors for each inner-coating layer.

Fig. 2.

expressed by the coefficient of the perfectly smooth
surface r0 [15]:

r=r%exp[-(A¢)?/2]. (8)

Use of Eq. (8) for calculation of the theoretical loss
spectrum yields the effect of roughness. Figure 3
shows the theoretical loss spectrum (black curve)
of Si0,-AgIl-SiO,—Ag hollow fiber when the three di-
electric layers have perfectly smooth inner surfaces.
Theoretical loss spectra were also added for compar-
ison when one of the three layers had a rough sur-
face. The green, red, and blue curves correspond to
the calculation results when the first, second, and
third layers have a RMS surface roughness of
30 nm. Note that, when the surface is rough, not only
the loss increases but also the position of low-loss val-
ley shifts to longer wavelengths. Similar to the influ-
ence of the film thickness error, the second layer of
Agl has the strongest impact on the transmission
property. The first SiO, layer on the silver film
has the weakest influence. Therefore, much atten-
tion should be paid to the Agl coating during the fab-
rication process because the sensitivity of the
transmission characteristics is more dependent on
the property of the middle Agl film.

3. Experiments and Discussion

A. Fabrication Process

A glass capillary was used as the supporting tube for
the hollow fiber because of its smooth inner surface
and thus the potential for high quality optical film
coatings. We fabricated a three-dielectric-layer hol-
low fiber with the structure of SiO,—Agl-SiO,-Ag.
The thicknesses for each dielectric layer from air core
to the metal layer are 0.75, 0.72, and 1.02 ym, respec-
tively. Four steps are necessary for the fabrication
process: the inner coating processes for Ag—SiOy—
Agl and SiO, films in sequence.

First, a Ag layer was deposited on the inner wall of
the capillary tube by the liquid-phase chemistry
method. The thickness of the silver layer was ap-
proximately 100nm. A thinner layer is preferred

&

g

e 2nd layer

=

8 3rd layer

&1

g1

=

21

< | Smooth surfaces

A L " 1

2 3 4

Wavelength (pm)

Fig. 3. (Color online) Theoretical loss spectra of Ag—SiO,—Agl—
SiO, hollow fiber with and without surface roughness for each
inner-coating layer.
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because it has less surface roughness. Second, we
used OC300 [10] as the coating solution to form a
Si0, layer on the silver layer. The OC300 solution
is a semi-inorganic polymer based on the structural
unit RySi0O. The advantage of this material is that it
can be formed at room temperature. Third, deposi-
tion of the Agl layer on the SiO, film, which can
be divided into two separate parts: one part can be
used to deposit a silver layer on the SiO, layer,
the other is used to turn the silver layer into a silver
iodide layer by the process of iodination. Finally, a
process similar to the second one was used to form
another SiO, layer on the Agl layer. By comparing
the measured and the calculated loss spectra, we es-
timated the film thickness after each inner-coating
process. Fabrication parameters that control the film
thickness were carefully adjusted to obtain the ex-
pected film thicknesses.

B. Loss Property

The loss spectrum for each fabrication step is shown
in Fig. 4. Calculated results based on the model de-
veloped in Section 2 are also added. By use of the fab-
rication process mentioned in Subsection 3.A, the
silver and three dielectric layers were coated in order
on the inner surface of the glass capillary tube.
Figure 4(a) shows the loss spectrum of the hollow
fiber after the Ag and the first SiO, layer are depos-
ited. The interference peak at the wavelength of 3 ym
shows that the SiO4 layer is 0.75 um thick. The loss
peak in the 8-10 ym wavelength band is the Si—O
bond absorption in the thin film. The sharp peak
at the 3.5 ym wavelength is the C—H bond absorp-
tion that is caused by the impurity in the silicone

polymer. Figure 4(b) shows the hollow fiber with a
Ag-Si0O,—Ag structure. The loss spectrum is typical
for a Ag tube. Because the Ag layer on the SiO, film is
thicker than the skin depth of the light and the SiO,
layer provides minimal contribution to the optical
property of the hollow fiber, no Si—O bond absorption
can be observed, which means that no light pene-
trates the silver layer and transmits to the SiO, layer
and is then reflected back to the air core. There are
several sharp pulses in the spectrum that are caused
by the noise of the measuring system and have no
relation to the loss property. These sharp noise
pulses are also shown in Fig 4(d).

The Ag layer near the air core in Fig. 4(b) was
turned into a Agl layer during the next fabrication
process. Figure 4(c) shows the hollow fiber with
the Agl-SiO,—Ag structure, which is the loss spec-
trum with two dielectric layers. The typical absorp-
tion of the Si—O bond can be observed in the loss
spectrum, which means that light penetrates the
Agl and SiO, layers and is then reflected back to
the air core by the bottom Ag layer. The theoretical
loss spectrum shows that the Agl layer is 0.72 ym
thick. According to our calculations, there is an inter-
ference peak at 9.5 ym wavelength, which overlaps
with the Si—O bond absorption.

Figure 4(d) shows the loss spectrum of the hollow
fiber after the final coating process for the SiO, layer
near the air core with the structure of SiO,—Agl-
Si0,—Ag. We observed more high-loss peaks due to
thin-film interference on both sides of the low-loss
band around 5 ym. In comparison with the calculated
results, we note that the Si—O bond absorption
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(Color online) Loss spectra of Ag—SiO;—Agl-SiO, hollow fiber during fabrication: (a) Ag—SiO,, (b) Ag—SiO;-Ag, (c) Ag—SiO—Agl,



appeared at the loss valley; the shape of typical Si—O
bond absorption can be clearly seen.

Theoretically, the loss of the fiber decreases
with the increase in dielectric layers. The loss in
Fig. 4(d) with three layers is approximately 1dB
smaller than that in Fig. 4(a) with a single layer.
The loss differences are not exactly the same as
the calculated results in Fig. 1 because each inner-
coating layer has a certain surface roughness. Based
on the previous fabrication results for hollow fiber
with Agl-Ag and SiOy—Ag film structures, Agl film
has a rougher surface than that of a SiOy film.
However, for the multilayer inner coating, the sur-
face roughness of a film also depends on the surface
status of the previously coated layer. The baseline of
the loss spectrum moves up and down in each coating
process due to the roughness of each coating layer.

4. Conclusions

Transmission characteristics of infrared hollow fiber
with multi- Agl and SiO, films have been discussed
experimentally and theoretically. Three-dielectric-
layer hollow fiber with the SiO,-Agl-SiO,-Ag
structure was fabricated and low-loss property in
the mid-infrared regions was obtained. Fabrication
parameters were carefully adjusted according to
thickness estimation by use of the loss spectrum cal-
culation model. Theoretical calculation results for
each fabrication step demonstrated good agreement
with the measured data when material dispersion
and surface roughness of dielectric film are taken
into consideration.

This research is supported by the National Natural
Science Foundation of China (NSFC#) (60971014),
State Education Ministry (the Scientific Research
Foundation for the Returned Overseas Chinese
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tion, Sports, Science, and Technology of Japan (Basic
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jects B), and Health and Labor Science Research
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Silver-clad stainless steel pipe is used as the supporting tube for the fabrication of infrared hollow fiber.
The hollow fiber has high mechanical strength and is highly durable for use in the medical sterilization
process. Film of a cyclic olefin polymer layer or silver iodide (Agl) was coated internally to reduce the
transmission loss. A liquid-filling method is proposed for coating the Agl layer. Multiple coating processes
proved to be effective to increase the Agl film thickness. A treatment of sodium thiosulfate water solution
is also proposed to reduce the film thickness. The film thickness can be accurately controlled by combin-
ing the coating and decoating techniques. A loss of less than 0.2dB was obtained for CO, laser light for
a hollow pipe with a length of 280mm and an inside diameter of 0.75mm. © 2009 Optical Society

of America
OCIS codes:

1. Introduction

CO, laser radiation at a wavelength of 10.6 ym has
found applications in industrial processing owing
to its high output power. It is also one of the most
commonly used lasers in the medical field for laser
surgery because of its high water absorption coef-
ficient at 10.6 um wavelength. The laser power trans-
mission system has been critically needed and
actively developed [1-6] because of the wide applica-
tion of the CO, laser. We developed hollow fiber with
polymer and silver inside-coating films based on a
glass capillary with high flexibility. Low-loss infra-
red hollow fibers with inner diameters from 320

0003-6935/09/326207-06$15.00/0
© 2009 Optical Society of America

060.0060, 120.7000, 230.7370, 310.6860, 060.2270.

to 1000um and a length of 2 m were successfully
developed [6].

In medical applications, such as dentistry and otor-
hinolaryngology, a sterilization process must be done
for the recycled output probe of the infrared laser de-
livery system. It has been shown that the dielectric-
coated silver hollow tips were damaged after several
sterilization cycles [7] by use of an autoclave. It was
observed that the coated silver layer was detached
from the inner surface of the glass capillary, which
is caused mainly by the rather thin Ag film. To obtain
a smooth silver surface for better optical film, the sil-
ver film had to be thin [8], which is normally from 50
to 200 nm thick.

Here we use metal supporting pipes for fabrication
of the infrared hollow fiber [9]. Fabrication and
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transmission characteristics of infrared hollow fiber
based on stainless steel pipes are experimentally dis-
cussed. Cyeclic olefin polymer (COP) [10] and silver
iodide (AgI) [11] were used as the dielectric coating
material. COP is a nontoxic, transparent material in
the infrared region and can be used to form high
quality optical film. Agl is a traditional infrared
material that is suitable for high power delivery be-
cause of its good adhesion with silver film and its
heat resistance. These two kinds of dielectric film
were used in the hollow output probe in the fabrica-
tion; the transmission properties were experimen-
tally evaluated.

2. Supporting Tube

We used a silver-coated glass capillary as the metal-
lic hollow fiber because of its smooth inner surface.
To increase durability for the sterilization process,
we propose to use a metal hollow fiber. There are sev-
eral kinds of supporting tube that have the potential
for high durability and are commercially available.
They are stainless steel pipe (SUS) with a smooth po-
lished inner surface, gold-coated stainless steel pipe
(Aw/SUS), and silver-clad stainless steel pipe (Ag/
SUS). (SUS is the code name assigned to stainless
steel by the Japanese Industrial Standard.) The Ag/
SUS tube is made by inserting a silver tube into a
stainless steel tube or by using the extrusion process
to simultaneously form the silver and the stainless
dual-clad pipe. The inner wall of the Ag-clad tube
was carefully polished. The silver tube has a wall
thickness of 100 um and is expected to be of high dur-
ability and low loss when inner coated with dielectric
optical films. The Au-coated tube is fabricated by
electroplating. The longest length made up to now
is 280 mm. The length for a Ag-clad tube is limited
to approximately 1m because of the polishing
techniques. Both Ag-clad and Au-coated tubes are
custom-made products.

Figure 1 shows the structure of various metal
pipes. Table 1 summarizes the size and transmission
loss for CO, laser light of the metal pipes. Figure 2
shows the loss spectra for the metal pipes from
the visible to the mid-infrared regions. The loss spec-
trum for a silver-coated glass capillary (Ag/SiO,)
was also added for comparison. Loss spectra for
wavelengths less than or greater than 1.5 um were
measured with a spectrum analyzer and Fourier
transform infrared spectroscopy (FTIR), respectively.
SUS pipe has the highest loss because of its rough
inner surface. Au/SUS pipe has a lower loss because
of the gold film coating. The silver-clad Ag/SUS pipe

Stainless Gold film
Steel Tube  Coating Silver Tube
SuS AwSUS Ag/SUS

Fig. 1. Structure of various metal pipes.
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Table 1. Size and Loss of a CO, Laser for Metal Pipes

Size (mm)
Inner Outer Loss
Material Diameter Diameter Length (dB)
SUS 0.94 1.2 285 3.7
Au/SUS 0.94 1.2 285 2.1
Au/SUS 0.75 1.2 280 1.7
Ag/SiO, 0.75 0.9 280 1.8

in the SUS tube has the lowest loss. The property of
the Ag/SUS pipe is the same as that of the silver-
coated glass tube (Ag/SiO,) in the mid-infrared re-
gion. The measured results are also shown in Table 1.
Loss for CO; laser light is 1.7-1.8 dB for the Ag/SiO,
and Ag/SUS pipes, respectively. During the measure-
ment for CO, laser light delivery, a coupler was used
to minimize the coupling loss between the laser light
and the tube. The coupler was a Ag-coated hollow
glass fiber with the same inner diameter as the mea-
sured tube. However, Ag/SiO, has low loss in the
visible and near-infrared regions because the glass
capillary has a smooth inner surface that guarantees
a smooth Ag-layer plating and thus causes smaller
additional loss in the shorter wavelength region.
During fabrication for the metal pipes, a polishing
process is needed to smooth the inner surface for op-
tical film coating. According to observation with an
atomic force microscope (AFM), the measured inner
surface roughness has a 2 nm root mean square (rms)
for a glass capillary and 50nm for a well-polished
stainless steel tube. Therefore, fabrication for long
pipes is difficult. A short pipe has strong mechanical
strength and is capable of withstanding sharp bend-
ing. A short pipe is adequate and safe for application
as an output probe for the infrared delivery system.

3. Polymer Inner Coating

Optical film coating on the metal surface can drama-
tically increase the reflectance rate of the surface.
Therefore, it is commonly used to coat a dielectric
film on the inner surface of a metal pipe to reduce
transmission loss. COP and Agl are two successful
dielectric coating materials for infrared hollow fiber.
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Fig. 2. (Color online) Loss spectra of metal pipes from the visible
to the infrared regions.
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For a target wavelength, there is an optimum film
thickness [12] for each dielectric material.

Figure 3 shows the theoretical loss of the HE;
mode in the dielectric-coated hollow fiber as a func-
tion of dielectric film thickness. The target wave-
length is 10.6 um for CO, laser light. For the calcu-
lation, the complex refractive index for Ag at the
wavelength of 10.6 ym is 13.5 —j75.3. The refractive
indices for COP and AglI are 1.53 and 1.95 [13], re-
spectively. We note in Fig. 3 that the optimum thick-
nesses for a minimum loss are 1.36 and 0.98 yum
for COP and Agl layers, respectively. The loss of
COP/Ag hollow fiber is slightly less than that of
the Agl/Ag hollow fiber because the optimum refrac-
tive index for the dielectric layer is theoretically 1.41.

We used the COP, dissoved in cyclohexane, as the
dielectric coating material. The solution was forced
to flow through the metal pipe and a liquid-phase
film was formed on the inner surface. After the cur-
ing process, the film was solidified to form a stable
polymer layer. Detailed fabrication techniques and
parameters to control film thickness have been pub-
lished elsewhere [14]. Figure 4 shows the loss spectra
for COP-coated metal pipes. The COP film thickness
had been optimized for 10.6 yum wavelength. Table 2
summarizes the loss for CO, laser light of the COP-
coated metal pipes.

In Fig. 4, loss peaks in the less than 5um wave-
length region came from the interference effect of
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Fig. 4. (Color online) Loss spectra of COP-coated metal pipes.

Table 2. Loss of COP-Coated Metal Pipes for a CO, Laser

Size (mm)
Inner Outer Loss
Material Diameter Diameter Length (dB)
COP/SUS 0.94 1.2 285 0.6
COP/Auw/SUS 0.94 1.2 285  0.22
COP/Auw/SUS 0.75 1.2 280 0.18
COP/Ag/SiO, 0.75 0.9 280 0.13

light in the thin COP optical film. According to the
position of the interference peaks, the film thick-
nesses for the COP layer can be calculated. For the
four kinds of COP-coated metal pipe, the film thick-
ness ranges from 0.85 to 0.95 ym. In comparison with
the theoretical optimum film, the coated film thick-
ness is thinner. Because thicker film has a much
rougher surface that causes additional loss, a thinner
film is normally preferred for the fabrication process.
Table 2 shows the measured results for CO, laser
light. A low loss of around 0.2dB was obtained for
the hollow pipes, except for the COP/SUS pipe be-
cause the SUS pipe has a rough surface, which had
been observed in the loss spectrum in Fig. 2.

4. Silver lodide Coating

A. Liquid-Filling Method

The coating technique for the Agl layer is an iodina-
tion process that changes part of the Ag layer into a
Agl layer. The iodine cyclohexane solution flows
through the Ag-coated tube and the upper surface
of the Ag layer changes into Agl. This Agl coating
technique has worked well for hollow fiber with inner
diameters ranging from 0.25 to 0.7mm [15]. How-
ever, a rather high flow rate is necessary in the iodi-
nation process. To form the Agl layer, a 20 ml iodine
solution is needed. We propose a new method that
significantly reduces the waste of the iodine solution.

Figure 5 shows the new fabrication method. A syr-
inge is used to fill the Ag/SUS tube with the iodine
solution. The tube is completely filled, the solution
is kept for a period of time for Agl layer formation,
and then the iodine solution is flushed out. By using
the newly developed method, the volume of the io-
dine solution is only 0.1 ml for the 280 mm long metal
pipe with a 0.75 mm bore diameter. During the fab-
rication process, the iodine solution was made by
dissolving iodine pellets in cyclohexane. Then the so-
lution was stirred in a supersonic device for 10 min
to mix the solution.

Figure 6 shows the Agl film thickness versus
liquid-filling time. The concentrations of the iodine
solution are also shown. The dashed line indicates
the optimum film thickness for the Er:YAG laser that
irradiates at 2.96 um. The fabrication parameter for
Er:YAG hollow pipe could have a 60 s filling time for
an iodine solution with 0.5% concentration. The film
thickness tends to be thicker when the filling time is
prolonged. However, a saturation time exists for a
certain concentration as can be observed in Fig. 6

10 November 2009 / Vol. 48, No. 32 / APPLIED OPTICS 6209



