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Abstract We reported the first fabrication of submicro-/

micro-diameter liquid core optical fiber. The diameter of

the liquid core ranges from 360 nm to 2 lm with the outer

silica diameter remaining as large as ten or hundred

micrometer. These fibers with advantages of high strength,

excellent uniformity and low optical loss about 1 dB/cm

can be manipulated and assembled with high accuracy and

used as micro- or submicro-scale devices. Besides, those

potential in large nonlinear parameter may help to explore

low-intensity nonlinear effects in future.
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1 Introduction

Nano-science and sub-wavelength-technology have attrac-

ted much interest in recent years because materials exhibit

novel properties when structured at nanometer or sub-

wavelength dimensions. In the past two decades, nano-

wires and sub-wavelength wires have been fabricated from

a variety of materials using a wide range of techniques

(Thurn-Albrecht et al. 2000; Sun and Xia 2002; Scheibel

et al. 2003; Liu et al. 2005; Li et al. 2006; Oulton et al.

2008; Yan et al. 2009). Recently, sub-wavelength wires

have been drawn from optical silica fibers, which open the

way to a host of new optical devices for communications,

sensing, biology, and chemistry. Likewise, the large

nonlinear parameter will greatly reduce the required power

for yielding nonlinear effects (Tong et al. 2003). The

effective manipulation of nonlinearities at low power is an

attractive research area for scientists and engineers due to

the huge potential for all-optical communications. So far,

to realize the authentic low-power nonlinear effects at mW

level remains to be a challenging issue (Brambilla et al.

2005a; Mägi et al. 2007). Here, we reported the first fab-

rication of submicro-/micro-diameter liquid core optical

fibers, signifying that liquid core fiber has gone to sub-

wavelength dimensions. The high strength and excellent

uniformity enable these fibers to be manipulated and

assembled with high accuracy and used as micro- or sub-

micro-scale devices in physical, chemical, biological,

medical research, or all-optical communication. Besides,

those potential in large nonlinear parameter may help to

explore low-intensity nonlinear effects in future.

2 Experimental

The fabrication of the SLCOF is divided into two steps. First,

a heater was employed to draw a hollow fiber to a sub-

wavelength diameter hollow fiber. Second, a pair of

T-branches was used to fill the liquid. The fabrication of

submicron-diameter silica wires has been reported by Tong

et al. (2003), which demonstrated a two-step drawing pro-

cess to fabricate samples with diameters down to 50 nm.

Samples drawn in this way are, however, very short (only

tens of millimeters) and have no untapered fiber connection,

which makes it difficult to launch light into them. Likewise,

the optical coupling makes some loss of the power. Here, a

different drawing method was introduced by use of a spe-

cially designed electric stripe heater shown in Fig. 1a

(Brambilla et al. 2005b; Mägi et al. 2007).
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The pulled fiber is placed in an electric strip heater

which is 10 cm long with two sides fixed at the edge of

the revolving table driven by a stepper motor, which

could offer elaborate control in the fiber pulling process.

Long heating region with relatively small volume in the

furnace exhibits excellent heat preservation and steady

temperature distribution during the drawing. The cross-

sections of the tapered hollow fibers have been shown in

Fig. 2a–d, observed by a scanning electron microscope

(SEM). The minimum core diameter of the samples is

about 370 nm with the outer silica diameter as large as

tens micrometers. Unlike the fragile sub-wavelength-

diameter fiber, the large outer diameter of SLCOF can

protect the fiber from breaking off. Many samples were

fabricated using this method, and the maximum length of

the fiber can be tens of millimeters. The excellent uni-

formity of diameters and surface smooth can be seen in

Fig. 2e–h. Fig. 4a shows the inner diameter and the outer

diameter has a perfect linear relation in the taping pro-

cess, which provides a simpler method for measuring the

core diameter. By use of this linear relation, the core

diameter can be determined according to the outer

diameter which is easier to be measured due to the large

scale.

In the second step of filling the liquid, two rubs con-

cerning encapsulation and coupling should be well solved.

Silica T-branches with diameter of 10 mm are selected to

encapsulate the sub-wavelength-diameter hollow fiber

fabricated in the first step. The liquids chosen here are a

mixture of toluene and carbon disulfide with a ratio of

50%. The nonlinear refractive index of toluene and carbon

disulfide are, respectively, 1.3e-19 and 1.2e-18. To fill

the liquid, a sub-wavelength-diameter hollow fiber was first

put into a capillary. Then we use glue to encapsulate the

capillary into two T-branches. The tube ends with a silica

plate with a thickness of 1 mm, serving as an optical

window (see Fig. 1b). After packaging, liquid was filled

into one T-branch, and placed a period of time (about 6 h).

The liquid automatically enters the core of the hollow fiber

and arrives at another tube owing to the capillary action.

Then, the liquid was filled into the other T-branch to pre-

vent the air bubbles caused by evaporation of liquid. So far,

the fabrication of a SLCOF was finished (see Fig. 1c).

The optical properties of SLCOF were investigated by

sending light into them (see Figs. 1d; 3). If the core were

not filled with liquid, light could not propagate in the

SLCOF. The 632.8 nm wavelength was employed to test

whether light can propagate in the SLCOF. While using a

Fig. 1 The fabrication process

of SLCOF. a Presents the

fabrication process of a sub-

wavelength diameter hollow

fiber using heating method; the

pulled fiber passes above the

heating cord with length of

15 cm, and the distance

between them is about 0.5 cm.

By properly altering the

supplied voltage, the

temperature of the electric

furnace can be carefully

controlled to achieve more

stable taper diameter. b Presents

a sub-wavelength diameter

encapsulated by a pair of

T-branches. c Presents the

process of filling liquid through

tube A, B. d Presents the test of

guiding light using the

fabricated SLCOF
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Fig. 2 SEM of cut-off layer and overall picture of hollow fiber. a–d Present the SEM of cut-off layer with hollow radius of 1.57, 0.69, 0.572, and

0.37 lm, respectively, while, e–h presents the overall picture of those hollow fibers, correspondingly
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five-dimensional adjustment of racks and lifts as a coupling

device, a power meter was employed to detect transmission

at the output port. To reduce the contribution from scat-

tered light, the SLCOF was surrounded by two pieces of

three-layer black paper, so that we can guarantee the

measured power come from the optical fiber. Fig. 3 dem-

onstrates that such SLCOF is capable of guiding light into

it. Fig. 4b shows the optical transmission at different core

scales. The loss was separated into the coupling loss and

the propagation loss. The increasing loss with decreasing

wire diameter can be attributed to the coupling loss. The

propagation loss was determined by measuring the trans-

mission energy at each point on the transmission path

captured by a CCD. The result show SLCOF has a rela-

tively low optical loss of 1.312 dB/cm for sample with

370 nm core diameter, which has better performance than

results achieved by Tong et al. (2003) which reported a loss

of about 0.2 dB/mm. The loss of SLCOF is, however,

much larger than that of photonic bandgap fibers

(Peucheret et al. 2005). Besides of the coupling loss, some

Fig. 3 The experimental test of

guiding light. a Presents the

experiment setup for test of

guiding light. b–e Presents the

beam spot coming from the

SLCOF with radius of 1.57,

0.69, 0.572, and 0.37 lm,

respectively
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air bubbles may severely influence the light propagation

and cause large loss. An improved method for filling the

liquid is, hence, necessary in future.

3 Results and discussion

The first low-loss submicro-/nano-diameter liquid core

optical fibers (SLCOF) with toluene and carbon disulfide

were successfully fabricated. The diameter of the hollow

holes ranges from 2 lm down to 400 nm, while the outer

silica diameter remains as large as ten or hundred microm-

eter. Light can be launched into these fibers by optical

coupling, having an optical loss of about 1 dB/cm. The

results bridge the gap between two important contemporary

realms of research—liquid core fiber and submicro-science.

This symbolizes a beginning that liquid core fibers are about

to enter a submicro era. Likewise, our previous study has

theoretically demonstrated that when the diameter is 0.5 lm

with the wavelength satisfying 800 nm, the nonlinear

parameter of the SLCOF filled with the carbon disulfide

shows an enhanced value which is about 18 W-1 m-1

(Xu et al. 2008). This is 16,000 times larger than in standard

silica single mode fibers (Mägi et al. 2007).

This enhanced nonlinearity has potential to exploit

nonlinear effects such as ‘‘Polarization Instability’’ (PI)

(Winful 1986), ‘‘Polarization Modulational Instability’’

(PMI) (Wabnitz 1988), ‘‘Self-phase modulation’’ (SPM)

(Shimizu 1967), ‘‘Cross-phase modulation’’ (XPM) (Islam

et al. 1987), ‘‘Stimulated Raman Scattering’’ (SRS) (Gar-

mire et al. 1963), ‘‘Four Wave Mixing’’ (FWM) (Stolen

et al. 1974), and ‘‘Supercontinuum’’ (Corkum et al. 1986).

These nonlinear effects above as well as dispersion can be

easily manipulated through liquid properties such as tem-

perature, concentration, or mixing ratio.

4 Conclusion

Although silicon fibers have gone to submicro or nano

scale for several years, liquid core fibers remain micro

scale limited by techniques. The SLCOF reported here

signifies that the liquid core fibers have gone to submicro.

The high strength and excellent uniformity enable these

fibers to be manipulated and assembled with high accuracy

and used as micro- or submicro-scale devices. Owing to

those potential in large nonlinear parameter, an intensive

and systematic study on low-intensity nonlinear effects via

SLCOF is necessary in future.
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