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Abstract: Focusing light represents one of the fundamental optical functionalities that is used 
in a countless number of situations. Here we introduce the concept of nano-bore optical fiber 
mediated light focusing that allows to efficiently focus light at micrometer distance from the 
fiber end face. Since the focusing effect is provided by the fundamental fiber mode, device 
implementation is extremely straightforward since no post-processing or nano-structuring is 
necessary. Far-field measurements on implemented fibers, simulations, and a dual-Gaussian 
beam toy model confirm the validity of the concept. Due to its unique properties such as 
strong light localization, a close to 100% implementation success rate, extremely high 
reproducibility, and its compatibility with current fiber circuitry, the concept will find 
application in numerous areas that demand to focus at remote distances. 

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. 
Further distribution of this work must maintain attribution to the author(s) and the published article’s title, 
journal citation, and DOI. 

1. Introduction

Focusing light represents one of the basic optical functionalities that is used in a countless 
number of applications in basic and applied science as well as in industrial and many other 
applications. Besides the most-well established optical element – the convex dielectric lens – 
new approaches to focus light have been developed on the basis of planar micro- and 
nanostructures including geometries such as ultrathin meta-surface lenses and axicons [1–4]. 

An increasing number of applications demand photonic devices that combine flexible 
transportation of light over meter to kilometer distances with strong light focusing at the 
device’s end. One of the most efficient ways to deliver light to desired location over such 
distances is represented by step index optical fibers (SIFs). In this type of waveguide an 
increased core refractive index (RI) mediates total internal reflection confining propagating 
light to a micrometer size core. Shaping and functionalizing the end faces of optical fibers 
with micro- and nano-engineered elements greatly enhance the fiber’s functionality, 
representing one highly addressed scientific objective within fiber optics research, with 
applications in a multitude of areas including plasmonics [5,6], vector beam generation [7], 
and sensing (an extensive review of fiber end face structures can be found in [8]). Beside 
state-of-the-art lithographic approaches such as lithography [9–11] or focused ion beam 
milling [12,13], extremely promising attempts to implement sophisticated lens designs have 
recently been conducted on the basis of 3D-nanoprinting [14,15]. For instance Gissibl et al. 
have shown that two-photon-polymerization-based nano-printing using a Nanoscribe System 
allows for the implementation of ultra-compact multi-lens objectives on the end face of 
optical fibers, having opened up new application areas for fiber optics [16]. Other highly 
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relevant schemes to include sophisticated device functionalities onto fiber end faces include 
chemical etching [17] and micro-grinding [18]. 

Any of the mentioned fiber-based devices demand one or more post-processing step (e.g., 
lithography, etching, or nano-printing) for the actual implementation of the focusing element. 
Here particular wafer-related technologies are intrinsically incompatible with the cylinder-
type fiber geometry, thus imposing strong sample-to-sample variations, low implementation 
success rate, time-consuming fabrication, complicated and sometimes even manual sample 
handling, and, most severely, only one or a few devices can be produced at a time. 

Kim et al. [19] showed the generation of Bessel beams using hollow core fibers equipped 
with lenses. Due to the large core diameters (10-30 μm) the field maximum evolves at 
relatively large distances (> 100 μm) from the fiber end faces. 

Here we present the concept of focusing light using nano-bore optical fibers (NBFs) 
within a region close (e.g. 7 μm) to the end face. This concept is based on a novel type of 
nanostructured fiber that intrinsically focusses light at micrometer distance from its end face, 
as illustrated in Fig. 1(b), and does not demand any type of post-processing. The focusing 
effect is mediated by the fundamental fiber mode, yielding extremely straightforward device 
implementation at close to 100% success rates: Merely a flat cleave is required to implement 
the actual device, breaking through all above-mentioned bottlenecks. Both measurements and 
simulations confirm the observed focusing effect, while a dual Gaussian beam toy model 
unlocks its underlying physical principles. 

Fig. 1. (a) Illustration of the nano-bore optical fiber mediated focusing effect (red: focused 
output light, dark blue: doped core with the nano-hole, semitransparent gray: silica cladding). 
The extension of the output beam shown here is to scale with simulations. (b) Microscopic 
image of the fluorescence light of the beam that is emitted by the NBF in case the fiber is 
immersed in Rhodamine 6G doped water (the cyan dashed line indicates the boundary of the 
NBF). (c) Scanning electron micrograph of the core section of the NBF. The cyan dashed 
circle indicates the doped core region (diameter 2b = 4 µm) and the central two arrows the bore 
(diameter 2a = 400 nm). (d) Spatial distribution of the intensity (wavelength 650 nm) of the 
fundamental mode of the NBF shown in (b). The color ranges linearly from 1 (white) to 0 
(black). 

2. Materials and methods

The fiber geometry used in the present work consists of a cylindrical step index core (radius 
b, RI nco) embedded in a low RI cladding (RI ncl), as shown schematically in Fig. 1(a). A 
nano-bore (radius a, RI nh) that extends through the entire length of the fiber is located 
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exactly in the center of the structure, which together with the high RI core defines the NBF 
geometry. In case nh < nco, the fields inside the nano-bore are evanescent and the geometry 
supports defined optical modes that all, including the fundamental HE11 mode, have 
doughnut-type shapes as shown in Fig. 1(d), which is in contrast to, e.g., the fundamental 
mode of conventional steps index fibers (field amplitude is finite at zero radial distance) and 
is essential for the focusing behavior described below. 

Within the scope of this work NBFs have been implemented on the basis of drawing silica 
based preforms containing GeO2 doped silica cores (core/cladding RI difference Δn = 8 × 
10−3) and central holes into fiber (core diameter 2b = 4 µm, outer fiber diameter 200 µm, Fig. 
1(c); fabrication details reported in [20]). Several kilometers of NBFs that are single mode at 
visible wavelengths (the single-mode cut-off wavelength has been measured to be 550 nm 
using the methods described in [21]) have been realized by drawing a single hole preform, 
with the drawing conditions adjusted such to reach defined and prechosen bore diameters 
between 2a = 100 nm and 800 nm. The result of the fabrication process is a nanostructured 
optical fiber that contains a step-index core and a longitudinal nano-channel with cross 
sections that are maintained over hundreds of meters with constant values of a and b. Due to 
the straightforward fabrication and the precisely controlled fiber dimensions, NBFs have been 
employed in a series of experiments, including azimuthal mode polarization [22], the 
implementation of near field tips [23], single nano-object detection [20,24], and in-fiber 
absorption spectroscopy. It is important to note that other, more complex types of NBF 
geometries have been implemented on the basis of photonic crystal fibers [25–27], whereas 
our structure is compatible with fiber circuitry and demands substantially less fabrication 
efforts. The feature that our NBF only contains one single hole allows avoiding complicated 
post-processing procedures (e.g., multiple hole blocking) that are sometimes required within 
the scope of photonic crystal fibers, making the step-index NBF geometry highly attractive 
for numerous applications. 

The actual implementation of the NBF-based focusing device only demands one single 
cleave, avoiding any kind of post-processing or nano-structuring technique. Here we used a 
standard cleaving device (Fujikura CT-30 high precision cleaver) or a ceramic tile, 
instantaneously yielding operating NBF devices at an implementation success rate of close-to 
100%. 

The experimental characterization of the far-field beam emitted by the NBF has been 
conducted via scanning near-field optical microscopy (SNOM) in non-contact mode. Here we 
have chosen SNOM for the spatial characterization since this method gives very high spatial 
resolution along both longitudinal and spatial directions in order to capture all the fine 
features of the output field. Specifically, we mounted 1 m long pieces of NBF into a 
commercially available near field microscope (Nanonics MultiView-4000) operating at a 
wavelength of λ0 = 650 nm and laterally scanned a fiber-based near field tip at a defined 
height z0 above the end face of the NBF under investigation to obtain the transverse light 
distribution. The combination of near field tip (diameter of aperture: 100 nm) and scanning 
controller yields a transverse spatial resolution of 80 nm (mainly defined by the diameter of 
the tip aperture), while along the axial direction (along the axis of the NBF fiber) we achieved 
a resolution of 20 nm (defined by the stepper motor for vertical tip positioning). Efficient 
excitation of the fundamental NBF mode was provided by launching narrow band light – 
emitted by a combination of a white light source (NKT Photonics, SuperK Power) and an 
acousto-optical tunable filter – into the NBF, yielding a fundamental output mode in all 
situations considered here. 

3. Results 

In order to simulate the measured far-field properties, we employed a combination of modal 
calculation and far-field simulation using Finite-Element modelling (Comsol). Specifically 
the mode profile of the HE11 mode of the NBF geometry used here was obtained by a numeric 
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port in an axially-symmetric model with azimuthal index m = 1. The size parameters are 
depicted in Fig. 1(c). In a second step the field longitudinally propagating away from the port 
was simulated in a simulation area (15 × 30) μm2 in the r-z-plane which was surrounded by 
perfectly matched layers. We calculated the transverse distribution of the intensity 
(perpendicular to the fiber axis) at different heights above the NBF surface (λ0 = 650 nm) 
assuming 2a = 0.4 μm and 2b = 4 μm and the following RI distribution: nco = 1.448, ncl = 
1.440, nh = 1. 

Figure 2(a) shows the measured far-field distributions. They show a strong focusing of the 
beam exiting the NBF at micrometer distances. We measure a clear evolution of a transverse 
field pattern that resembles the shape of the fundamental mode at small heights (z0 < 2 µm) as 
given in Fig. 1(d) towards a Gaussian-type pattern at large heights (e.g., z0 > 15 µm) with the 
highest local intensity and smallest focal width located at around z0 = 7 µm. A visualization of 
the focus width is given in Fig. 4(a). This behavior is fully reproduced in simulations showing 
a “candle”-like intensity distribution along the longitudinal direction according to Fig. 2(b). 

 

Fig. 2. Qualitative comparison of the measured far-field distributions to simulations. (a) Spatial 
distribution of the intensity at λ0 = 650 nm at various heights above the end-face of the NBF 
shown in Fig. 1(c) with the distance to fiber surface indicated in each plot by the top right 
number (in µm). All plots have dimensions of (10 × 10) µm2. The color range spans linearly 
from 0 (black) to 1 (white), whereas all curves have been normalized to the maximum intensity 
value of the curve referring to z0 = 7 µm. (b) Corresponding simulations showing the intensity 
distribution (normalized to the maximum value, color range scales linearly from 0 (black) to 1 
(white)) along the propagation direction across one arbitrary transverse direction (labeled as y). 
The vertical dashed gray lines indicate the distance to the NBF surface at which the 
measurements shown in Fig. 2(a) have been performed. 

For z0 < 2 µm the measured far-field distributions show slight deviations from perfect 
azimuthal symmetry, which we attribute to the interaction of scanning tip and NBF end face. 
Particular due to the non-ideal shape of the tip, this interaction disturbs the data acquisition 
process at small values of z0, with this asymmetry vanishing for sufficient large distances (z0 
> 3 µm). 

For a qualitative comparison we extracted the intensity distribution of the measured far-
field profiles along an arbitrary line that intersects the center of the pattern at different heights 
and compared these line distributions to corresponding simulations as shown in Fig. 3(a)-3(b). 
An excellent qualitative agreement is observed particular for z0 > 4 µm, whereas slight 
deviations emerge for z0 < 4 µm (as previously discussed) which have no visible influence on 
the actual focusing effect. To demonstrate the impact of the nano-hole we simulated the far-
field distribution in absence of the nano-hole as it is shown in Fig. 3(c), i.e., for a regular step 
index fiber. Neither a focusing effect nor a double-lobe feature is observed at any value of z0, 
clearly highlighting the relevance of the nano-hole. For distance z ≥ 9 µm, the width of the 
output beam of the NBF increases towards larger distances similar to the behavior of the 
regular step index fiber, revealing that the presence of the nano-hole has negligible impact on 
the diffraction of the NBF-beam. A direct qualitative comparison shows that the width of the 
beam of the NBF is about 8% smaller for z ≥ 9 µm. 
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To gain a better understanding of physical origin of the focusing effect we introduce a 
figure-of-merit (FoM) parameter, which is related to the on-axis surface-peak intensity 
contrast and is defined as: 

 max 0

max 0

,
I I

c
I I

−
=

+
 (1) 

with the maximum intensity in the focus spot Imax and the intensity at the end of the NBF I0, 
both at r = 0. In case of a well-defined focusing spot, the FoM parameter approaches unity, 
while weak focusing leads to small values, making it possible to compare different NBF and 
environmental configurations. Figure 4(b) shows the simulated dependence of the intensity 
contrast c corresponding to Eq. (1) as a function of bore diameter for three different bore and 
environment refractive indices at two wavelengths, clearly showing that (i) larger bore 
diameters lead to a more pronounced focusing effect, (ii) focusing is observed both 
wavelengths considered, and (iii) the presented concept of light focusing using NBF also 
works in case the fiber is filled with water or another liquid in case an sufficiently large bore 
diameter is chosen, making our concept particular suitable for bioanalytical applications. 

 

Fig. 3. Quantitative comparison of (a) measured and (b) simulated spatial intensity 
distributions, both along one arbitrarily chosen transverse line through the center of the 
respective plot at various heights above the NBF end-face (each of the colored lines refers to a 
different distance (given in the top legend), 2a = 400 nm). The yellow backgrounds indicate 
the doped core regions, the light green the domains of the nano-hole. (c) Simulations of a fiber 
that includes no nano-hole (i.e., a regular step index geometry) while all other parameters are 
identical to the NBF are presented in Fig. 1(c). All plots refer to a wavelength of 650 nm. 

In addition we also simulated various lens-related parameters (focus depth, position, and 
width, respectively) as function of bore diameter while keeping all other parameters constant 
(λ0 = 650 nm, nh = 1; the focal depth was defined here as the FWHM of the axial intensity 
distribution). The results are given in Fig. 4(c). The overall dependence of these parameters 
on bore diameter is comparably weak. A slight increase of focus position and depth towards 
larger bore diameters is observed, which is in qualitative correspondence with the toy model 
presented in the subsequent section. It is important to note that the curves presented in the 
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inset of Fig. 4(b) suggest the impact of the nano-hole being more relevant for the side of the 
focus that points towards the fiber end face (z ⪅ 10 μm) than for the opposite side (z ⪆ 10 
μm). Please note that the intensity distribution observed here arises from the diffraction of a 
ring shaped light source. Therefore the beam of our system is not a Bessel beam since we do 
not use an axicon to induce a radial phase variation, which is in contrast to the configuration 
discussed in [19]. 

 

Fig. 4. Dependence of various lens-related parameters on the diameter of the nano-hole 
(simulation assume the NBF discussed in Fig. 3). (a) Sketch of a focused beam including the 
parameters discussed in the subsequent plots. The light red region indicates the domain of the 
focus. (b) On-axis surface-peak intensity contrast (r = 0) as function of bore diameter for three 
different bore and environment refractive indices at two different wavelengths (red: nh = 1 
(air), blue: nh = 1.33 (water), light green: nh = 1.41 (high index liquid)). The circles and 
triangles refer to a wavelength of 532 nm and 650 nm, respectively (the lines are guide-to-the-
eyes). The inset exemplarily shows the spatial on-axis intensity distribution for four different 
nano-bore diameters normalized to the maximum intensity of the respective curve (numbers in 
the legend refer to the bore diameter in units of µm, λ0 = 532 nm, nh = 1.33). (c) Focus depth 
(purple), focus position (green) and focus width (dark yellow) as function of bore diameter (λ0 
= 650 nm, nh = 1). Within the gray region (bore diameter < 200 nm), determining the lens-
related parameters was not possible due to weak focusing. 

To understand the physics of the focus spot formation provided by the NBF geometry 
more clearly, we present the results of qualitative toy model as sketched in Fig. 5(a) assuming 
the interference of two identical fundamental Gaussian beams (GBs, characterized by beam 
waist parameter w0) that are separated by a defined lateral distance perpendicular to the 
emission direction (edge-to-edge distance Δ). This arrangement resembles to a certain degree 
the situation of the NBF cross section along the radial coordinate, which is assumed within 
the toy model to be composed of two single mode waveguides (WGs) which emit their 
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individual Gaussian beam with zero relative phase. The on-axis intensity distribution (along 
the symmetry axis (z-axis), dashed blue line in Fig. 5(a), r = 0) can be straightforwardly 
calculated by the sum of the electric field of the two Gaussian modes considered yielding (see 
Appendix for details) as: 

 
2 2

0
2

( ) 4 exp ,
( ) 2 ( )s

w d
I z

w z w z

  
= −  

   
 (2) 

with the radial and longitudinal coordinates r and z, respectively, the local beam width: 

 
2

0( ) 1 ,
R

z
w z w

z

 
= +  

 
 (3) 

and the Rayleigh length 2
0 0/R hz n wπ λ= . It is interesting to note that Eq. (2) neither includes 

the radius of the beam’s wave front nor the Gouy phase, with the only relevant parameters 
being the inter-WG distance and the beam waist. Please note that the refractive index of the 
medium surrounding the NBF and the wavelength enter Eq. (2) only via the Rayleigh length, 
while all other parameters remain unaffected. This allows a change of the refractive index to 
be compensated by an appropriate choice of wavelength. The situation of the NBF addressed 

 

Fig. 5. Dual-Gaussian beam based toy model resembling the NBF geometry along one 
transverse line of the fiber cross section. (a) Sketch of two Gaussian beams (GBs) that are 
emitted by two identical waveguides (WGs) spaced apart by a distance Δ, and interfere after a 
certain distance. The parameters are defined in the text. (b) On-axis intensity distribution (at r 
= 0) as function of longitudinal coordinate z for different WG separation distances Δ (defined 
in the legend; w0 = 2 µm). The grey dashed curve refers to the left-handed term of the right 
side of Eq. (2). (c) Dependence of on-axis intensity on axial coordinate for different values of 
beam waist parameter w0 (defined by the legend) assuming Δ = 0.4 µm. 
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in this work is geometrically considered when assuming 0 ( ) / 2w b a= −  and 2aΔ = . An 

intuitive interpretation of Eq. (2) is that it represents the intensity of a Gauss beam along a 
line parallel to the axis with distance d. 

Simulations of the spatial distribution of the on-axis intensity distribution, which are given 
in Figs. 5(b)-5(c), show a qualitatively similar behavior to that of the NBF (compare Fig. 2(a) 
and inset of Fig. 4(b)), i.e., an increase of IS from a finite value at z = 0 to a maximum, 
followed by a decrease. The intensity decrease on the right side of the peak (z > 6 μm) shows 
an overall smaller slope compared to the decay towards small z (left side of the peak). A 
detailed investigation of the intensity distribution for different values of Δ as shown in Fig. 
5(b) reveals that this behavior can be explained by the two factors of Eq. (2): On the left side 
of the peak (z < 6 µm), the increase of IS is governed by the exponential factor, whereas for z 

> 6 µm the decay is dominated by the first factor being proportional to 21/ 1 ( / )Rz z+  

(dashed grey curve in Fig. 5(b)). The latter dependency has clear implications for the 
observed focusing effect, since the WG separation distance Δ is only relevant for the initial 
increase, whereas the intensity decay for z > 6 µm is solely dominated by w0 which is 
correlated with the properties of the WGs used. Therefore the model suggests that a faster 
intensity reduction on the right side of the peak requires reducing the Rayleigh length, i.e., 
w0, implying to use NBFs with large RI contrast such as micro-structured suspended core 
fibers or photonic crystal fibers made from glasses with high refractive index [27]. This 
finding is qualitatively confirmed in Fig. 5(c) showing that the tail of IS(z) extends towards 
large longitudinal coordinates when increasing w0 (Δ = 400 nm), i.e., assuming more weakly 
confining WGs. The intensity at the end of the two WGs (z = 0) is given within the scope of 
the toy model by: 

 
2

0

0

1
4exp 2 ,

2SI
w

  Δ = − +    
 (4) 

suggesting that using NBFs with larger bores yield higher intensity contrasts as confirmed in 
Fig. 4(b). 

4. Discussion and applications 

Due to its unique properties and in particular the straightforward implementation scheme, the 
concept of focusing light using NBF is highly attractive for any application that demands 
remote light delivery/collection and focusing. Please also note that since only cleaving is 
needed, a NBF-focusing device can in fact be established in any kind of laboratory that has a 
minimum of optical fiber equipment, while post-processing demands involving infrastructure 
that is only available in specific places and that is sometimes harmful (e.g., HF-etching in 
case of silica). Since the simulations show that the focusing effect is hardly impacted in case 
the bore is filled with water, potential examples of application include integration of NBFs 
into microfluidic circuits to excite fluorescent species at a defined distance inside small 
volumes or to efficiently collect light emitted by isolated biologically relevant objects. The 
concept can also be applied to improve coupling into small core WGs and optical fiber, to 
implement dual-fiber traps with improved trap stiffness or to establish small mode volume 
Fabry-Perot resonators. It is important to note that since no additional materials or structures 
at the NBF end face are required, power damage threshold are as high as for regular silica 
fibers, suggesting application of the NBF concept in material analysis and processing. 

As shown multiple times by the authors [28–30], pressure-assisted melt filling allows 
placing metals into the bore, with the consequence that the evanescent field inside the hole 
practically reduces to zero, improving the focus spot intensity enhancement to its maximal 
possible value while, however, device fabrication is more complex due to an additional post-
processing step to fill the NBF, a more difficult cleaving procedure and samples with reduced 
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mechanical stability. As suggested by the toy model improving the focusing properties at the 
tail side of the focus spot will require drawing small-core NBFs ideally made from a high RI 
material. Even though the fabrication of micro-structured soft glass fibers is considerably 
more challenging than for their silica-based counterparts, recent advancement suggest that the 
integration of micro- and nano-holes into soft glass step-index fibers is possible [31] 
particular since geometries with substantially higher complexities, such as the suspended [32–
35] or exposed core fibers [36] or hollow core fibers [37,38] have been experimentally 
realized. 

5. Conclusion 

Focusing light represents one of the fundamental optical functionalities that is used in a 
countless number of situations, while many applications demand combining the focusing 
effect with flexible light transportation over long distances. Here we introduce the concept of 
focusing light using nano-bore optical fibers, allowing to efficiently focus light at micrometer 
distance from the fiber end face without using any type of post-processing (i.e., 
implementation only requires one single cleave). Since the focusing effect is mediated by the 
fundamental doughnut-shaped fiber mode, device implementation is extremely 
straightforward at close to 100% success rates as only a flat cleave is required. Far-field 
measurements conducted on silica-based step index fibers that contain a central nano-channel 
clearly confirm the validity the concept, with corresponding numerical simulation matching 
the experiments. A developed toy model that is based on interfering two laterally separated 
Gaussian beams unlocks the fundamental dependencies and potential pathways for further 
improvements. 

Due to its unique properties such as strong light localization at micrometer distances from 
the fiber end face, an extraordinary high implementation success rate, extremely high 
reproducibility, no need for any type of post processing, damage thresholds that are 
presumably comparable to silica fibers, and its compatibility with current fiber circuitry, the 
nano-bore fiber mediated light focusing concept will find application in numerous areas 
including optical trapping, bioanalytics, material science, quantum technology, and any 
application that demands to focus at remote distances. 

Appendix 

Superposition of Gaussian modes 

The toy model used to describe the focussing behaviour of the nano-bore optical fiber relies 
on the superposition of two Gaussian beams laterally spaced apart by the edge-to-edge 
distance Δ. The electric field of the individual Gaussian mode (modal amplitude has been set 
to unity for convenience) which is a solution of the paraxial Helmholtz Equation and is 
mainly characterized by the beam waist w0 is given by: 

 
2 2
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with the radial and longitudinal coordinates r and z, respectively, the local beam width: 
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the Rayleigh length 2
0 0/Rz wπ λ= , the vacuum vector k0, the vacuum wavelength λ0, the 

radius of curvature of the beam's wavefronts ( ) 2(1 ( / )RR z z z r= + , and the Gouy phase 

( ) arctan( / )Rz z zψ = . 
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The spatial distribution of the intensity along the central symmetry axis is then given by 
the superposition of the two electric fields: 

 
2

0 0( ) , , ,
2 2s G GI z E r w z E r w z
Δ Δ   = = − − + = +   

   
  

yielding Eq. (2) shown in the main text. 
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