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Nonsilica Glasses for Holey Fibers
Xian Feng, Arshad K. Mairaj, Daniel W. Hewak, and Tanya M. Monro

Abstract—The authors of this paper investigated the thermal
properties and optical properties of typical nonsilica glasses, in-
cluding viscosity, surface tension, thermal conductivity, transmis-
sion, linear and nonlinear refractive index, and fiber attenuation
in order to judge the feasibility of using nonsilica glasses as the
background material of holey fibers (HFs). Novel techniques were
presented to fabricate the nonsilica glass microstructured fiber
preforms. Examples of fabricated nonsilica glass HFs with various
promising optical applications were finally exhibited.

Index Terms—Holey fibers (HFs), optical fiber fabrication, pho-
tonic-crystal fibers (PCFs).

I. INTRODUCTION

T
HE invention of holey fiber (HF) [1], [39], which is

also known as the photonic-crystal fiber (PCF) or mi-

crostructured optical fiber (MOF), has attracted wide interest.

HF is single-material-based optical fiber with air-filled holes

surrounding the core along the entire length. Index guiding and

bandgap guiding are the guiding mechanisms for high-index

core HF and hollow-core (or low-index-core) HF, respectively.

The combination of 1) the wavelength-scaled features of the

air-filled holey cladding and 2) the high index contrast between

the background material and the air is responsible for the

unique optical performance of HFs, such as photonic bandgaps

[2], large-mode area (LMA) with single-mode operation [3],

high nonlinearity, supercontinuum generation, soliton effects

[4]–[6], polarization maintenance, high birefringence [7], and

dispersion management [8]. Various novel applications have

been achieved in this new type of optical fiber.

As one of the candidates for the background material of

HF, nonsilica glasses, including chalcogenide glasses, tellurite

glasses, and other heavy metal oxide glasses, show unique ad-

vantages over the commonly used fused pure silica. Typically,

nonsilica glasses possess the following qualities [9]:

1) highly linear refractive index and nonlinear refractive

index ;

2) high transparency from the near-infrared (near-IR) to the

mid-IR region;

3) high rare-earth solubility;

4) low phonon energy, and so on.

Thus, nonsilica glass HF was proposed as a noteworthy candi-

date for highly nonlinear applications, novel devices for mid-IR

laser transmission [10], and short active fiber devices.
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Capillary-stacking techniques [10] and the extrusion tech-

nique [11] have already been utilized for making nonsilica

glass HFs. The first single-mode nonsilica glass HF [11] and

the world highest nonlinearity in optical fibers 640 W km

[12] were reported in the extruded HFs based on Schott SF57

glass (lead-silicate (PbO–SiO ) glass). Supercontinuum gen-

eration, i.e., the broadening of the ultrashort pulse signal after

passing through a nonlinear media, was also demonstrated

in an extruded nonsilica glass HF based on Schott SF6 glass

[13]. In addition, because nonsilica glasses typically possess

higher refractive indexes 1.5 2.8 than that of pure

silica glass 1.44 , photonic bandgaps can be observed

in bandgap HFs based on high-index nonsilica glass [14].

Bandgap guiding in nonsilica glass HF was first reported in the

so-called omniguide fiber, in which a hollow core is surrounded

by an alternating cladding of high- and low-refractive-index

layers composed of AsSe glass 2.8 and a thermoplastic

polymer, polyether sulphone (PES) 1.55 , respectively

[15]. Using nonsilica glasses such as chalcogenide glasses,

which have high index ( 2.0–2.8) and high transparency

in mid-IR regions (2–10 m), very broad bandgaps in the

mid-IR region was predicted in hollow-core bandgap HFs for

the potential applications for IR laser transmission [15]. Since

the light is mainly confined in the air-filled hollow core, the

nonlinear effect under high power can be avoided, and the

propagation attenuation of the light can even be lower than the

selected background material of the fiber [15].

In the development of HFs, fiber fabrication is the most chal-

lenging aspect, compared with the work of modeling, optical

characterization, and device making. During the fiber drawing,

the air-filled microstructured cladding will be deformed, due

to the effects of the air pressure inside the air-filled holes,

the surface tension ) of the glass, and the temperature gra-

dient in the microstructured fiber preform (see Fig. 1).

In order to minimize the collapse of the holey cladding when

drawing fibers, all the holes in the preform normally need to be

sealed before fiber drawing. Therefore, the air pressure inside

the holey structure increases gradually during fiber drawing

because of the decrease in the internal volume of the air-filled

holes . These ever-changing variables make it difficult to

fabricate tens-of-kilometers-long HFs with identical and con-

trollable cladding configurations. As the result, the deformation

of the microstructured cladding of HFs is not only dimension

dependent but also time dependent during fiber drawing. All

the above variables need to be evaluated when selecting the

background material for the HF.

In this paper, a wide range of investigation concerning the

material properties of nonsilica glasses and the fabrication tech-

niques of nonsilica glass HF has been initially performed. Ex-

amples of the fabricated HFs based on various nonsilica glasses

have been exhibited finally.

0733-8724/$20.00 © 2005 IEEE
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Fig. 1. Schematic diagram of temperature distribution, surface tension, and air pressure inside a simplified microstructured preform during drawing HF.
It is assumed here that the circular preform is concentric with the circular temperature profile of the hotzone. (T is temperature on the outer surface of preform,
and T is the temperature at the center of the preform.) (a) Cross-sectional view. (b) Vertical view.

II. EXPERIMENTAL PROCEDURES

Typical nonsilica glasses, such as high-lead silicate

SiO –PbO) glass (commercial Schott SF57 and SF59), tellu-

rite glass (75TeO –20ZnO–5Na O), mol%), and gallium lan-

thanum chalcosulfide glass (GLS, 65Ga S –32La S –3La2O ,

mol%) were selected. The viscosities of the studied glasses

were determined through the parallel plate method [16]. A

commercial thermal–mechanical analyzer, a Perkin-Elmer

TMA 7, with a high displacement sensitivity (up to 50 nm)

and temperature range up to 1000 C, was used to measure the

glass viscosity from to poise 1 poise 0.1 Pa s .

The transmission spectra of the polished bulk glasses were

measured by a Cary 500 Scan UV-VIS-NIR spectrophotometer

from 190 to 2500 nm and by a Perkin–Elmer system 2000 FTIR

(Fourier transform infrared) spectrophotometer from 2.5 to

25 m (i.e., 4000–400 cm ), respectively.

For the measurement of the fiber attenuation in the near-IR

region, a tungsten halogen lamp (0.25–2.5 m) was used

as the light source, and an optical spectrum analyzer (Ando

AQ-6315A) was used to record the transmission spectra from

600 to 1700 nm. For the measurement of the fiber attenuation

in the mid-IR region, a Perkin–Elmer system 2000 FTIR

spectrophotometer was used to measure the fiber losses from

1.0 to 5.0 m (i.e., 10 000–2000 cm ), using a liquid-ni-

trogen-cooled MCT (HgCdTe) detector.

A UMT-7 rotary sonic drilling machine (made by Branson

Sonic Power) was utilized in drilling holey microstructured pre-

forms. The rotary ultrasonic motion with the assistance of the

coolant flow produces a self-cleaning action that reduces di-

amond tool binding. Therefore, this technique is particularly

useful for machining hard and brittle materials such as ceramics,

glasses, ferrite, and similar materials [17]. With the assistance

of a micrometer, the drilled holes in the preforms can be pre-

cisely located with the deviation less than 20 m/cm along the

axial direction and less than 20 m along the radial direction on

the preform.

A custom-designed extrusion apparatus, which consists of an

oil hydraulic press and a high-temperature furnace providing

up to 4 tons of force with the upper operating temperature of

750 C, was used in extruding microstructured holey preforms.

The starting glass disk has a diameter of 30 mm and a height

of 20–35 mm. After being heated to the temperatures corre-

sponding to the glass viscosity range of poise, the

solid-state glass is softened into the viscoelastic flow so that the

preform with the desired microstructure can be fabricated after

the glass flow is extruded through the structured die.

The fibers were drawn in a custom-designed fiber-drawing

tower. Using a radio-frequency-induced heating furnace, the

heating and cooling rates for fiber drawing can be as fast as

100 C/min. Various atmospheres such as argon (Ar), nitrogen

N , and oxygen O can be purged inside the furnace,

according to requirements of the selected glass.

The cross-sectional profiles of the fabricated HFs were ob-

served using an analytical scanning electron microscope (SEM)

(LEO 430, Cambridge, U.K.) with a resolution of 5 nm.

A COHU 7512 charge-coupled device (CCD) camera was

used with Spiricon LBA-PC v 3.23 software (Spiricon Inc.,

Logan, UT) for imaging the near-field beam profile from the

output end of the fiber.

III. MATERIAL PROPERTIES

A. Viscosity and Surface Tension

Fig. 2 shows the measured viscosity curves of some

studied glasses, including the commercial Schott SF59 glasses

(SiO –B O –PbO, PbO 60 mol , and the homemade tel-

lurite glass (75TeO –20ZnO–5Na O, mol%) and GLS glasses

(65Ga S –32La S –3La O , mol%). The viscosity data have

been extrapolated to poise, according to the Arrhenius

viscosity formula [18]: , where is

the viscosity, the activation energy for viscous flow,

the gas constant, and the absolute temperature of the glass
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Fig. 2. Viscosity of some studied glasses: 1) tellurite glass (75TeO –20ZnO–
5Na O, mol%), 2) Schott SF59 glass (lead borosilicate glass), 3) GLS glass
(65Ga S –32La S –3La O , mol%), and 4) pure silica glass [19].

flow (Kelvin). The viscosity curve of pure silica glass is also

illustrated in Fig. 2, according to [19]. It is seen that nonsilica

glasses typically have steep viscosity curves, and the operating

range for fiber drawing is less than 100 C, while pure silica

glass has a flat viscosity curve, and the operating temperature

range for fiber drawing is as wide as 600 C. Essentially,

in order to minimize the temperature gradient on the holey

cladding of the preform and to avoid the phase separation and

thermal crystallization of the nonsilica glasses during drawing

fiber, it is always necessary to maintain the fiber-drawing

temperature at relatively low temperature, which corresponds

to the viscosity range of poise. Therefore, the

processing temperature suitable for drawing nonsilica glass

HFs is indeed much narrower than silica HFs.

It has been known that the molar surface tension of the glass

modifier ions drops dramatically with the increase of the ionic

potential Z/r (Z is the charge of ion, and r is the ion radius)

[20]. Since typical nonsilica glasses contain a large fraction of

heavy-metal ions to stabilize the glass thermal stability and ex-

tend the transmission to mid-IR and increase the linear refrac-

tive and nonlinear refractive index, they have the surface tension

lower than pure silica by one or two magnitudes. It can be de-

duced that the air pressure (see Fig. 1) in the holey structure

and the temperature gradient in the preform are the dominant

factors during drawing nonsilica glass HFs, which is different

from drawing silica HFs.

B. Transmission and Thermal Conductivity

Fig. 3(a) shows the measured transmission spectra of com-

mercial Schott SF59 glass (SiO –B O –PbO, PbO 80 wt ),

the homemade GLS glass (65Ga S –32La S –3La O , mol%)

and tellurite glass (75TeO –20ZnO–5Na O, mol%), and pure

silica glass. Pure silica glass shows high transparency from 250

to 2500 nm so that it should be extremely promising for the op-

tical applications from the ultraviolet (UV) region 0.4 m

to the near-IR region. Chalcosulfide glass can be highly trans-

parent up to 9 m, indicating its promising potential in the

mid-IR region (3–10 m). Tellurite glass can essentially sat-

isfy the requirements for the applications from 1.0 to 3.0 m.

What is more, assuming the fundamental vibration of the hy-

drogen-bonding absorption band between 3 and 4 m [21] can

be removed from the glass by improving the melting conditions,

tellurite glass can even be utilized up to a wavelength of 4–5 m.

High-lead silicate glass (Schott SF59) shows inferior in the vis-

ible region (0.4–0.7 m) to silica and also shows inferior in the

mid-IR region to chalcosulfide glass and tellurite glass so that

their applications can only be limited within the near-IR range

(1.0–1.6 m).

Air, one type of the well-known poor thermal conductors, has

the thermal conductivity of only 0.06 Wm K at 600 C,

which is less than that of glass materials by one order of mag-

nitude [22]. During drawing HF, the air-filled holey array will

isolate most of the heat conducted from the outer side of the pre-

form toward the center along the radial direction, and only the

glass bridges between the adjacent holes can conduct the heat

[see Fig. 1(a)]. Consequently, one must be aware of the situa-

tion of heat transfer in the air-filled microstructured preform to

suitably adjust the processing conditions when drawing the HF

based on a certain type of nonsilica glass. Hence, the thermal

conductivity is one of the most useful parameters required to

fabricate the desired microstructured holey cladding. Unfortu-

nately, it is one of the most difficult properties of optical glasses

to be evaluated [23].

Generally, the heat can transfer through the glass by thermal

conduction and radiant transfer. For a colorless glass, true

thermal conduction is dominant at low temperatures, while

radiant transfer becomes more important at high temperatures.

Therefore, the concept of effective conductivity was intro-

duced [24]. It is defined by , where is the true

conductivity, and , the radiation conductivity, can be cal-

culated by ( is the refractive index

of the medium, the Stefan–Boltzmann constant, and the

absorption coefficient of the material). The obvious difficulty

for evaluating is that the coloring agents and the impurities

such as iron make it strongly dependent on the wavelengths.

According to the Wien displacement law, the distribution

function of the normalized black body radiation energy versus

wavelength can be expressed as , where is a con-

stant depending on the point on the spectrum. Above 300 C,

the radiation component of the transfer of heat in glasses begins

to increase noticeably. For example, a significant fraction of the

radiation may be transmitted by a colorless silicate glass at any

temperature above 300 C [23]. Thus, the effective conductivity

appears steeply temperature dependent at high temperature, and

it could be more than an order of magnitude greater than the true

conductivity when above 1000 C. For most nonsilica glasses,

the fiber-drawing temperature is between 300 and 800 C.

Consequently, the radiation conduction is more important than

the true conductivity during the drawing of nonsilica glass HFs.

Fig. 3(b) shows the function of radiation energy versus wave-

length based on the assumption of the black body. The radia-

tion near the peak wavelength possesses the principal portion

of the total radiation energy, and the peak of the radiation en-

ergy shifts toward the short wavelengths with the increase of the

temperature. Therefore, the transmission characteristics of op-

tical glasses are important for radiation conduction. Two types

of optical glasses here show a good match between the radiation

conductivity at the fiber-drawing temperatures and their trans-

mission windows. First, pure silica glass is extremely suitable to

be drawn into HF because its fiber-drawing temperatures range
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Fig. 3. (a) Transmission spectra of typical optical glasses: 1) pure silica (SiO ) glass, 2) Schott SF59 (SiO –B O –PbO glass, PbO > 60 mol%), 3) tellurite glass
(75TeO –20ZnO–5Na O, mol%) made in the Optoelectronic Research Centre (ORC), University of Southhampton, and 4) GLS (65Ga S –32La S –3La O ,
mol%) made in ORC. (b) Relation of radiation energy versus wavelength based on black body.

between 2100 and 2700 C (see Fig. 2), and pure silica glass is

highly transparent from 2.5 m to the UV region (200–400 nm).

Second, chalcosulfide glasses are also suitable to be drawn into

HFs because they are highly transparent from the near-IR to the

mid-IR region (1–10 m), and their fiber-drawing temperatures

are normally between 350 and 800 C (see Fig. 2). Lead-silicate

glasses and tellurite glasses show somewhat inferior as the back-

ground materials of HFs, mainly due to the narrow transmission

window and also partly due to strong OH absorption at 3–4 m.

At the high temperature when drawing fiber, the UV edge of the

transmission spectrum will shift to the longer wavelengths and

the transmission window becomes narrow so that the real situa-

tion when drawing fiber should be more complicated. Here we

assume that transmission spectra of glass at high temperatures

will not change too significantly compared to the transmission

at room temperature, in order to make the discussion simple.

C. Refractive Index and Nonlinear Refractive Index

The large contrast of the refractive indexes between the back-

ground material and the air is one of the main reasons for the

unique optical properties of HFs, such as photonic bandgap,

dispersion flattening, endless single-mode guidance, and high

confinement of light inside the core. The high nonlinear index

of the background material is also one of the main factors to

achieve high effective nonlinearity in the index-guided small-

core HFs. The relationship between the linear refractive index

and the nonlinear refractive index for an optical mate-

rial are defined by , where is the total

refractive index of the material, and is the optical intensity

W/m of the incident beam, respectively, applied with the

laser wave [25], [26]. The unit of is m W or, more cus-

tomarily, cm W. For a linear-polarized monochromatic beam

of frequency and an isotropic medium, the nonlinear index

of refraction is related to the real part of third-order sus-

ceptibility via ,

where is the real part of the diagonal

element of the third-order susceptibility [27].

A semiempirical relationship was found between and the

Abbe number and [27], which has already been converted

into SI units as follows:

m W

(1)

where is the light speed in vacuum m/s . This

Boling–Glass–Owyoung (BGO) formula has already been

demonstrated to match the measured values very well [27].

The relation between the refractive index and the nonlinear

refractive index in various optical glasses is illustrated in

Fig. 4. Note that the values of of all the commercial Schott

optical glasses are calculated using the BGO formula. For other
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Fig. 4. Relation between refractive indexn and nonlinear indexn of various
optical glasses, including GLS glass [26], As S glass [28], Ge–Ga–S glass
[26], extremely heavy flint lead silicate glasses (Schott SF), flint (F) glasses,
tellurite glass [9], fluoride glasses [19], and fused pure silica glass [29]. The
straight line is fitted as the guiding line.

glasses, including pure silica glass, fluoride glasses, tellurite

glass, and chalcogenide glasses, the are cited based on

[26], [28], and [29].

From the angle of the material chemistry, the linear refractive

index and the nonlinear refractive index are both attributed to

the polarizability and the hyperpolarizability of the constituent

chemical ions. In conventional silicate glasses, network mod-

ifiers such as alkali oxide or alkali earth oxide increase the

number of nonbridging oxygen atoms, which are more polar-

izable than the bridging oxygen atoms in the Si–O network,

thus inducing a modest increase of the nonlinearity [30]. For

the glasses with heavy-metal cations, the high nonlinearity is

usually due to the hyperpolarizability of the constituent metal

ions. For example, the lone 6-s electron pairs of Pb ions in

PbO containing glasses are explained to be the cause of the

high linear index and high nonlinear index [31]. Moreover,

chalcogenide glasses composed mainly of chalcogens (S, Se,

and Te) are among the most nonlinear glasses [28], because

the larger hyperpolarizability of the S , Se and Te ions

than O causes the higher linear index and nonlinear index

of chalcogenide glasses than oxide glasses [32]. Fig. 4 is

consistent with this explanation. It has been demonstrated that

one can obtain a large by maximizing the linear refractive

index and minimizing the two-photon-absorption (TPA)

coefficient in the wavelength range of interest. Here, in order

to simplify the complexity from the TPA, we just show the

tendency of versus the relation, which is sufficient

in the essential requirement to seek the optical glasses with

the highest nonlinear refractive index . It is clear that the

chalcosulfide glasses have not only the highest linear refractive

index but also the highest among all the studied glasses

here. In order to further enhance the nonlinearity of glass, one

can replace the sulfur in chalcogenide glasses by selenium

or tellurium, which possesses higher hyperpolarizability than

sulfur ions [28], although the resulted glass and fiber can only

be used for the much longer wavelength ranges due to the red

shift of the transmission window toward the long wavelengths.

Fig. 5. Measured near-IR and mid-IR attenuation of unclad/unstructured fibers
based on 1) Schott SF57 glass (lead silicate glass), 2) Schott SF59 glass (lead
borosilicate glass), and 3) tellurite glass (75TeO –20ZnO–5Na O, mol%), and
4) GLS glass (65Ga S –32La S –3La O , mol%). Note that all fibers have the
same diameter of 250 � 10 �m.

D. Attenuation of Unclad/Unstructured Fibers

Fig. 5 illustrates the unclad/unstructured fibers based on the

commercial Schott SF57 and SF59 glasses, and the homemade

tellurite glass (75TeO –20ZnO–5Na O, mol%) and GLS glass

(65Ga2S –32La2S 3La2O , mol%). The preforms (rods and

tubes) based on Schott glasses were cored directly from the

commercial bulk glasses by ultrasonic drilling in order to

shorten the thermal history processing the glass. Due to the

flame polishing in the fiber- drawing, the surface roughness

of the fiber was reduced to less than 10–20 nm/cm. The fiber

attenuation arising from the scattering on the surface should be

negligible. The tellurite glass rod was made by extrusion, while

the GLS glass rod was cut from the melted glass ingot and then

polished.

It is seen that the losses of Schott SF57 and SF59 glass un-

clad/unstructured fibers show the lowest values around 1.2 m

and increase to 1–3 dB/m at 1.55 m due to the overtone of the

fundamental vibration of hydrogen bonding at 3–3.5 m. Al-

though more lead-oxide (PbO) can be introduced into borosili-

cate glasses for higher linear and nonlinear refractive index, lead

borosilicate glass (Schott SF59 glass, SiO – B O –PbO) fiber

shows stronger OH absorption and consequently higher fiber at-

tenuation at 1.5 m than lead-silicate glass (Schott SF57 glass,

SiO –PbO) fiber. It is mainly due to the hydrophilic nature of

boron in the borosilicate glass.

GLS fiber shows only 3–5 dB/m between 1.0 and 1.6 m

without a significant trace of OH absorption, because of the ex-

tremely dry atmosphere used during glass melting and the hy-

drophobic nature of sulfide compounds. This type of glass fiber

still shows the loss as low as 5 dB/m, even up to 4 m, indicating

its potentials in the mid-IR applications.

Tellurite glass fiber has the low loss of 0.7 dB/m at

1.1–1.3 m, and its OH absorption around 1.4–1.5 m is much

weaker than that in Schott SF57 and SF59 fiber, although no

particular dry atmosphere was used for melting tellurite glass.

Due to the scattering centers generated during glass melting

and extrusion, here the tellurite fiber still has higher loss than

SF57 fiber. Tellurite glass fiber should have its own advantages

for the applications from 1–3 m.
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TABLE I
COMPARISON OF OPTICAL GLASSES AS BACKGROUND MATERIAL

E. Comparison of Nonsilica Glasses as Background Material

of Holey Fibers

Table I summarizes the thermal properties and optical prop-

erties of the studied nonsilica glasses. The thermal properties,

such as viscosity and thermal conductivity, indicate that it is

more difficult to fabricate nonsilica glass HF than silica HF.

However, for some particular applications that silica HF cannot

cover, such as extremely high nonlinear applications from 1 to 4

m and mid-IR laser power delivery, nonsilica-glass-based HFs

have the absolute advantages over silica HF.

Tellurite- and chalcogenide-glass-based HFs appear

promising in the wide range from the near-IR to the mid-IR

regime. In addition, one of the most challenging issues in the de-

velopment of the chalcogenide glasses in the past decades is the

very narrow glass forming region of chalcogenide glasses itself.

It is extremely difficult to find one pair of glass compositions

as the core and the cladding with the suitable index contrast,

the sufficiently small thermal mismatch, and good thermal

stability [33]. Therefore, the concept of single-material-based

HFs appears particularly suitable for chalcogenide-glass-based

optical fibers.

HFs based on commercial heavy-metal oxide (PbO and

Bi O ) containing silicate glasses can only be used within the

range between 1 and 1.6 m, due to the narrow transmission

windows and the relatively high fiber attenuation. However,

since they are commercially available and have the outstanding

quality-to-cost ratio, it is worth developing commercial

high-index oxide-glass-based HFs for cheap and short fiber

devices but with sufficiently excellent optical performance.

IV. TECHNIQUES TO MANUFACTURE MICROSTRUCTURED

HOLEY PREFORMS

A. Capillary Stacking

The capillary-stacking technique is the most commonly

utilized technique to manufacture silica microstructured holey

preforms [1], [39]. First, a commercial silica glass tube with

10–20-mm out diameter (OD) was elongated into 1-mm-di-

ameter capillaries. The capillaries were then stacked along with

appropriately positioned solid glass rod(s). Thus, a microstruc-

tured holey preform with a cross section similarly reflecting the

holey array required in the final fiber was created. A two-stage

drawing process reduced the diameter of individual holes by a

factor of 10 000 to fabricate the HF. The prevailing advantage

of this technique is the ability to manufacture microstructured

preforms for the HFs with highly complex and periodic ge-

ometry, such as the hollow-core bandgap HFs, which need

approximately ten rings of precisely periodic holey cladding

structure [2]. For silica HF, low OH containing high-purity

silica tubes with various ratios of inner diameter (ID) to OD is

commercially available. It is convenient to elongate the silica

tube into the capillary with the desired dimensions. However,

for nonsilica glasses, it is difficult to find the widely available

sources providing the glass tubes. Homemaking might be the

only approach.

Fig. 6(a) shows the photograph of a stacked preform when

it was necked down to 1.1-mm OD during the fiber drawing.

A 3 wt% Nd O -doped Schott F7 glass was used as the core

and undoped Schott F7 glass as the cladding ( ).

An Nd-doped F7 rod and an undoped F7 tube were drilled from

the commercial bulk glasses, and then they were elongated into

the cane and capillary with uniform 600- m OD. The capillary

bundle was then stacked inside an undoped F7 glass tube and

pulled into the fiber.

B. Extrusion

The extrusion technique has already been successfully ap-

plied in making microstructured holey preforms for glass HFs

[11]–[13] and polymer HFs [34]. Under high pressure (typically

N/cm ) and high temperature (corresponding to the

viscosity range between and poise), the glass flow can

be extruded through a microstructured die so that the preform

with the designed holey microstructure can be fabricated. This

technique is especially suitable for making glass workpieces

based on those glasses with a short operating range (known

as short glasses) or glasses with high tendency for crystalliza-

tion [35]. It is indeed an efficient and economic way to fabri-

cate the glass rods, tubes, and microstructured preforms with

repeatable and controllable dimensions. An extruded GLS glass

preform and a tellurite glass preform with simple microstruc-

ture are shown in Fig. 6(b). These preforms have the core di-

ameter, spoke length, and spoke thickness of 1.9 mm, 5.9 mm,

and 200 m, respectively. In the HFs based on such a kind of

microstructured cladding, the leakage losses from the solid core

could be negligible compared with the inherent losses from the

materials [11], [12]. The extremely large air-filling fraction ef-

ficiently confines the light mainly inside the core so that the ex-

tremely highly effective nonlinearity can be achieved in this type
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Fig. 6. (a) Necked cane from the preform by capillary stacking (OD:
1.1 mm, based on 3 wt% Nd O -doped Schott F7 as the core and undoped
Schott F7 as the cladding). (b) Extruded microstructured preform based on
(b-1) GLS (65Ga S –32La S –3La O , mol%) glass and (b-2) tellurite
(75TeO –20ZnO–5Na O, mol%) glass made in our laboratory (core diameter:
1.9 mm, spoke length: 5.7 mm, and thickness: 0.2 mm). (c) Both cross-sectional
views of a drilled microstructured preform based on high-lead silicate glass
(Schott SF6): 18 holes with 2.40-mm ID holes and 400-�m hole spacing are
periodically distributed on a 14-mm OD rod with the length of 60 mm.

of HF [12]. In addition, this type of microstructured preform

with extremely thin microstructure cannot be fabricated by con-

ventional methods such as glass molding [35].

However, by an extrusion technique, it is still quite chal-

lenging to fabricate the glass preforms with a very complex

microstructure, say the triangular holey structure with more

than three rings of holes. The thermomechanical strength of

the die material is the main cause for this limitation. In addi-

tion, the thermal deformation of the preform, arising from the

temperature gradient, the surface tension, and the turbulence of

glass flow passing through the die make it somewhat difficult to

achieve the microstructure in which each hole can be precisely

positioned. In addition, the contamination from the surface of

the metal die may also increase the attenuation of the resulted

HFs.

C. Ultrasonic Drilling

Drilling is obviously a straightforward approach to manufac-

ture the complex holey structure. Yablonovitch fabricated the

TABLE II
SUMMARY OF TECHNIQUES MAKING MICROSTRUTURED PREFORMS

world’s first man-made photonic bandgap crystal, by drilling on

a block of dielectric material with a high refractive index of 3.6

[36]. Glass is one kind of well-known brittle material, which is

strong in compression but weak in tension and bending. It tends

to be broken by any tiny crack from the radial direction during

drilling. If one wants to drill an array of dense and deep holes

on the glass, say, the depth is more than 10 mm, and the wall

thickness between the adjacent holes is less than 1 mm, the pos-

sibility for the cracking becomes high. At the early stage of the

development of silica HFs, due to the quick success of the capil-

lary-stacking technique, the drilling method finally vanished in

fabricating the silica microstructured holey preforms.

However, with the assistance of the ultrasonic and/or sonic vi-

brations, the friction and pressure between the drill and the glass

becomes much weak. Therefore, drilling deep holes in the glass

preform should be possible. Second, with the assistance of the

mechanical lathe, the position, the size, and even the angle of the

holes on the glass preform can be controlled precisely. Here, we

present a microstructured holey preform based on high-lead sil-

icate glass (Schott SF6), using the ultrasonic drilling machine in

our laboratory [see Fig. 6(c)]. The preform has 14-mm OD and

60-mm length. There are 18 identical holes with a 2.4-mm diam-

eter periodically distributed on the two-ring triangular structure

surrounding a solid core at the center. The thinnest part of the

bridges between the adjacent holes is only 400 20 m thick.

Although it took near ten hours to finish such a job, it is ex-

pected that a numerically controlled ultrasonic-drilling machine

can fabricate glass preforms with a more complex holey array

without so much involvement of human labor. There is no doubt

that the drilling method can make the repeatable microstruc-

ture and can satisfy the requirements for the large-scale produc-

tion of HFs. in addition, our experiments show that the surface

roughness of the drilled preforms can be largely improved by

flame polishing during fiber drawing or by chemical etching the

drilled preforms before fiber drawing.

Table II summarizes the advantages and the disadvantages

of the techniques manufacturing microstructured preforms for

nonsilica glass HFs. By suitably selecting these technique(s), it

is predicted that the ability of fabricating nonsilica glass HFs

with relatively complex holey cladding can be largely enhanced

and close to that of the current level of fabricating silica HFs.
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Fig. 7. (a) Fabricated small-core tellurite HF: (a-1) SEM photographs of the
cross-sectional views and (a-2) single-mode guidance at 1047 nm. (b) Fabricated
GLS LMA HF: (b-1) SEM photograph of the cross-sectional view. No guidance
was observed due to the imperfect microstructured parameters. (c) Heavily
Nd O -doped silicate glass (Schott F7) LMA HF for active device: (c-1) SEM
photograph of the cross-sectional view and (c-2) single-mode guidance at
1047 nm with A of � 30 �m . (d) High-index-glass (Schott SF6)-based
LMA HF for passive device: (d-1) SEM photographs of the cross-sectional
views and (d-2) single-mode guidance at 800 nm with A of � 40 �m .

V. EXAMPLES OF FABRICATED NONSILICA HOLEY FIBERS

Based on the above investigation from the glass properties

to the fabrication techniques, some nonsilica-glass-based HFs

have been fabricated and are shown in Fig. 7.

Fig. 7(a-1) shows the SEM photographs of the cross-sectional

views of a fabricated tellurite glass (75TeO –20ZnO–5Na O,

mol%) HF with 250- m OD. Extrusion technique was em-

ployed in the fabrication. Single-mode guidance was observed

at 1047 nm in this fiber with 2.7 m of core diameter. It

is anticipated to observe highly effective nonlinearity in this

fiber because of the small core size and the high nonlinearity of

tellurite glass (see Fig. 4).

Fig. 7(b-1) shows a fabricated GLS HF with very large core

diameter. Note that a desired one ring of holes around the core

completely collapsed during fiber drawing due to the improper

fiber-drawing parameters. No guidance can be observed from

this fiber since the holey cladding cannot confine for the light

inside the core. The improvement of the fabrication is necessary.

Fig. 7(c-1) shows the SEM photo of a fabricated LMA HF

based on Schott F7 glass . Single-mode guidance

is observed at 1047 nm [see Fig. 7(c-2)], and the effective-mode

area , where is the

intensity distribution [37]) was measured as 30 m . Note that

the core is heavily doped with 3 w.% of Nd O . The doping level

of rare-earth ions in most of nonsilica glasses can be as high as

30 000–50 000 weight parts per million (wt ppm) without the

significant concentration quenching, while in silica glass it can

only be 1000–2000 wt ppm. Short active fiber devices with ex-

tremely LMA 100 m with single-mode operation can be

realized in this type of HF based on nonsilica glasses.

Fig. 7(d-1) gives the SEM photos of a fabricated LMA HF

based on Schott SF6 glass . Single-mode guid-

ance was observed at 800 nm [see Fig. 7(d-2)] and the effec-

tive-mode area was measured as 40 m . This type of pas-

sive LMA HF with single-mode operation is highly desired for

delivering high power laser with excellent beam quality.

The examples in Fig. 7(b)–(d) were all fabricated by the cap-

illary-stacking technique.

In addition, although HFs based on the typical nonsilica

glasses can be fabricated successfully, the thermal properties

of nonsilica glasses still make the fiber fabrication with large

scale very difficult. The fabrication for all the above HFs has

showed that it is difficult to fabricate the fiber with the enough

length ( 100–200 m) and without the significant deformation

in the holey cladding, because the variables of drawing air-filled

holey cladding is not only dimension dependent and but also

time dependent (see Fig. 1). Since the key issue responsible for

the novel optical performance of HFs is not the single material

but the combination of the wavelength-scaled features and the

high index contrast, all-solid microstructured optical fibers with

high index contrast [38] could be a realistic solution to avoid

such a problem.

VI. CONCLUSION

In summary, the authors have investigated a wide range

from the glass thermal properties, optical properties, to the

techniques fabricating the microstructured holey preforms of

nonsilica glasses. Nonsilica glasses show advantageous optical

properties over silica glass but are inferior to silica glass for

the fabrication due to the limitation from the thermal prop-

erties of the nonsilica glasses. Examples of some fabricated

nonsilica-glass-based HFs have been demonstrated, indicating

the promising future of the HFs based on nonsilica glasses in

the high nonlinear applications, the mid-infrared (IR) applica-

tions, and the compact active single-mode fiber devices with

extremely large mode area (LMA), and so on.
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