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ABSTRACT  

Fabricating photonic structures directly on the edge of an optical fiber opens opportunities in telecommunication, 
sensing, lab-on-fiber and as a replacement for the conventional free-space optics. The main advantages are long-term 
stability, compact size, ease of use, and the scalability. We report a novel method to fabricate 3D free-form photonic 
structures directly on the optical fiber using Nanoimprint Lithography. A series of “photonic-on-a-fiber” devices are 
presented including; high-refractive index Fresnel lensed fiber, vortex phase plate on a fiber, beam shaper, and a 
diffractive beam splitter on a fiber. Innovative fiber photonics devices enable cost-effective and simple wavefront 
manipulation.  
Keywords: Diffractive optics, nanoimprint, fiber optics, lensed fiber, vortex phase plate, diffractive collimator. 
 

1. INTRODUCTION  

Fiber facet is an inherently light coupled platform1. Placing optical elements directly on the facet of an optical fiber 
creates and easy-to-use optical device because it eliminates a tedious alignment process for the end user. The small size 
of the fiber facet and the absence of the optomechanics for housing and alignment makes such optics compact and, 
potentially, low cost. Numerous applications of fiber facet optics have been demonstrated, including sensors2–8, 
endoscopy 9–12, Optical Coherence Tomography (OCT) 13–16, optical trapping17–20, vortex beam generation21–23, near-field 
probes24–26 and silicon photonics coupling27. However, commercial applications of the technology have been mostly 
limited to silicon photonics and Near-field Scanning Optical Microscopy (NSOM). The primary reason for this is the 
limitation of the fabrication technology. Most of the nanofabrication development is tailored to the wafer-scale 
fabrication. As a result, techniques that have been applied for fiber facet modification has either low throughput, such as 
Focused Ion Beam28–30 and Electron Beam5,31, or has a relatively low spatial resolution, such as photo-
polymerization32,33.  Here we present the latest results for multilayer diffractive optics fabrication on the fiber facet using 
nanoimprint technology.  

Nanoimprint allows replication of the high-resolution 3D structures at high throughput and low cost. In addition to that, 
nanoimprint makes it possible to choose the refractive index of the optics. Previously we have used UV curable high 
refractive index material34 to fabricate immersion compatible fiber lens35. Besides the nanoimprint, the technology 
described in this paper relies on the large area free-form mold fabrication using Focused Ion Beam and Finite Difference 
Time Domain (FDTD) optical simulations. 

2. DESIGN, FABRICATION, AND CHARACTERIZATION 

The main feature of the nanoimprint on an optical fiber is accurate alignment between the mold and fiber core. To 
achieve that, the mold, transferred on a transparent substrate is imaged using an inverted microscope. The position of the 
fiber core is optically aligned to the mold. The fiber is dipped inside the UV-curable polymer and aligned with the center 
of the mold,  then cured using the 405 nm laser light. The process is described in detail elsewhere24. Here we will focus 
on demonstrating the capabilities of the technology as a whole. 

Advanced Fabrication Technologies for Micro/Nano Optics and Photonics XI, edited by Georg von Freymann, 
Winston V. Schoenfeld, Raymond C. Rumpf, Proc. of SPIE Vol. 10544, 105440A · © 2018 SPIE  
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The schematics of the fiber with the diffractive optical element(DOE) is shown in Figure 1. The fiber after nanoimprint 
consists of the fiber itself, a spacer made out of polymer to let the light expand and the DOE. The inset shows an SEM 
image of the final device. To simulate the optical performance, we use several numerical codes responsible for different 
parts of the light propagation, integrated into a single software. The first part of the simulation is to calculate the mode 
profile of the fiber at the specific wavelength. The mode profile is then used to calculate light propagation through the 
spacer, using Fresnel diffraction equations. The field distribution at the end of the spacer is used as an input for 3D 
FDTD code (Lumerical). The light propagation through the DOE is calculated using FDTD. The use of FDTD code 
makes it possible to account for amplitude and phase distribution change, as opposed to the conventional approach that 
considers the amplitude constant. The output field of FDTD simulation is used to calculate near field or far field, using 
Fresnel or Fraunhofer diffraction equation, respectively. The combination of numerical codes produces accurate and 
efficient simulation procedure.    

 
Figure 1. Schematics showing the design and simulation steps of the fiber with the diffractive optical element 
(DOE). The inset shows fiber with nanoimprinted DOE.  

To take advantage of the 3D nanoimprint capabilities, we have to be able to fabricate high-resolution free-form molds 
for the diffractive optics. In order to do that we use Focused Ion Beam for the mold fabrication. While Focused Ion 
Beam is a slow fabrication tool, relatively small size of the fiber facet and the fact that the mold has to be made only 
once, makes it a viable fabrication approach. 
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All devices have been designed for and tested using 520 nm fiber coupled laser diode. Near field measurements have 
been performed by imaging focal spots using 100x microscope objective (NA=0.9). To obtain far field beam profile the 
fiber has been pointed directly to the CCD camera. Two far field images have been taken, moving camera 3 mm between 
images along the beam direction. Comparing the size of the far field on those two images we have determined the 
distance between the fiber and the camera and, therefore, the angular scale. 

 

3. EXAMPLES OF THE DIFFRACTIVE OPTICAL ELEMENTS ON FIBERS  

The first structure we want to present is a large working distance, high numerical aperture fiber lens. To produce high 
numerical aperture fiber lenses, fibers are usually polished into axicons. Such lenses can create very small focal spots, 
but the working distance is limited to several microns. Small working distance makes the application difficult. Another 
way to make fiber lenses, through controlled plasma fusion or laser ablation can create large working distance spherical 
lenses, but the numerical aperture is usually small in this case. Nanoimprint on a fiber allows the fabrication of large 
working distance diffractive lenses with high numerical aperture. The SEM image of the lens is shown in the Figure 2a. 
The working distance of the lens is 25 µm. Figure 2b shows image of the focal spot obtained using 100x microscope 
objective (NA = 0.9). The measured FWHM of the focal spot is 750 nm at 520 nm wavelength. The FWHM of the spot, 
according to simulations is 620 nm. 
a) b) 

 

Figure 2. Diffractive fiber lens with 25 µm working distance. a) SEM image. b) Near-field measurement of the 
focal spot. FWHM is 750 nm at 520 nm wavelength. 
 
The flexibility of the fiber nanoimprint technology means that we are not limited to the axially symmetrical structures. 
One application of this is an ellipsoidal lens that focuses light into elliptical, rather than a circular spot. This improves 
coupling efficiency into tapered waveguide and collection efficiency from laser diodes with elliptical output spot. The 
SEM image of the lens is shown in Figure 3a. The Fresnel zones of the lens have an elliptical shape with a slight 
difference between major and minor axis, which results in the elliptical shape of the focal spot (Figure 3b). 
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a) b) 

 

Figure 3. An ellipsoidal focusing lens with 25 µm working distance. a) SEM image. b) Focal spot measurement. 
FWHM is 0.78 µm and 2.31 µm along two axes respectively.  
 
Besides the ability to create axially asymmetric structures, the free-form capability of the mold generation makes it 
possible to precisely control the lens profile, for example, to create a non-diffracting beam. The conventional way to 
create non-diffracting beam is by using an axicon in the collimated beam. In our case, the beam coming out of the fiber 
is diverging due to the diffraction, so it has to be collimated first. Fortunately, the optical function of the diffractive 
collimator and axicon can be combined in a single element.  The diffractive element profile is a sum of the collimator 
lens profile to create a constant phase and an axicon to create the Bessel beam. Figure 4a shows the SEM image of the 
lens. Figure 4b shows a donut shape far-field image of a fiber output, typical for a Bessel beam. The non-diffracting 
nature of the Bessel beam is demonstrated in the Figure 4c. The figure shows beam profile as a function of distance from 
the lens. As one can see, the size of the central spot of the profile does not change with the distance, as it would happen 
for a regular Gaussian beam. 
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a) 

 

b) 

c) 
 

Figure 4. Bessel fiber lens. a) SEM image of the diffractive element. b) Far-field measurement. c) Measurement of 
the near field profile as a function of the distance to the lens. 
 
One of the advantages of the free-form diffractive optics is the simplicity of combination of multiple functions in a 
single element. For example, the Bessel lens shown in Figure 4 can be turned into the diffractive element, producing 
non-diffracting orbital angular momentum (OAM) beam36,37 by adding the spiral phase function to the element. The 
resulting structure is shown in the Figure 5a. The near-field measurements of the beam profile (Figure 5b) show donut 
shaped beam. The beam size does not change significantly with the distance from the fiber, confirming the non-
diffracting properties. 
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a) 

 

b) 

Figure 5. Fiber diffractive element, producing non-diffracting OAM beam. a) SEM image. b) Beam profile 
measurement as a function of distance to the fiber. 
 
Lastly, the diffractive optics on a fiber can be used for more traditional tasks of diffractive optics, for example, beam 
shaping. Figure 6a shows the SEM image of a fiber with the flat-top beam shaper on top of an optical fiber with an inset 
showing AFM profile of the structure. Figure 6b shows far-field intensity measurements of the fiber output. The beam 
intensity has a flat-top shape, as opposed to a Gaussian intensity distribution of unpatterned single mode fibers. The 
main difference between the fiber-based flat-top beam shaper and conventional diffractive beam shaper is the size of the 
diffractive element. The small size of the diffractive element requires limits the far-field angular resolution of the output 
beam and requires precise, sub 100 nm alignment accuracy of the fiber nanoimprint. However, the advantage of the 
small diffractive element is the small perturbation that is introduced to the original beam. In fact, the maximum phase 
shift introduced to the beam by the beam shaper shown in the Figure 6a is smaller than a single 2π shift. Small phase 
shift makes the output phase distribution predictable from the practical point of view, enabling coherent applications, 
such as the illumination of a Spatial Light Modulator (SLM). Combined with compact size and versatility of an optical 
fiber makes such flat top beam shaper an ideal candidate for the illumination of SLMs for holographic displays38 and 
AR\VR applications39. 
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a) 

 

b) 

Figure 6. Flat top beam shaper. a) SEM image. The inset shows AFM measurement of the beam shaper. b) Far-
field measurement. 

CONCLUSION 

We report the new capability to manipulate light wavefront enabled by nanoimprinting of 3D free-form diffractive optics 
directly on the fiber facet. We demonstrate a series of “photonic-on-a-fiber” devices including; high-refractive index 
Fresnel lensed fiber, vortex phase plate on a fiber, beam shaper, and a diffractive beam splitter on a fiber. Fiber 
nanoimprint enables not only an inexpensive fabrication alternative to the conventional fiber optics but also facilitates 
the simplified and easier integration of complex optical components to a fiber. There are many applications in integrated 
optics, display, sensors, and telecommunications, where the imprinted DOEs manipulate light in various ways and do so 
reproducibly, at a high throughput and low cost. 
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