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Abstract: Silica nanowires provide strong mode confinement in a 
cylindrical silica-core/air-cladding geometry and serve a model system for 
studying nonlinear propagation of short optical pulses inside fibers. We 
report on the fiber diameter dependence of the supercontinuum generated 
by femtosecond laser pulses in silica fiber tapers with average diameters in 
the range of 200 nm to 1200 nm. We observe a strong diameter-dependence 
of the spectral broadening, which can be attributed to the fiber’s diameter-
dependent dispersion and nonlinearity. The short interaction length (less 
than 20 mm) and the low energy threshold for supercontinuum generation 
(about 1 nJ) make tapered fibers with diameters between 400 nm and 800 
nm an ideal source of coherent white-light source in nanophotonics.  
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1. Introduction 

Recent advances in fiber technology have greatly facilitated the generation of supercontinuum 
radiation — the drastic spectral broadening of a laser pulse propagating in a nonlinear 
medium [1, 2]. Photonic crystal fibers [3, 4] and tapered fibers [5, 6] provide mode 
confinement, long interaction lengths, and customizable wavelength dispersion. These 
characteristics lead to octave-spanning supercontinuum generation in photonic crystal fibers 
[7]; and two-octave spanning wide spectra in tapered fibers [8].  

By tapering photonic crystal fibers the interaction length required for supercontinuum 
generation can be reduced from meters [7, 8] to tens of millimeters [9, 10]. The resulting 
tapered photonic crystal fibers have submicrometer cores and outer fiber diameter on the 
order of tens of micrometers [9-11]. So, although photonic crystal fibers tightly confine light 
and present many advantages in robustness and isolation to environment, they are unsuitable 
for nanophotonic applications. 

Recently, several groups reported the fabrication of low-loss silica submicrometer tapered 
fibers [10, 12, 13]. These nanophotonic waveguides have interesting linear optical properties 
[14] and give rise to supercontinuum generation with nanosecond and femtosecond pulsed 
lasers [9, 10].  

According to theoretical models [15-17], the mechanism for supercontinuum generation 
by nanosecond and femtosecond laser pulses are different. For nanosecond pulses, stimulated 
Raman and parametric processes give rise to the broadening, while for femtosecond pulses 
self-phase modulation and four-wave mixing dominate. Experimentally supercontinuum 
generation in submicrometer fibers was demonstrated both with nanosecond [10] and 
femtosecond [9] pulses but only for fibers with diameter larger than 500 nm. Even though the 
mechanism for supercontinuum generation is very different for the two experiments, both 
report a sharp cut-off on the infrared side of the spectrum. 
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Fig. 1. Diameter profiles of six representative fibers. The average diameters of the 
submicrometer part of the fiber are: (a) 360 nm, (b) 445 nm, (c) 525 nm, (d) 700 nm, (e) 850 
nm, (f) 1200 nm. The dashed horizontal lines mark the value of the average diameter. 

 
In this letter, we report on supercontinuum generation by femtosecond laser pulses in 

silica fiber tapers with diameters as small as 90 nm. By varying the diameter from 90 nm to 
1.6 µm we can change the dispersion from normal to anomalous. We observe a strong 
diameter-dependence of the spectral broadening, which can be attributed to the fiber’s 
diameter-dependent dispersion and nonlinearity. In the normal dispersion regime there is no 
sharp cut-off on the infrared side of the spectrum; in the anomalous dispersion regime we 
observe higher-order soliton formation and break-up.  

2. Experimental 

Several methods have been developed for fabricating submicrometer diameter silica wires 
[10, 12, 18, 19]. Initially we reported on a two-step drawing technique for fabricating 
nanowires with diameters down to 20 nm [12, 18]. In the experiments reported here, however, 
we use a conventional fiber tapering technique to produce low-loss submicrometer diameter 
wires that remain attached to a standard fiber on either side [10, 13]. 

The fiber pulling setup consists of a regulated hydrogen torch and two computer 
controlled linear stages. The parameters for the fiber pulling system, such as speed, 
acceleration, fiber tension and position of the flame, were optimized to yield relatively large 
lengths (tens of mm) of fibers of nearly constant diameter. We used a commercial 50 µm 
core/125 µm cladding multimode fiber as “preform” because the large mode area minimizes 
nonlinear effects outside the submicrometer part of the fiber. The diameter profile for each 
pulled fiber was measured using a scanning electron microscope.  

To generate the supercontinuum spectra, we use femtosecond laser pulses with a central 
wavelength of 800 nm, a minimum pulse duration of 90 fs and maximum pulse energy of 4 
µJ. Before reaching the submicrometer part of our fiber tapers, the laser pulse travels through 
a piece of standard fiber of about 150 mm length, which causes substantial dispersion of the 
laser pulse. We therefore adjust the dispersion of the input pulse using a grating compressor 
to compensate for the input fiber dispersion and shift the position of the shortest pulse to the 
submicrometer part of the fiber. Using this approach can deliver pulses as short as 200 fs at 
the output of a 150-mm long standard fiber. 

For each fiber we first measured the low-intensity transmission at 800 nm (including 
coupling losses) using a photodiode. The supercontinuum spectra were recorded by coupling 
the output signal to a calibrated fiber-based spectrometer with a spectral range of 380 nm to 
1050 nm. The spectra were time-averaged and recorded as a function of the input laser pulse 
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Fig. 2. Supercontinuum spectra for the six fibers of Fig. 1. The transmitted pulse energies 
are: (a) 0.3 nJ, (b) 4 nJ, (c) 6 nJ, (d) 4 nJ, (e) 7 nJ and (f) 2.5 nJ. 

energy, up to the damage threshold of the fiber’s front face (360 nJ). 

3. Results 

Figure 1 shows the diameter profiles of a number of representative fibers obtained from 
scanning electron microscope images. The dashed line marks the average diameter over the 
sub-1-µm region of the tapered fibers (for fibers with larger diameters, this diameter is the 
minimum diameter). Although the six fibers shown have different interaction lengths and 
minimum diameters, we will, for simplicity, refer to each fiber by this average diameter. 

Figure 1 also shows that the fibers are sharply tapered on either side and not necessarily 
symmetric. As in previously reported experiments [9], significant transmission losses occur at 
the taper region (about  70%). These losses can be reduced by using shallower tapers, but 
sharp tapers minimize the propagation length in the tapers region allowing us to neglect the 
contribution from the taper region to the supercontinuum spectrum. 

Figure 2 shows the supercontinuum spectra obtained by transmitting a femtosecond laser 
pulse through each of the six fibers shown in Fig. 1. These spectra are representative of about 
30 different spectra taken for fibers with average diameters ranging from 200 nm to 1600 nm.  

The spectrum shown in Fig. 2(a) is representative of the spectra we obtain for fibers with 
average diameters from 200 nm to 400 nm. The small amount of broadening is independent of 
the input laser pulse energy. For fibers with average diameters below 300 nm the 
supercontinuum spectrum varies considerably in transmission and in the shape spectrum from 
one fiber to another. For these fibers typically less than 10% of the power is confined inside 
the fiber. The resulting large evanescent field is extremely sensitive to contamination of the 
surfaces [14], and so we can attribute the observed losses and spectral variance to surface 
contamination. When the losses are small, however, the spectrum is nearly identical to that 
shown in Fig. 2(a). 

The supercontinuum spectrum becomes broader and more asymmetric with increasing 
average diameter between 400 nm and 700 nm [Figs. 2(b)-(d)]. The spectrum narrows again 
as the fiber diameter is increased from 700 nm to 1000 nm [Fig. 2(e)]. For average fiber 
diameters above 1000 nm, sharp peaks appear around 440 nm and in the near infrared [Fig. 
2(f)].  

Figure 3 shows the energy dependence of the output spectrum for the 1200-nm average 
diameter fiber in Fig. 2(f). At an input energy of 0.5 nJ we observe no broadening. As the 
input energy is increased, the spectrum broadens in the infrared and develops an increasing 
number of sharp features at 900 and 925 nm. At the highest energies sharp features also show 
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Fig. 3. Energy depencence of the supercontinuum spectrum generated by the 1200-nm 
minimum diameter fiber in Fig. 2(f). 

up on of sharp features at 900 and 925 nm. At the highest energies sharp features also show 
up on the blue side at 415 and 437 nm.  

4. Discussion 

Calculations of the nonlinearity γ of silica fibers with submicrometer diameters show that the 
nonlinear parameter is highly diameter-dependent and maximal for diameters of about 550 
nm at a wavelength of 800 nm [20]. Figure 4 shows the diameter dependence of the 
dispersion coefficient D (dashed curve) and the nonlinearity γ  (solid curve) for 800-nm light 
[14, 20]. The dispersion is negative (normal) for diameters smaller than 700 nm and positive 
(anomalous) for diameters between 700 nm and 1720 nm.  

The broadening of the supercontinuum spectrum is due to an interplay between the 
nonlinearity and the dispersion of the fibers. Recently, several authors have clarified the 
complex propagation dynamics of femtosecond laser pulses inside fibers with varying 
diameter dependent dispersion and nonlinearity [21-23]. Qualitatively, however, we can 
estimate the relative contributions of the diameter dependent dispersion and nonlinearity to 
the supercontinuum spectra by comparing the length scales over which each effect occurs 
with the length of the fiber. The dispersion length LD = –T0

2 λ2/(2π c D) and the nonlinear 
length LNL = T0 γ–1 E0

–1 are shown in Table 1 for the pulse width T0 = 200 fs, the wavelength λ 
= 0.8 µm, c the speed of light in vacuum, a pulse energy E0 = 1 nJ. In comparison, the part of 
the fibers that gives rise to the supercontinuum has an effective length L ≈ 20 mm (see Fig. 1). 

Table 1. Physical parameters relevant to the propagation of intense 800-nm laser pulses in fibers with 
(sub)micrometer average diameters. The dispersion D is obtained from Ref. [14]; the effective nonlinearity γ from 
Ref. [20] and the dispersion length LD, the nonlinear length LNL and the soliton number N from Ref. [22]. The gray 

area marks the region of anomalous dispersion for 800-nm light. 

diameter 
(nm) 

D 
(ps nm–1

 km–1) 
γ 

(W–1 km–1) 
LD 

(mm) 
LNL 

(mm) 
N 

200 –370 2.5 260 400  
400 –3500 413 10 2.4  
600 –425 645 70 1.6  
800 160 500 190 2.0 9.6 

1200 130 278 230 3.6 7.9 
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Fig. 4: Diameter dependence of the dispersion coefficient (dashed curve) and nonlinearity 
(solid curve) for 800-nm light. The dispersion D is obtained from Ref. [14]; the effective 
nonlinearity γ from Ref. [20]. The black triangles indicate the diameters of the fibers from 
Figs. 1 and 2. 

 
For fibers with diameters ranging from 200 nm to 400 nm, the effective length of the fiber 

is smaller than the nonlinear length, L < LNL, and so we expect little broadening, in agreement 
with our observations. For diameters around 400 nm, even though the nonlinearity is 
significant, the dispersion is very large and so the pulse stretches, reducing the intensity 
before any significant broadening occurs [see, e.g., Fig. 2(a)].  

The nonlinearity is largest for fiber diameters between 400 nm and 700 nm (L > LNL) 
giving rise to strong broadening in agreement with our observations [Figs. 2(b)–(d)]. It is 
interesting to compare the spectra for the two fibers with average diameters of 445 nm and 
700 nm: although the nonlinearity γ is about the same for both fibers (Fig. 4), the spectral 
width is significantly different [Figs. 2(b) and 2(d)]. This difference is due to dispersion, 
which is an order of magnitude larger at a diameter of 445 nm than it is at a diameter of 700 
nm (Fig. 4).  

For diameters in the range 700–1000 nm, the nonlinearity is still high, but anomalous 
dispersion affects the generated spectrum. When the dimensionless number N = (LD / LNL)1/2 is 
greater than one [22] solitons limit the broadening. As the values in Table 1 show, N is indeed 
significantly larger than one. For diameters above 1000 nm, the nonlinearity decreases 
significantly, while dispersion remains anomalous. In the anomalous dispersion regime, the 
spectra indeed show less broadening and the appearance of sharp soliton-like features [Figs. 
2(e) and 2(f)]. The appearance of strong blue-shifted peaks at high fluence (Fig. 3) can be 
attributed to higher-order soliton self-splitting [23-28].  

The spectra we observed for fiber diameters in the anomalous dispersion regime (diameter 
d > 700 nm) differ from those observed in fibers of similar diameter with nanosecond pulses 
[10]. The supercontinuum generated with 532-nm nanosecond pulses has an almost flat, 300-
nm wide spectrum [10], whereas the spectra generated with femtosecond pulses are not flat 
and about 200-nm wide [Figs. 2(e) and 2(f)]. Although at high energies solitons can give rise 
to a continuum of wavelengths [24-28], we are not able to achieve high enough intensities 
without damaging the fibers. 

In previous work with femtosecond laser pulses in a tapered photonic crystal fiber with a 
core diameter of 550 µm, a sharp cutoff observed at wavelengths above 850 nm is attributed 
to normal dispersion [9]. This cutoff, initially attributed to dispersion [9], was later attributed 
to wavelength dependent losses [21] caused by imperfections along the fiber. A direct 
comparison between this work and our results is difficult because it is unclear how to define 
the effective core size and interaction length of fibers. Nevertheless, the lack of a sharp cutoff 
in our spectra confirms that normal dispersion does not limit the infrared broadening of the 
supercontinuum spectrum.  

From Table 1 we see that for fibers with diameters smaller than 200 nm, the effective 
length is an order of magnitude smaller than LD and LNL, and so nonlinear effects do not play a 
role in the pulse propagation. Although we don’t have data for any fibers with average 
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diameters below 200 nm, fibers with minimum diameters below 200 nm show hardly any 
broadening, as one would expect. For such fibers more than 90% of the light is guided outside 
the silica core and so the effects of dispersion and nonlinearity are negligible. Consequently, a 
short pulse propagating in these fibers undergoes no spectral dispersion or broadening while 
still being guided by the fiber, suggesting that fibers with diameters smaller than 200 nm may 
be ideal for the guiding of intense, short pulses with minimal distortion. 

5. Conclusion 

We observe supercontinuum generation of femtosecond laser pulses in silica fibers with  
average diameters ranging from 200 nm to 1600 nm and minimum diameters as small as 90 
nm. The observed supercontinuum generation is due to an interplay between the diameter-
dependent nonlinearity and the dispersion of the fiber. Because supercontinuum generation in 
submicrometer diameter fibers requires only a short interaction length (less than 20 mm) and 
low energy (1 nJ), such fibers are a promising source of coherent white-light for 
nanophotonics applications.  
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