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Abstract

In this work | report on the development and optimization of fabrication process of

three dimensional optical nano devices directly on the tip of optical fiber.

The system we use in order to realize these optical elements is the commercial
Nanoscribe™ system which is based on polymerization of negative tone photoresist, and

using two-photon absorption.

Many efforts were invested in this research in two main directions. One is the
optimization of the element’s optical quality, by reducing its surface’s roughness and
second is the system’s adaptation to print elements directly on an optical fiber tip, in

accurate form and exact alignment to the optical axis of the fiber.

We utilize the ability to print arbitrary real 3D volumetric structures in photoresist at the
nanoscale with our Nanoscribe tool directly onto a fiber tip in convenient and accurate
way, and this ability gives us wide leeway for realizing sophisticated optical elements

that are directly interact with the beam delivered by the fiber.
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1 Introduction and Motivation

Optical fibers, which are widely used all over the world, allows efficient transport of
light to extended ranges and across harsh environments. They carry the vast majority of
optical communication information to end users, and increasingly being used for sensing
applications. One of the favorable attributes of an optical fiber is that the guided light in
the fiber’s core is well protected from the environment by the cladding and additional
encapsulating polymers. However naturally, in data extraction and processing as well as
in many sensing applications, the light is needed to exit the fiber and interact with the

surrounding environment.

The traditional way to control and manipulate the light is using free space optics
elements. However, there is an option to realize micro-optics devices directly on the
fiber tip, for getting more efficiency and accuracy. Such fiber tip devices enable diverse
applications that benefit from the fiber delivery, as well as the well-defined air interface,
such as remote optical sensing, biomedicine, beam shaping, opto-mechanical systems

etc.

In order to realize such optical devices, we use a three-dimensional (3D) printing tool to
create modifying element directly at the fiber tip and integrated with it. The system we
used is the commercial Nanoscribe™ system which is implemented by polymerization of
negative photoresist, formed when a writing optical Gaussian beam is tightly focused
and its intensity squared value exceeds the polymerization threshold (based on two-
photon excitation). We utilize the ability to print arbitrary real 3D volumetric structures
at the nanoscale with our Nanoscribe tool directly onto a fiber tip in convenient and
accurate way, and this ability gives us wide leeway for realizing sophisticated optical

elements that directly interact with the beam delivered in the fiber.



2 Scientific and Technical Background

2.1 Common solutions

Realization of optical elements on an optical fiber tip has been carried out for several
years. For that goal, two main approaches are in use. One is to realize a standalone
optical microsystem on a separate substrate, and then transferring and locating it on the
fiber tip with some mechanical tools and methods [1]. This method includes difficulties
in transferring the device, and has limitations on the size and shape of the device

because the need to take it physically and transfer it to another place.

Another method is the direct writing and/or deposition onto the end fiber facet using
various lithography techniques. These techniques are typically restricted to planar
patterns and surface structures and it is not possible to realize real 3D structures using

this method (see figure 1 for examples).

One example is using deposition techniques in order to create patterns on the fiber tip
[2]. These techniques sacrifice the arbitrary geometrical control offered by more precise

lithographic techniques, but they have the benefit of low overhead cost, providing ready

access to the nano-regime.
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Figure 1: Fiber sensors with direct fiber to free-space interrogation. Left: Microsystem
approach where (a) silicon photonic crystal is (b) ion milled, (c) lift and transferred by probe,
and (d) bonded onto fiber tip [1]. Right: Schemes for producing surface-enhanced Raman
scattering (SERS) probes by nanostructuring of the fiber tip [2].




An additional example is using Focused lon Beam (FIB) and directly milling the fiber facet
in the desired shape, getting a phase plate on top of it (figure 2) [3-4]. Using this method
it is possible to realize forms like lenses, phase plates and also asymmetrical structures,
but the main disadvantage of this method is the limitation to bulk structures (called

2.5D), by milling it only from top to bottom.

Our research goal is to print optical elements by direct laser lithography on the fiber tip.
The main advantage of this method is the possibility to create arbitrary real 3D elements
in the nanoscale, including suspended devices and combination of few separate optical

elements into complete micro system.

Figure 2: SEM images of FIB milled DOE-microlens (left)
and an axicon (right) on top of optical fiber [3-4].




2.2 The “nanoscribe system”
In order to fabricate our devices we use the nanoscribe system which is an advanced
commercial 3D printing system, making the process more reliable and convenient and

enable us to create arbitrary and complicated structures.

The printing process with the Nanoscribe system is polymerization of a negative
photoresist, which is carried out by focusing a laser beam into the volume of the un-
polymerized resist in a liquid phase. The process is based on two photon polymerization

phenomena (which will be detailed later).

The system uses pulsed femtosecond fiber laser source with center wavelength of 780
nm, repetition rate of about 80 MHz and pulse width of about 100 fs. The laser beam is
focused through a high NA immersion objective into the photoresist (which is
transparent to the laser wavelength), creating very small volume element with high

intensity, enough to initiate the polymerization with two photon absorption effect.

The writing process is performed line after line, by moving the sample using a piezo
stage with nm resolution in the operation volume of 300pumx300umx300um and by
controlling the laser output power for polymerization of the designed structure. The

laser spot is fixed in a specific location during the printing process (figure 3).
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Figure 3: The nanoscribe system operation principle




We use the “IP-Dip” photoresist which is special Nanoscribe designed index-matched
photoresist that serves as immersion and photosensitive material simultaneously (will
be detailed later). This photoresist offers very high resolution and has no need for
preparation before writing (unlike SU-8 resist which requires pre-baking), making the

writing process much simpler and immediate.

2.2.1 Two Photon Absorption process

Two Photon Absorption (TPA) is a nonlinear process in which two photons of identical or
different frequencies are absorbed by one molecule or atom simultaneously, and excite
an electron to higher energy state. The energy difference between the ground and the
excited states is the sum of energies of the two photons (figure 4). That process requires
very high intensity of light in order to excite the material’s energy state, due to the low

probability that two photons will hit one molecule at the same time.
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The expression of the electric field of gaussian beam, assuming linear polarized light in

the x axis is:
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Where k is the complex wave number and n is the complex refractive index where:
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and Brpy is the TPA coefficient. The effect’s strength is related to the imaginary part of

the third order nonlinear susceptibility ¥ which is a property of the material.

In the nanoscribe system, the usage of polymerization with TPA is very important
because in that way, only a tightly focused small volume of the laser beam polymerize
the resist. The whole region that surrounds the focus of the beam has no effect on the
resist because it is actually transparent to the laser wavelength and there is not enough

intensity for generating the TPA process (figure 4).

2.2.2 Confocal optics
In confocal systems, which are typically used in
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confocal microscopy, the laser beam is directed
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this time, passes through the dichroic mirror and focused onto a plane on which only
the parallel light beam is focused. The focused beam is selectively passed through an
aperture and then detected by a photomultiplier behind the aperture plate (figure 5). In
that way the light from the focal point in the specimen is re-focused on the confocal

point so that only the light from a specific focal plane is detected.

The nano scale resolution in the system is achieved by using the principle of confocal
system. The laser output, i.e. the fiber laser tip of the system, acts as a point source,
followed by optics for beam expansion and an objective with very high NA to get a
tightly focused laser beam (figures 3-5). The voxel (volume element) with the high
power concentration has a prolate spheroid shape with width of ~100-200nm and
height of about 1um (the size of the polymerized volume can be controlled with writing

parameters as the laser power and writing velocity).



3 Fabrication and Characterization Methods

3.1 Technical adaptation and alignment

The standard configuration of printing uses high NA oil immersion objective lens, with
index-matched oil, allowing an ideal focusing in a resist cast on top of the glass substrate
(figure 6 left). The substrate in that configuration needs to be thin and transparent,
allowing the laser beam passing through the substrate and print the structure on the

other side of it.

That method has limitation on the height of the printed structures because of the
working distance of the objective lens, and using that technique, it is impossible to print

on big opaque substrates like optical fiber.

In order to print structures on the fiber tip, we used the immersion mode of printing,
called Dip-in laser lithography (DiLL) which is a novel concept developed by nanoscribe.
In the DiLL process, the objective lens is directly dipped into a liquid photoresist which
serves as immersion medium and photosensitive material at the same time and the

structure is printed on the closer side of the substrate (figure 6 right).

For DiLL, the height of the structure is not limited by the working distance of the

objective lens any more, i.e., high-NA objective lenses with short working distances can

Conventional DLW DiLL
Resist ~_ : Substrate
i | Resist
- Lens

Figure 6: Comparison between the conventional writing configuration (left)
and Dip-in Laser Lithography (right)



be used. Accordingly, the best resolution is achieved independent of the writing depth

or substrate, and in this scheme, no depth-dependent aberrations occur.

In addition, we have modified the working mechanism of the Nanoscribe substrate, and
installed a solution which supports an FC/PC fiber connector and having the fiber end

face directly face the microscope objective.

Using this technique we have verified that the system can properly identify the fiber end
face (important for properly starting the writing process from the substrate, at z=0, to
ensure good adhesion) and recognize the fiber core by sending white light from the

other fiber end for x, y grid registration with respect to core (figure 7).

The microscope view in the software has a blue cursor on the screen, for comfort
adjustment of the substrate under the laser spot. First, the cursor is located exactly on
the laser spot by weak activation of the laser. Then the fiber is moved to be aligned with

the cursor for printing the structure in the exact position.

oo 3000 |

Figure 7: Microscope is focused on the fiber facet in the Nanoscribe software screenshot,
before (left) and after (right) alignment to the lightened core.

Additionally we installed a tip-tilt mount for setting the angles on the holder (figure 8).
By finding the interface's height at several points around the fiber core, we calculate the
angles deviation at x and y axes, and with few iterations we fixed the tilts manually,

making the fiber facet to be hold stable and exactly parallel to the x,y plane.

When printing the optical device not on the fiber tip surface, but suspended on it using

pillars and supporters, we developed unique technique to align the printed element to



the fiber, which will detailed at 4.2.2. In that way we reached much more accurate

process and devices.

Thus we are able to grow volumetric structures in the photopolymer on top of the fiber

tip and can realize optical elements with it.

A%

Figure 8: Technical adaptation for fiber in the system with tip-tilt correction screws,
separate (left) and connected to the system (right).

3.2 Process optimization

The nanoscribe system in its original configuration is designed to create and print 3-
dimensional structures, but not with optical orientation. The standard method is to
design a model using common 3D designing program, and to export a standard 3D CAD
file (with “.stl’ extension). The nanoscribe’s included software, ‘nanowrite’, processes
that file, and outputs the ‘.gwl’ file which is the file that hold the writing data for
printing the structure. That data includes the writing parameters such as laser power,
velocity, functions of the system (like finding the interface, tilt correction etc.) and most
important — the path that the piezo stage required to move under the laser beam, in

order to create the designed structure.

In order to optimize the printing process, and improve the printed device in terms of

optical quality, many directions were studied and optimized.
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3.2.1 Software development

The conventional operation principle of the ‘nanowrite’ software is to slice the structure
to 2 dimensional horizontal layers, and design the printing process by polymerizing layer
by layer bottom-up, beginning from the substrate to the end of the structure. In the
software, the user can control very little of the writing process, by defining parameters
like: height difference between two layers, the direction of the hatching of each layer

and few more.

This method has disadvantages in creating smooth structures, and every element that
has a curved surface is produced with discontinuities on the surface due to the slicing of
the software. In addition, every layer of the structure is printed in one of two options —
hatching the layer with straight lines, or hatching it with contours in the exact shape of

the layer's margin.

Instead of using the system's software, we developed an alternative code that generates

the writing file (.gwl extension) arbitrarily, in particular design for each shape and form.

Using MATLAB, we developed code that creates matrix of data. Most of the data in the
matrix is the X,Y,Z points of the printing path that is designed. In between, there are
printing commands and parameters. The matrix is built using functions that design many
types of paths. After the matrix is completed, it is modified to .gwl file using script of
macro commands in notepad++ (can be done using any word processing program) that

convert the file to be in the system’s format.

Figure 9: Example of spherical shell designed with the included software (Left)
and with the developed code (Right)
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An example of the difference between the nanowrite software and our intend design
can be seen in figure 9. The design of a spherical lens in the nanowrite software causes
the element to be printed with stair-shaped discontinuities on its surface, due to the
horizontal slicing of the structure. In contrast, our design creates the element by
printing it spherical shell by spherical shell, from the inner part of the shape to the outer
surface, much like onion layers. Using this method, the structure is being fabricated

much smoother.

3.2.2 Surface roughness optimization
One of the most important parameters in optical element is its surface roughness. In
order to reach high optical quality of the fabricated elements, we optimized the writing

process and reached very low surface roughness.

The fact that the writing process is performed line after line cause the surface to be
rough and with noticeable pattern of the writing lines. By controlling and varying the
writing parameters (laser power, velocity of the piezo stage, and pitch of written lines)

we were able to reduce the roughness of the device and got very smooth surface.

Basically, there is individual dependence between each writing parameter to the quality
and roughness of the printed device. The focus of the laser beam needs to stay at a
specific point for only a limited time, overexposure can cause the photoresist to
explode. On the other hand, the beam cannot move too fast, for accurately writing the

device.

A large set of volume blocks were built while varying the writing parameters for each
block and subsequently were characterized by AFM to examine the fine resolution
topography. Few structures with high power and slow writing speeds and/or fine pitch
experienced photoresist explosions caused by high intensity concentration at specific

area for long duration (figure 10).

12
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Figure 10: set of blocks for roughness optimization

We performed a Fourier Transform on the AFM scans in order to find out the spatial

frequencies that exist in the surface. The writing lines create side lobes in the Fourier

domain which can be seen in top of figure 11.

After optimizing the process, the best RMS roughness we reached was 4.4 nm, with
velocity of 75 um/sec and pitch of 100 nm, resulting in nearly indistinguishable writing

lines on the surface. In that case the side lobes in the Fourier domain are not exist,

indicating very smooth surface.
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Figure 11: Top: poor roughness value. Bottom: optimized roughness. (Left is atomic force
microscope topography measurement, Right is its Fourier transform. The presence of two
spikes indicates the line writing topography is prominent on the left hand side).
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Nevertheless, the devices we created were printed with 200 nm pitch in order to
decrease the writing time. That fact didn’t cause significant or noticeable reduction in

the optical performance of the device.

3.2.3  Structure optimization
During the fabrication process, polymerization and development, the final shape of the
structure can get deformations and inaccuracy. Many tests and iterations of printing

structures were done in order to optimize the final structure after the printing process.

The structure's shape can be influenced from the path of the stage under the laser spot.
In order to create a spherical lens, few path alternatives can be performed. After writing
our code, we first tried to create the lens shell by shell while each spherical layer was
printed with circles, one inside other. This way caused the shape to shrink
asymmetrically, and produced a bump in the middle of it (figure 12). The second way we
designed was using one long spiral to create each spherical shell. This had the same

problems as before.

Figure 12: Structure's deformaties during fabrication process

Another problem that we encountered was disconnection of the element’s base from
the substrate (figure 12). The way to handle it is by changing the depth of anchoring the
structure to the substrate. Each printing starts slightly below the substrate-resist

interface in order to increase the adhesion of the structure.

Finally, we printed the lens by creating each spherical layer with curved lines, from one

edge of the layer to the other edge of it, and in that way printing the whole lens layer by

14



layer. The layers were printed lengthwise and crosswise, causing the structure to shrink

uniformly, without a difference between the two axes.

We found that every structure or element has its own unique design and needs to be

optimized in terms of shrinkage and deformities.

3.3 Printing time minimization

The writing process of 3D structure with large volume at fine pitch can take a very long
time. The straightforward way to print these structures is by moving the piezo stage and
polymerizing the whole volume of it, line by line and layer by layer. In order to
significantly decrease the writing time, we examined writing an internal skeletal support
structure for the volume’s outer shell (figure 13). The writing process encapsulates the
un-polymerized photoresist within the structures, in the internal chambers. After
printing the outer layers of the device, we take the fiber and expose the structure to UV
light which polymerizes it directly with single photon activation (conventional

lithography exposure).

Figure 13: An example of spherical lens fabrication using the conventional method (Left)
and the proposed method for decreasing process time (right). Images from DeScribe — the
simulation software of nanoscribe.
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First step of that procedure was checking if the outer surface can hold and trap the
liquid resist inside it. For that we printed few structures only with their few outer shells.
After regular development, we scratched the structures under microscope using simple
toothpick, and in that way we saw the liquid resist that was trapped inside the

structure’s volume (figure 14).

Figure 14: Test for trapping liquid inside structure. (a) the printed lens after regular
development. (b) the structure after scratching it using simple toothpick. (c) the
structure after cleaning it with IPA.

Next we made sure that the un-polymerized resist becomes solid using direct UV
illumination, and then we illuminated the structures, getting complete polymerized

device.

To demonstrate the writing speed savings, writing over the entire cubic volume of
50umx50umx10um can take ~3.5 hours (at our optimized writing parameters); the
same volume (skeletal structure and outer shell) can be written with the proposed

method within ~30 minutes of writing time.

In the example shown here (figure 13), there is a spherical lens created with the regular
technique, and with our developed one. The skeletal support is with pitch of ~5um,

rectilinear walls, and no horizontal structures.

16



3.4 Physical characterization methods
The characterization of the printed device was done on two levels. One is testing the
outer surface roughness and the “macro” shape of the structure, and second is the

optical performance characterization.

In order to check the structure's size, outer shape, and surface roughness we used few

tools and methods while each has its own advantages and disadvantages.

3.4.1 Scanning Electron Microscope (SEM)

Scanning Electron Microscope (SEM) is a tool that produces an image of the tested
element by scanning it with an electrons beam that interact with the sample, and
produces signal which can be detected by sensors. The most common SEM mode and
the one we used is detection of secondary electrons emitted by atoms that excited by
the electron beam. The number of secondary electrons that can be detected depends,
among other things, on the angle at which beam meets surface of specimen. By
scanning the sample and collecting the secondary electrons with a spatial detector, the

tool display the topography of the surface as an image.

Using the SEM, we characterize the shape of the structure, and we studied the printing
and developing process, in terms of shrinkage and deformities. The SEM images show us
the general form of the structure and have very good resolution to teach about the
"macro" effects that carried out while printing and developing the device. However,
with the SEM system it is difficult to measure properties of the structure like radius of

curvature, height differences and sometimes even size.

We designed a special stage that fits and can be connected to the SEM stage, and can

hold the fiber inside the vacuum cell of the system.

17



3.4.2 Atomic Force Microscope (AFM)

Atomic Force Microscope scans a sample surface with very high resolution. The working
principle of an AFM is based on using the forces between the scanning tip and the
scanned device in order to measure the surface roughness and topography. A laser
beam is directed to the tips cantilever and returned to a photodiode that measure the

deflection of the returned light from the center of it.

There are few operation modes of the tool, and we used the “tapping mode”, which the
cantilever is driven to oscillate up and down at or near its resonance frequency by a
piezoelectric element mounted in the AFM tip holder (figure 15). The interaction of
forces acting on the cantilever cause the amplitude of this oscillation to decrease as the
tip gets closer to the sample. The system uses a piezoelectric actuator to control the
height of the cantilever above the sample. These changes of oscillations amplitude in

each measured point are translated to a topography image of the sample surface.

The AFM output is the structure's surface topography in very high resolution. We used
this tool mainly to characterize the roughness of the element's surface, and also to
check some shape properties like radius of curvature or height differences which the

SEM cannot measure well.

' Laser Contact Mode
Segmented
Photodiode
with Tip Non-contact Mode
/

Sample

Figure 15: AFM operation principle.
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The main limitation of the AFM tool is in its scanning volume, which is restricted to
about 100pmx100um in the x,y plane, and more problematic, is limited to height
differences of about 5um. that fact reduces the number of cases that we can test using

that system.

3.4.3 Mechanical Profilometer

Mechanical profilometer is used to measure a surface profile cross section. That tool
uses a stylus that move vertically until it gets in contact with a sample and then move
laterally across the sample for a specified distance and specified contact force. A
profilometer can measure small surface variations in vertical stylus displacement as a
function of position. The height position of the stylus generates an analog signal which is
converted into a digital signal, for generating the profile of the scanned element. The
horizontal resolution is controlled by the scan speed and data signal sampling rate. In
few cases, this tool helps us to measure profiles that were not possible to measure using

AFM (because of the height differences).

We used the system in its weakest mode, in order to not destroy the structure during

the scan.
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3.5 Optical performance characterization methods

Two optical setups were built for optical activity characterization of the printed devices.
One setup designed to characterize devices printed on glass substrate. In that setup
there is a cleaved fiber that is held on tip tilt stage, and its tip directed to the device on
the glass substrate that held on x,y,z stage, for enabling placing the device in front of the
fiber tip (figure 16). Additionally, there is an IR camera with magnifying objective on
XY,z stage, that images specific plane, and captures the beam diverging from the optical
element. Using this setup we could test elements on glass substrate and optimizing

them before printing directly on the fiber tip.

\J

Glass substrate with
Device Under Test

Figure 16: Optical setup for checking the elements printed on glass substrate. The setup hold
cleaved fiber directed to the element on the fiber, and an IR camera with magnifying objective.
Zoom in picture at right.
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The other setup is very similar to the first one, but here it has fiber holder on stage with
X, Y, Z, and tip tilt movements that can hold the fiber with the printed element on it, and
an IR camera with magnifying objective. In order to find the fiber tip and the optical
element in a comfortable way, and to focus on their planes, we installed a beam splitter
and an IR illumination for projecting the fiber tip vertically, realizing a bright field
microscope for the fiber and the printed device (figure 17). Before changing the setup to
the bright field configuration, it was impossible to find the exact plane of the fiber tip

using side illumination, and focus the camera exactly on the desired plane.

IR
illumination
7T,

ARy

Figure 17: Optical setup for checking the elements printed on the fiber tip. The setup hold
the fiber with the element on it in front of the magnifying objective. Bright field
microscope with IR ilumination is implemented for easily focus on the fiber facet. Zoom in
picture at right.
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4  Printed devices and structures

For realizing an optical element using the nanoscribe, we created elements that interact
with the light beam, and change its phase over the field distribution. The change in the
phase is due to the difference in the refractive index from the polymerized structure to
the air, and that can be achieved by two methods. One is the direct way in which the
element is homogenous polymerized and the height profile provides difference in the
optical distance that gives the required phase delay to any point on the field
distribution. The second is using the Effective Medium Theory (EMT) which in that way
the refractive index of the medium is effectively changed with engineering the pattern
of the device, using sub-wavelength and periodic structures. That method gives the

beam its required phase using the effective distribution of the refractive index.

We design and engineer the phase that the device will add to each point of the beam’s
field distribution, using the direct homogenous method, according to the relation
between the refractive index of the material and the height profile of the element.

2T )'0

Apxy) = k1 h—Kgr - h = PR (4n)-h - hiey) = AP(xy) - 2w (n— 1)

where A¢(y ) is the desired phase at each point (x,y) on the field, n is the material’s
refractive index, 4y is the wavelength in vacuum, and h(x_y) is the required height
profile. Due to the high resolution and accuracy of the system, and the ability to create
arbitrary asymmetrical profiles using the mentioned techniques we developed, we are

able to realize sophisticated optical elements with high efficiency and accuracy.
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4.1 Spherical lens
As a preliminary optical element, we realized a spherical lens directly on top of the fiber,

using the methods mentioned before. The lens we printed was with radius of curvature
of 15 um and with base radius of 13 um. We measured the beam that diverged from

the lensed fiber and fit it to Gaussian beam parameters.

The expression of the electric field of gaussian beam, assuming linear polarized light in

;@—w@ﬁ>

the x axis is:

Wo

N r? .
E(r,z) = EgX o &P (— W) exp (—l (kz +k

Where:

w(z) =wy- |1+ (%)2 » ZR = nng , R(z) = Z<1 + (Z?R)2> » ¥(2) = tan™ (i)

ZR

We measured the width’s radius of the beam w(z) by fiting snapshots of the spot in
various distances to gaussian distribution and then fiting the values of the width to

curve representing the beam’s divergence.

Beam Propagation (Cleaved and Lensed fibers)
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Figure 18: Measurments and fit of beam divergaence of cleaved (red) and
lensed (blue) fibers.
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Next, we proceeded to create more complicated devices, which are supported on

construction with height of up to 150 um.

Next element was a spherical lens which is suspended over the fiber facet at height of
100 um (figure 19). The beam was characterized as the previous lens, measuring the

radius of the beam as function of propagation distance.

We checked the final height of the structure using regular optical microscope, by
moving the focus plane from the fiber facet to the element which is on the top of the
structure. By measuring the movement of the microscope head, we confirm the height
of the device (with an error of +5um because the uncertainty about the exact focus

plane position due to depth of field, and the inaccuracy in the microscope z movement).

Figure 19: Suspended spherical lens printed 100 um from fiber facet.
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4.2 Azimuthal phase pattern on top of collimating lens (OAM)

4.2.1 Theory - Orbital Angular Momentum of Light

A fundamental property of light is its ability to rotate when traveling in space. The
common form of such rotation is the polarization rotation. At 1992 Allen et al. [5]
recognized that light has another form of angular momentum originating from its helical
wavefront structure, known as orbital angular momentum. Optical vortex beams have a
phase singularity at the center of the optical axis and a phase factor of exp(ilg). The
orbital angular momentum of such beams can have any positive or negative integer
multiple of A[5-7].

Optical vortices have been studied extensively in various research fields. They have been
used for example as rotating optical tweezers, transferring their angular momentum to
microparticles and causing them to spin around the beam’s axis [8]. Another reason for
the special interest in these modes is the fact that they are eigen-modes of the free
space and, for example, enable to implement spatial division multiplexing (SDM) in free
space or any other homogenous medium.

An example of light beams carrying orbital angular momentum are Laguerre-Gaussian
modes [9], described by the azimuthal index [ - the number of intertwined helices, and
the radial index p - the number of additional concentric rings. The LG, modes form a
complete orthonormal set of solutions to the paraxial Helmholtz wave equation in
cylindrical coordinates.

When [ # 0, the beam has an appearance of p + 1 annular rings, if [ = 0, the modes
have a bright central spot surrounded by p concentric rings, and when [ =0 and

p = 0, the beam has a simple Gaussian profile (figure 20).

25



A NB
R -0
- Q- mo
@ =p
W B

Figure 20: Beam’s helical structures, phase plots and intensity pattern of a variety of
LG, modes, all with p=0.

For a p = 0 mode, the radius corresponding to maximum amplitude can be calculated

from comparing the first derivative to zero, and is given by [9,10]:

r(2) =Wé)ﬁ

where w(z) is the beam’s waist and [ is the azimuthal index.

The phase pattern obviously cannot be seen in the intensity image, but with

interference with a plane wave.

One of several methods that have been established to produce beams with the required
azimuthal phase structure is using spiral phase plates that produce an angle
dependent phase delay [11]. These are optical elements with an optical thickness that
increases with the azimuthal angle. As a result, an incident Gaussian beam emerges with

the helical phase front (see figure 21).




The phase delay in the discontinuity of the mask is required to be multiple of 2 and

defines the step height as:

Ap 2 1-2m =2 (4n) d—l.
= . — [Re—— - —_— —
0= T n/1 n 1

Where [ is an integer (positive or negative) equals to the order of the mode.

Spiral Phase Plate
Figure 21: Spiral phase plate operation principle.
4.2.2 The printed device

The realization of the OAM mode converter was done in few steps.

First, we printed azimuthal phase masks on glass substrate, changing the printing path,
making the element very smooth and accurate. We checked the accuracy of the
discontinuity height and design it to give the light phase delay of multiplications of 27 at

wavelength of 1550 nm.

We tested the elements using the optical setup for characterization in two levels. First
was the intensity distribution measurement. We aligned a cleaved fiber exactly in front
of each phase mask, and observed very clear ring shape at many distances (see figure

22).

Next, we moved the fiber to larger distance from the element on the glass substrate,
making the light going through the element, as well as around it. In that way we caused
the beam to be effectively split to two parts and interfere together in an imaging
apparatus. One is the part of the beam that converted to the OAM mode, and the rest is
the energy of the fundamental Gaussian mode that goes around the phase mask. Using

that technique, we got the phase distribution of the OAM beam, which is a spiral
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pattern with number of arms respective to the mode's order (depend on the

multiplication of 2m, see figure 22).

1=1(A¢ = 2m) 1=2(A¢ = 4m) 1=3(A¢ = 6m)

0

Figure 22: Intensity (top) and phase (bottom) distributions of the
first three OAM modes.

After optimizing the phase plate element we proceeded to realize an OAM mode
converter suspended on few fiber tips (figure 23), with and without radius of curvature,

creating OAM beams which diverges in different angles.

Top view

Figure 23: Suspended OAM mode converter with spherical curvature.
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When printing that suspended phase plate on fiber tip, the alignment of the device
relative to the optical axis of the fiber is critical in order to get the phase singularity in

the middle of the beam, creating a complete ring shape.

Initially, the phase elements on the fiber didn’t create complete annular intensity
distribution, but shapes like ‘C’ or ‘V’ (figure 24). That inaccuracy can be caused from
few reasons. One is the inaccuracy in the height of the discontinuity on the phase plate,
that would not give the light phase delay of complete multiplication of 2m. Another
reason can be an absorption or scattering of light in the line of the step on the plate.
These reasons were rejected due to the success of generating OAM modes using that
technique on glass substrate. One more reason can be shift of the device relative to the
optical axis of the fiber, causing the beam to hit the phase plate not exactly on its

center, creating that ‘C’ shape of the beam.

Figure 24: ‘C’ shape of beams diverges from off-axis element

Many attempts have been made in order to correct that alignment problem. Most of
the efforts were to correct the tilt of the structure in relation to the fiber facet plane.
We measured the tilt of the fiber by checking the interface height of the ferrule around
the fiber. Then we tried to correct that tilt either by using the built in function of “tilt
correction” or by directly correcting the “.gwl’ file, and tilt it with the measured angles
(separate angle for each axis), but with no success to create a complete ring

distribution.
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Another technique was to add the holder tip-tilt correction stage in order to correct the
measured angle manually before beginning the printing process, as mentioned before.
Using this method, we could verify that the angles were corrected by measuring the tilt

of the ferrule again, but this method didn’t eliminated the offset of the device.

Finally, we dealt with that problem by aligning the printing process in alternative
method. After finding and centering the illuminated fiber core, we manually moved the
stage to the final desired location of the planned element. In that height, we centered
the cursor of the software exactly in the middle of the spot, and then moved back to the
fiber tip for starting the printing process. Here we saw that the cursor is not located
exactly in the center of the core, meaning that the optical axis of the fiber is not exactly
perpendicular to the fiber facet (probably because of polishing the fiber tip with small
angle). In that point, we corrected again the angles manually, getting the optical axis of

the fiber aligned to the Z axis of the system.

In order to verify the centering of the element relative to the optical axis, we took
pictures of the element while launching white light to the fiber. In figure 25 there is
element that was printed with offset from the optical axis, and the optimized structure

that is aligned to the beam.

Figure 25: Suspended phase plate printed on top fiber. Illumination from the fiber shows the
offset of the device form the optical axis (left) and an aligned device (right).
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Using that technique we got the phase plate in the middle of the spot, creating a whole

ring pattern of intensity (Figure 26).

Figure 26: Annular intensity distribution diverges from OAM mode
converter on top of the fiber, from two different devices

We printed OAM mode converters with various radius of curvature on it, creating OAM
mode which diverges in different angles. We measured the radius of the beam diverges
from flat spiral phase plate and from one with curvature as function of propagation
distance, and we observed much faster divergence of the beam coming from the flat
device, as expected (Figure 27).

Beam's radius vs. propagation distance
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Figure 27: Measurments and linear fit of beam’s radius diverges from flat
spiral phase plate (red) and from one with curvature (blue).
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5 Conclusions and future work

The purpose of this research was to develop a unique process of realization of real 3D
micro optical elements directly on top of optical fiber. For this goal we used the

commercial 3D laser lithography system of Nanoscribe.

Many adaptations and modifications have been done in order to utilize the system to
realize optical elements. We were able to design and create asymmetrical arbitrary
structures that cannot be realized with standard lithography techniques or other

fabrication methods.

The two main issues that we dealt with were the optical quality of the device, especially
in terms of surface roughness, and the alignment of the device to the optical axis of the

fiber.

After many efforts and iterations, and by developing methods that are detailed before,
we developed a consistent repeatable process which enable us to create arbitrary
optical elements which are either attached to the fiber facet, or suspended above it by

printed supporters, with high accuracy and optical quality.

Many research directions can be taken using the technology of nano-printing on top of
fiber tip. In that work we demonstrated realization of linked as well as suspended bulk
micro-optical elements, which serves as phase plates to the beam diverging from the
fiber. Additional possibility is to scale down and to realize metasurfaces and

metamaterials by printing arrays of nanostructures, using the effective medium theory.

32



Initial attempts were made in order to realize such structures. We started with
optimizing the final shape of such nano-pillars. Initially, the structures which were
designed to be with square shape, were printed in strange shapes (figure 28). After
optimization and different design of the printing path, we got very good shape of

squared pillars printed next to each other.

Figure 28: Top view of three pillars at the initial shape (left) and at the
optimized square shape (right), with height of ~2um, and width of 0.7um.

Another effect that we encountered was sticking of the pillars after development to
many groups (figure 29). An optional solution is to create thin layers or supporters every

certain height to separate the pillars but with no effect on the optical performance.

This field is one example of scaling down to the nano regime using the nanoscribe

system, in order to realize advanced optical devices.

Figure 29: group of 3X3 (left) and 10X10 (middle) linked pillars and 10X10
pillars with supported thin layer (right).
Width of 0.3um (left) and 0.7um (middle and right), and height of ~5um.
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