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Introduction
1.1Optics
Optics is a field of physics, which describes the generation, propagation and interaction of light with
matter. The main scope of optics is the control of light. [1]. To control light we use a system of optical
elements, such as lenses[2], wave guides[3], reflector axicons[4.5] and phase waveplates for beam
shaping[6]. These optical elements are mostly made by metallic materials or glass, in smelters or
glassworks, respectively. Their structure is an expensive process, andfor this reason we need to find
materials with similar optical properties or find a way to synthesize expensive materials such as Cu, Zn or
Ti from cheaply dielectric materials.

1.2 Applications and Recent Developments
In the last years, an effort has started for creating optical elements using 3D printing processes [2-6].
An axicon is a specialized type of lens with a conical surface and transforms a laser beam into a ring
shaped field distribution.
The Bessel beams obtained using the reflective axicons are of much better quality than those obtained
using traditional refractive axicons. Reflective axicons have a greater depth of field(DOF) without any
oscillation, instead of the refractive axicons.

Applications of an Axicon
The unique properties of Bessel beams allow for axicon applications in a range of fields. Axicons can be
found useful in medical applications such as laser corneal surgery, in which the ring-shaped beam
provides increased capability in smoothing and vaporizing the corneal tissue. With the use of a negative
and positive axicon, ring diameter can be adjusted to fit the patient's and surgeon's needs by manipulating
the distance between the two axicons.
Axicons are also applicable in optical trapping, where a structured opticalbeam exerts attractive and
repulsive forces in order to manipulate microparticles and cells.The Bessel beam region within the DOF
can trap particles on planar surfaces like a microscope slide without focal drift. The ring generated just
beyond the DOF can also be used to isolate trapped objects [4.5,27,28].
Other medical applications where trapping objects at micro scale is crucial, since it is used to detect and
separate blood cells from other microspheres, which are included in the blood. [27]
High-power Bessel beams, such as those formed by reflective axicons, are ideal for laser materials
processing applications such as nano-channel drilling in glass. [28]
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1.3 Transparent Material Applications
Almost all optical applications make use of transparent materials as their source. Apart from optics,
there a widespread demand for transparent plastic for day-to-day consumer applicationsexists. 3D printed
parts using transparent plastic could find use in such applications as well.
Acrylic based polymers are most widely used in 3D printing, with PET, PLA, ABS and polystyrene also
providing similar properties.
Printed transparent materials could find use in various industries and customized applications such as
building and construction, control and guide lighting (lenses, wave plates, LEDs, etc.), consumer
products, healthcare(syringes, tubes and other medical products), transplant parts and a few other
applications[7].
If optical components were to be printed as a single object rather than assembled, it could reduce the
cost of manufacturing in low volume applications.
Many 3D printers can print various materials like plastics, plastics combined with metals or ceramics.
Although, if 3D printing of optical elements has progress to this day, there are significant challenges
with printing parts having optical functionalities.
Consider a scenario in which one wishes to produce a lens, a phase-wave plate or a reflective axicon.
The shape of the product mayresemble a perfect optical element, but it might not have the correct optical
properties. For these kinds of projects the profile of the material has key role and the resolution of 3D
printer’s nozzle is of high value.
The above parameters may lead to problems about light scattering or surface roughness and for this
reason, obtaining these products by 3D printing processes was difficult.

1.4 Physical motivation of our work
3D printing has expanded over multiple horizons in terms of applications. There are many transparent
and translucent material applications as discussed previously. A lot of optical applications require
customization, which can be extremely expensive. 3D printer is a general tool, which can design and
fabricate elements using liquid polymers as its base material.
For a cheaper and reliable process, multiple transparent thermoplastic FFE (Fused Filament Extrusion)
materials have been developed and made available to use. This makes FFE a good choice for continuing
research in terms of optical applications.Applications which involve illumination, light covers and
lightpipes for displays can be more easily and/or less expensively printed using FFE.This research tries
tofind a way to create elements for applications using 3D printing method FFE with cheap materials,
reducing the use of more expensive materials as pure metals (Copper)[23]. We can see that the pure
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Copper isn’t only a high price metal but it’s price was on a rise 15 years ago, as we can see in figure
(1.1).[23]
We quantify parameters for these processes in order to obtain efficient and optimum light transmission
and optical resolution. Factors under consideration for FFE include layer thickness, nozzle diameter and
travelspeed while printing, infill density and roughness of the incident surface.
By controlling the aforementioned parameters we will try to design and study elements and their
behavior at THz region(0.1 THz to 10 THz).

Figure (1.1)Ripped rise of Copper, (1990 – 2020)
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2. Literature Review
2.1 Crystal structures
Structure of Cu
Crystal structure of Copper is a Face-Centered Cubic(FCC). In the FCC arrangement, there are eight
atoms of Cu at corners of the unit cell and one atom Cu centered in each of the faces, as we can see in the
figure (2.1). The atom in the face is shared with the adjacent cell. FCC unit cells consist of four atoms,
eights at the corners and six halves in the faces. [8]

Figure (2.1) FCC structure of Cu

Figure (2.2) Monoclinic structure of CuO

Structure of CuO
CuO is a p-type metal oxide semiconductor with a narrow band-gap (1.2–1.8 eV). In contrast, with
molecular Cu, the CuO crystal appears different distribution of the atoms in the unit cell. CuO crystal is a
monoclinic structure with two molecules per primitive Cell (figure (2.2)). It’s structure has similarities
with Carbon structures because each atom of Cu being surrounded by 4 Oxygen atoms[9].

Polymer PLA
Polylactic acid (PLA) is a thermoplastic polyester with backbone formula (𝐶3 𝐻4 𝑂2 )𝑛 .
Polylactic acid (PLA) is a biodegradable hydrolysable aliphatic semicrystalline polyester. It’s main
core has 3 atoms of carbon, the one carbon forms a methyl group and the second one forms a double bond
with Oxygen atom. [10]
5

PLA has become a popular material due to it being economically produced from renewable resources.

Figure(2.3) Polylactic acid
It’s low melting point is an important property, because of that we can working with this material to
construct and study optical elements or complex topologies which affect the propagation of light.
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2.2 3D Printing Processes
In recent years, 3D printing has rapidly become affordable and capable. In the field of interactive
devices,
there is promise for 3D printing of multiple active components as a single object [12]. For example, it will
be possible to design and fabricate highly functional materials serving both optical and electronic
functions.
Design elements will be imported from libraries of interactive features. Orientation and position will
be
customized, and the parts will then be 3D printed directly as a single product.
According to ASTM, additive manufacturing techniques are classified into 7 different categories based on
the materials and type of energy activation medium [11]. Out of these basic categories, a few processes
with clear material options could be used to print components for optical applications.

Material Extrusion

Figure (2.4) FFF 3D printer
The most common material extrusion by 3D printer is the fused filament fabrication (FFF) process.
According to ASTM Standard F2792, this is defined as “a material extrusion process used to make
thermoplastic parts through heated extrusion and deposition of materials layer by layer” [13].
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The basic principle of its operation is shown in Figure (2.4). A thermoplastic filament in the form of
thin wires issued as the base material, which passes through a set of feeding rollers into the liquefier [14].
Theplastic is heated to its melting temperature with the help of heaters and squeezed out of the nozzle tip,
typically 0.2or 0.4 mm in diameter. The nozzle deposit the heated filament on the bed and the constant
dropping for each droplet create a straight line of filament, which after some time it will have cool down.
The FFE process is able to produce complex parts with the help of support structures.
Multi-materialfabrication with FFE is also possible, which allows different materials to be combined
together in differentorientations.
Certain processes could be modified to get better optical clarity and transmittance for parts printed
using FFE.
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2.3 3D Algorithms on printing optical components
Projecting light on flat surfaces is achieved with the above-mentioned research method. Brockmeyerl
have demonstrated a method to print optically clear light guides on curved surfaces as well.
3D printing allows digital geometry to be rapidly fabricated into physical form with micron accuracy.
Usable optical elements are designed and simulated in software, and then 3D printed from transparent
material with reasonable ease and affordability [15].
This would allow bending and twisting of displays which enhancesinteractive applications and allows to
fabricate arbitrary shapes which is otherwise difficult to manufacturetraditionally [16].
A method to design phase-waveplate for shaping Bessel beams at THz is using a developed algorithm
for light propagation, as is demonstrated in recent works [6].
A method to design a routing algorithm for fibers to allow efficientlight transmission through them
had been demonstrated. Gaps between the neighboring fibers could arise in the printing processdue to
limited printer resolution and improper fiber orientation. By controlling parameters like fibercurvature
and input/output surfaces, surface irregularities causing the light to leak from the gaps whilepropagating
could be prevented. [17]
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2.4 Materials used for printing parts using FFE
FFE is a cheap and reliable AM process which has the potential to be modified and improved to print
high quality transparent parts. Numerous transparent filaments are available for FFE, which could be used
to print parts having optical properties suitable for a variety of applications.

Busch [2] explain in their research about the widespread application of Terahertz (THz) systems for
quasi optical components like lenses, and how 3D printing transparent materials with desirable optical
properties could be developed for such customized applications. Several materials like ABS,
PolyacticAcid(PLA), Nylon, BendLay, Polystyrene, HDPE and PP were considered for testing.
Polystyrene is a goodchoice because of its printability and desirable functional requirements for THz
applications. Using polysterene filament, designed lenses by 3D printing methods at 0.2 THz to 1 THz.
Polysterene as a filament with relatively law absorption coefficient. [2]. Using polylactic acid filament,
designed phase-waveplate for beam shaping by FFF method at 0.14 THz. PLA at this point has 6%
absorption and 5% reflection.[6]
Other FFE materials having potentially suitable optical properties include PETG, polycarbonate and a
variety of nylons. These filaments are reasonably clear. ClearPETG is a type of PET filament which is
light weight, has high impact strength. BendLay is a tradename for commercially available filament
containing butadiene which is extremelytranslucent (91% light transmission) and flexible. Polycarbonate
is another clear material having highstrength and impact resistance [20].
Summarizing from the above literature review, FFE and inkjet 3D printing are capable of multimaterial fabrication to print optics elements. The SLA process could be used to fabricate optically
transparent components. In this research, FFE and inkjet 3D printinghave been used as the primary
processes to fabricate plates and reflective axicon structures. The focus of this research istherefore to
develop process parameters needed to produce the most efficient light reflectors.

10

2.5 Bessel Beams
Bessel beams are formed out of a conical interference (axicon) of an infinite number of plane waves. A
Gaussian beam interacts with an optical element of a conical shape. The plane waves cross the optical
axis at the same conical angle. Behind the optical element the contribution of wave planes create a central
spot with a high intensity lobe and several symmetric lobes. [21]Unlike a Gaussian beam, which
deteriorates over distance, a Bessel beam is non-diffracting, maintaining an unchanged transversal
distribution as it propagates.

Figure (2.5) Unit cell of reflective axicon and profile of Bessel Beam at z0

Bessel beams are the solution of the Helmholtz equation expressed in a form of a Bessel function.
Diffractive phenomena are expressed by Helmholtz equation
[▽2 + 𝜅 2 ]𝛷(𝑟, 𝜅) = 0 (1)
The simplest solution of a non-spreading beam is
𝛷(𝑥, 𝑦, 𝑧, 𝜅) = 𝑒 𝑖𝛽𝑧 𝐽𝑜 (𝛼𝜌) (2)
Equation (2) satisfies the Helmholtz equation. This solution is a monochromatic wave, which
propagates along z axis, whereα2+β2=κ2, x2+y2=ρ2 .Jo is a Bessel function of zeroth order. For parameters
0<α<κ equation (2) represents a non-diffracting beam. [22] This solution is a ideal solution. Although a
true Bessel beam would require an infinite amount of energy, an axicon generates a close approximation
with nearly non-diffracting properties.

Bessel beam at application
To create such a Bessel Beam, the use of an element with conical form is necessary. Those elements
are called axicons. An Axicon is a conical prism defined by its angle (a) and apex angles. Unlike a
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converging lens (e.g. a plano-convex (PCX), double-convex (DCX), or aspheric lens), which is designed
to focus a light source to a single point on the optical axis, an axicon uses interference to create a focal
line along the optical axis Figure (2.5).Within the beam’s overlap region (called the depth of focus, DOF),
the axicon can replicate the properties of a Bessel beam, a beam comprised of rings equal in power to one
another. The Bessel beam region may be thought of as the interference of conical waves formed by the
axicon. [5,19]
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2.6 Approximation of frequency by roughness
To fully understand the scattering behavior of terahertz waves from rough surfaces is important in
order to develop terahertz remote sensing and imaging applications. It is well known that for rough
surfaces electromagnetic waves are scattered diffusely and there is a loss of intensity in the specular
direction. The roughness of a surface is primarily characterized by the rms roughness parameter σ or Rq. Roughness
can have a periodic or random appearance. The reflection at a rough surface in the specular direction is calculated by
Kirchhoff approximation by the equation below

𝑅𝑟𝑜𝑢𝑔ℎ = 𝑅𝑠𝑚𝑜𝑜𝑡ℎ 𝑒 −(4𝜋𝜎𝑘 cos(𝜃))

2

Where Rrough is the reflectance from the rough surface, R smooth is the reflectance of a perfect smooth
surface,θ is the angle of incident and k is the wavenumber[24-25].
The equation above has arise by Kirchhoff approximation using
𝑘=

1
𝜆

And using the equation of frequency and wavelength
𝜆=

𝑐
𝑓

We can solve the first equation to calculate frequency f.
𝑐√ln (
𝑓=

𝑅𝑠𝑚𝑜𝑜𝑡ℎ
𝑅𝑟𝑜𝑢𝑔ℎ

)

4𝜋𝜎 cos 𝜃

The rms of roughness can be calculated by equation [26]
1 𝐿
√
∫ [𝑧(𝑥)]2 𝑑𝑥
𝑅𝑞 =
𝐿 0
Where z is the height of the surface from a reference level of z0=0, 0 and L are the limits of the region.
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3 Problems in the process of FFF 3D printing
Infill Density
In our first efforts to apply the most symmetric density we found two different types of infill, the line
infill and the gird infill. In the line infill each layer consists of parallel lines, the lines of a layer are
vertical to lines of the previous and next layer. Instead, the grid infill is like a net. Each layer has lines
which form a net. The infill of each type is appear at figure(3.1) with different percentage of density.
A/A

20%

50%

100%

Lines
infill

Grid
infill

Table (3.1) Different density at line-infill and grid-infill
As we can see there is a big difference between those types of infill. The grid infill seems to be more
symmetric. Although, 100% density gives the same image, either for line-infill or grid-infill. As the most
symmetric infill is the grid, we need to check our samples for 50% and 100% density, we decide to use
the grid infill in our experiments.
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Main problems trying to achieve the highest precision
First we try to fabricate a cuboid which will used as base or main sample for FTIR or XRD
measurements. The structure from 3D printer includes a thin wall around the main structure to hold it. In
this first build using a nozzle with diameter 0.2 mm , we set the width of external wall line at 0.1 mm.
Using a wall so thin, the lines of wall couldn’t stick on the main structure and the wall tore off.

Figure (3.2)
Layer
thickness(mm)

0.06

Extruder
temperature
(⁰C)

Build plate
temperature
(⁰C)

Extrusion Nozzle
speed
diameter
(mm/s)
(mm)

External
wall line
(mm)

215

60

60

0.1

0.2

First
layer
Thickness
(mm)
0.2

Table (3.2)
In the second structure, we used again a 0.2 mm nozzle and we try to set first layer thickness at 0.06
mm to find out if we can use the precision of 0.06 mm normally. But using a layer so thin as first layer,
the layer couldn’t deposit pretty well. In the figure (3.3) we can see empty space between the lines of
filament and there is a shifted at the corners.
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Figure (3.3)
Layer
thickness(mm)
0.06

Extruder
temperature
(⁰C)
215

Build plate
temperature
(⁰C)
60

Extrusion
speed
(mm/s)
60

Nozzle
diameter
(mm)
0.2

External First layer
wall line thickness(mm)
(mm)
0.2
0.06

Table (3.3)
Next, we try to set a general thickness line at 0.1mm and set a fake parameter in settings. We used a
0.2mm nozzle but we set a 0.1mm nozzle in programs parameters to check if the printer could design such
as thin line. The 3D printer finished the design of that plate, but the thin lines were responsible for holes
inside the plate. As we can see in the figure (3.4) the light penetrates the plate through those holes.

Figure (3.4)
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Layer
thickness(mm)
0.1

Extruder
temperature
(⁰C)
215

Build plate
temperature
(⁰C)
60

Extrusion
speed
(mm/s)
60

Nozzle
diameter
(mm)
0.1

External
First layer
wall line thickness(mm)
(mm)
0.3
0.1

Table (3.4)
After we check that the first layer needs at least 0.1 mm thickness and the layer thickness of 0.1mm
gives a structure with holes. We push 3D printer to build a structure with a fine base of 0.2mm first layer
thickness but with a layer of 0.06 mm. We try again to set a fake setting of nozzle diameter at 0.06 while
we used a 0.2 mm nozzle, to check if the flow of the filament will be lower. But those settings have as a
result to create curly and not straight lines as infill density. The droplets felt at random positions while the
nozzle was moving forward in a straight line and for this reason, this sample seems to appear thickeners
and dilutions.

Figure (3.5)
Layer
thickness(mm)
0.06

Extruder
temperature
(⁰C)
215

Build plate
temperature
(⁰C)
60

Extrusion
speed
(mm/s)
60

Nozzle
diameter
(mm)
0.06

External First layer
wall line thickness(mm)
(mm)
0.2
0.2

Table (3.5)
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Problems at axicon structure
During the 3D printing we had to face some common problems which show up during axicon’s
fabrication. These common problems were stringing, warping and pillowing ruining. We noticed these
problems and we ran out a 3D test model in our 3D printer to modify the parameters for better results.

About 3D Printer Stringing

Figure (3.6) Stringing test’s
The most common 3D printing problem associated with FDM printers is3D print stringing. It happens
when the nozzle unnecessarily oozes melted plastic when moving from one end of the part to another.
The plastic deposited solidifies and looks like a string of web. We need to get rid of these strings later,
using a cutting tool or a glasspaper. But we can avoid this problem by changing the parameters below.
Usually, the stringing happens when there is a leakage of plastic material from the nozzle while passing
over the build platform. This could be because of several reasons.



The Speed of Retraction: This speed calculates how fast the filament is retracted. If the
retraction speed is fast, the occurrence of stringing is further avoided. This is because the
filament can be pulled back before it starts oozing when the speed is fast.



The Distance of Retraction: This is to determine the distance nozzle travels while retracting the
filament. Ιf a far distance is chosen for retraction, the stringing is less likely to happen. But, it
18

should not be selected too far as the filament would not be available for a deposition when
required.


Through Enabling Retraction: The 3D printing experts use this method most of the time to
avoid the stringing problem. By retracting, it means that pulling back the filament inside the
nozzle when it moves over an empty space. This helps in combating the trails of molten plastic
after the necessary material has been deposited. After the nozzle reaches the other end where the
molten plastic has to be deposited, the material is pushed back. There are some applications that
even allow retraction by default. In some, one has to enable it manually.



Temperature Setting: With a rise in temperature, the material liquefies faster and takes more
time to settle back. Hence, the problem of stringing increases with high temperatures. You may
have to test which temperature better suits your 3D printing material and process accordingly.

Select enable retraction at settings and using the preferred temperature at 215 Degrees Celsius (as the
incorporation suggests). But we need to test what values of speed and distance retraction to use.
Using a constant distance, I started at a speed of 40mm/sec which was the default Speed of Retraction at
Creality 3-Ender Pro and decrease the speed with 5 mm/sec. The strings were reducing until 30 mm/sec
and at 25 mm/sec, we didn’t had any strings. Using 25 mm/sec and the default distance of retraction at 5
mm, we didn’t have any strings, so we use these parameters for our constructions (table(3.5)).

Temperature

Distance of
Retraction

Speed of
Retraction

Result

Test#1

215 ⁰C

5 mm

40 mm/sec

X

Test#2

215 ⁰C

5 mm

35 mm/sec

X

Test#3

215 ⁰C

5 mm

30 mm/sec

X

Test#4

215 ⁰C

5 mm

25mm/sec

√

Table (3.5)
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Warping at 3Dprinting

Figure (3.7) Corner of a starter general test

Figure (3.8)(up) before heated bed
(down) after heated bed

When the deposited material starts cooling unevenly during the 3D printing process, the deformation
of parts occurs as a shifted from the bed to the top. This is known as 3D print warping. The cooling is
directly proportional to contraction. Hence, with uneven cooling, the stress is generated along the lateral
surfaces. With the increase in the speed of cooling, the surge in stress takes place. So how we can avoid
the warping?


Using a Heated Print Bed: Important role to avoid warping has the heated bed which rise the
cooling time of the material after the deposit. As highest is the cooling time, as less will be the
deformation in our 3Dmodel. This helps in reducing the problem of warping.



Build Surface Adhesion: There are 3D printers that have glass print beds, like ours, which may be
durable but slippery too. The surface is too smooth to hold the molten material in place, warping is
even more pronounced. This does not mean that one should not go with a glass bed at all. But
employing the effective adhesive measures to ensure that the print is perfectly stuck with the print
bed can help reduce the problem from the core.

Our samples had a small surface in the base, using a heated bed at 60 Celsius degrees we minimize to
zero the warping.
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Is 3D Print Pillowing Ruining the Parts?

Using low density infill we notice some space gaps on the top layer (figure (3.9)). These 3D print
pillowing affects the topmost layer of the parts printed with 3D printers. The major reason for this is
improper cooling. Sometimes, the top layer does not get enough air to cool properly and leaves behind
pillow-shaped patters.

Figure (3.9) Top layer which has ruin by low density
Using the right measurements we tackle the problem.




Set a Thick Top Layer: Pillowing happens because of improper cooling. Hence, to subsidize the
issue, you can increase the thickness of your top layer. All you have to do is increase the thickness of
the top layer by changing the settings in the slicer. Most probably your problem would be solved right
away.
Check the Cooling Adjustments: There are chances that using a thick top layer won’t solve one of the
most common and easily treatable 3D printing problems. So, the next thing you can do is adjust the
cooling accordingly. Check if the cooling fans are working properly. Check if the slicer fan is on or
not. If not, you can utilize various other alternatives to ensure that the fans are working properly.

We solve the above problems, increasing the infill to 50% and 100% and having a filament width at 0.3
mm. These would help in reducing the pillowing problem.
Microscope
Using a SEM microscope, we can observe deformation of the surface of PLA. This deformation has
become due to pillowing effect and the rising of temperature during the sputtering process.From the
figures (5.4-5.5) we can notice the different in the reflective axicon’s surface.
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4. Methodology
The methodology for this research is based on quantification of parameters for printing embedded
optical elements using FFE. For all experimentation, all structures wereprinted with a clear or black/white
(not transparent at visible) material. In the case of FFE, polylactic acid (PLA) filament was used for
printing, polylactic acid (Clear, Black and White) were used .

4.1 Fused Filament Extrusion (FFE)
4.1.1 Equipment and Materials
A Creality Ender-3 Pro was used to print samples using the FFE process. On the 3DPrinter, we used
two nozzles with 0.4 mm and 0.2 mm diameter. Using filament of PLA, which characteristics are shown
in table (4.1).
Property
Filament’s diameter
Melting temperature
Density of white
Density of clear
Density of black
Table (4.1): Mechanical properties of PLA

Value
1.75 mm
190-220 ⁰C
1.148 g/cm3
1.21 g/cm3
1.212 g/cm3

4.1.2 Proof of Concept Experimentation
CAD models of Reflective axicon were prepared using Tinkercad and printed on the
Creality Ender-3 Pro 3D printer as a part of the initial experimentation.We built two types of Reflective
axicons, the first one with an angle of 135 and the second one of an angle of 150 .The depthLof each
Reflective axicon was 1 cm at RA with θ=135⁰ and 0.5 cm at RA with θ=150⁰,as we can see in figure
(4.1).

Parameters used to print the partsaredisplayed in Table 2 below:

Figure (4.1) Cross-section and stl model of Reflective Axicon, θ is the conical angle and l is the height of
the main body of Reflective Axicon
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Layer
thickness(mm)

Extruder
Build plate
temperature temperature
(⁰C)
(⁰C)
RA(A)
0.06
215
60
RA(B)
0.06
215
60
Table 2: Printing parameters for Reflective axicons

Extrusion
speed
(mm/s)
60
60

Nozzle
diameter
(mm)
0.4
0.4

Infill
Density
50%
100%

4.2 Sputtering on PLA
We fabricate our specimens by DC Magnetron sputtering technique. On the top of 3D printer‘s
constructions, as described in the previous chapter, we deposited a small layer of Cu or CuO. We create
Reflective axicon with different layer resolution and infill to test which one reflective axicon has the best
results, so we create specimens which top layer was made by Cu or CuO.

Figure (4.2)Cross-section of Reflective Axicon

At the start of the process we set the PLA-construction, with 3D printer, in the chamber like in the
figure (4.3) below. At the bottom there is a target of Cu with purity of 99.99%. A mechanical pump and a
diffusion pump create the vacuum at 5*10-7mbar in the chamber. At this point, we use gas oxygen (O 2) in
the chamber, not only to clear the target of Cu but also to have a suitable environment to make the plasma
works homogenous. After the preparation we can start the process of sputtering, we set the analogy of
Argon(Ar) and O2 to create layer of CuO on the PLA-construction or set zero the oxygen to have only Cu
as layer. From these sources, Ar and O2 create plasma, which hit the target of Cu, forming CuO. The
process to create layer of Cu, it’s the same but plasma has created only by Ar.
Afterwards, we open the hood, between the plasma and the substrate, and the copper oxide. The
process is evolving at pressure of 810-3 mbar in the chamber, with constant current during the creation of
plasma. The width of layer depends of deposit’s time and the current.
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Figure (4.3) Sputtering chamber
All depositions had made in a temperature of 27 ⁰C and the width of oxide’s layer was 100nm. The
final image of the oxide layer on the plate is shown in the figure (4.4).
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Figure (4.4)Cuboid PLA with oxide copper at top layer. This cuboid is part of set RA(B) and it’s
manufacturing parameters are at table(3)
The first 3 set’s of Reflective axicons are shown in figure (4.5a),(4.5b) and (4.5c) and the mains
fabrication’s parameters are in table (3). Every set of parameters includes a cuboid, a reflective axicon
with angle of 135⁰ and a Reflective axicon of 150 ⁰.
A/A

Layer
Extruder
thickness(mm) temperature
(⁰C)

Build plate
temperature
(⁰C)

Extrusion
speed
(mm/s)

Nozzle
diameter
(mm)

Infill
Density

RA(A) [Copper
Oxide]

0.06

215

60

60

0.4

50%

RA(B) [Copper
Oxide]

0.06

215

60

60

0.4

100%

60

0.2

50%

RA(C) [Cu]
0.06
215
60
Table (3) First Printing parameters for Reflective axicons
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Figure (4.5a) First set of our structures, RA(A) Each set includes a cuboid and 2 Reflective Axicon with
different conical angle

Figure (4.5b) Second set of structure RA(B)

Figure (4.5c)Third set of structure RA(C)
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4.3 FTIR (Reflectance and Transmission)
Using “Bruker Vertex 70v”, we measure the reflection and the transmittance of our PLA samples. In
the “Bruker Vertex 70v”, we don’t use only bare rectangle samples of PLA with black, white and clear
color but we measure the reflectance of rectangles samples of PLA which were have sputtered by CuO on
the top. The FTIR measurements of wavenumber take place in a range of 300 cm-1to 7500 cm-1 as we can
see in the diagram of figure (4.6).
First of all, we use the “Bruker Vertex 70v” to measure the transmittance of black, white and clear
PLA.

Figure (4.6a) Measurements of clear cuboid PLA at FTIR, The maximum of reflection/transmittance is
normalize at 1. The blue line is the measurement by transmittance and the red line are the measurements
from reflectance.

Layer
Extruder
Build plate Extrusion Nozzle Infill
thickness(mm) temperature temperature speed
diameter Density
(⁰C)
(⁰C)
(mm/s)
(mm)
0.06

Figure (4.6b) Cuboid of clear PLA

215

60

60

0.4

50%

Figure (4.6c) Manufacturing parameters of clear PLA
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At the start,we measure the beam without placing any sample, to take the measurement of the
background. After the transmittance measurements, change the setup of theBruker Vertex 70v. We
deposited the vertical foothold and place a horizontal foothold to put the samples starting the reflectance
process. A gold mirror was used as a standard reference for all FTIR reflection measurements. The
incident beam has an angle (θ) of 30 degrees.
Using a plate like figure (4.4) which had a layer of Cu or Copper Oxide, we take results of reflectance
like

Figure (4.7)Measurements of Copper Oxide on the top layer at glass, thin cuboid PLA (1mm height), fat
cuboid PLA(4mm height)
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4.4 XRD
The structural characterization of layers CuO and Cu from the sputtering have studied by X-Ray
Difraction, using a Bruker AXS D8 Advance copper anode diffractometer (CuKα radiation) equipped
with a Nickel foil monochromator.
At 40 kV and 40 mA over the 2θ collection range of 10–70°. The scan rate was 0.05s. We use this
technique to measure the crystalline domain and calculate lattice constant and the size grain.A
generaldiagram is shown in figure (4.8). The source of X-Ray and the detector are in positions of the
perimeter of a circle and the specimen has placed in the center.

Figure(4.8) General diagram by XRD
The source is stable but the detector can rotates itself, around the specimen, at 40 kV and 40 mA over
the 2θ collection range of 10–70°. The scan rate was 0.05 and the wavelength at λ=0.154 nm.The detector
is an electronic counter, which convert the incident x-rays to pulses of electric current in the circuit if
detector. This circuit measure the number of pulses per time unit, which number is proportionate to
intensity of the x-ray which is going ahead to the detector.
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5 Results-Discussion-Conclusion
Fabrication Characteristics at 3D printer
First of all we put a general test to check the default settings of our 3D printer. In the figure (5.1), we
have the stl model of the designing test and the figure (5.2) show the final product. As we can assume the
final product has imperfections.

Figure (5.1) Main stl file of Reflective Axicon model

Figure(5.2)Reflective Axicon with Copper Oxide on the top layer. The Reflective Axicon of the figure is
belong to set RA(B)
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As we can see in figures (3.1),(3.2) and (3.3) there are stringing, warping and pillowing problems.
The most common problem is warping, to eliminate warping set the temperature of bed from 0⁰C to
60⁰C.
To solve the others problems, we use 2 different stl models, one each for every problem. The stl
models are shown in figures (5.3) and (5.1), respectively.

Figure (5.3) Printing model by stringing test
About the stringing problem we set the retraction speed at default(40mm/s) at the start and begin to
built the stringing test stl, decreasing the retraction speed by 5mm/s at each test. Our fabrications
continues to have strings between the two pillars until to set retraction speed at 25mm/s. After that, in
each sample for our experiments , we set the retraction speed at 25mm/s.
As far as the pillowing problem is concerned, this is more intense while the infill is decreasing. With
bare eye we can’t observe any deformation on the surface of our structureat the infill of 50% or higher. To
check this deformation with higher precision, we create two reflective axicon with 50% and 100% infill
and we check their surfaces by a SEM microscope. Their surfaces can been seen at figures (5.4),(5.5).
In the first figure of 50% infill we can observe 2 white lines at the start of each step in every circle,
inside of the cone shape of reflective axicon. This double line has created from the deformation, due to
subduction at the sample of 50% infill.
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At the second figure, we can’t observe any similar deformation. Also in the figure (5.5) the curves of
circles seems to be parallel and have the same width, instead of figure (5.4) in which the curves prevent of
be parallel in many points and have not the same width.

Figure (5.4) Reflective Axicon at 50%. The image has taken by SEM microscope

Figure (5.5) Reflective Axicon at 100%. The image has taken by SEM microscope
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Characterization of the PLA (FTIR)
From FTIR analysis, transmittance and reflectance of black and white PLA is equal to 0. But the clear
PLA had a different behavior. As we can see in figure (5.6),the reflection of clear PLA is under of 25%
from 0 to 8000 cm-1but the transmittance of clear PLA increase as the wavenumber increasing, although
the transmittance doesn’t increase linearly.

Figure (5.6)Measurements of clear cuboid PLA at FTIR, The maximum of reflection/transmittance is
normalized at 1. The blue line is the measurement by transmittance and the red line are the measurements
from reflectance.
For THz applications, we need a clear picture of the behavior of PLA near 2*10 2 cm-1. At this point,
from 300 to 600 cm-1 there is noise. We can observe a little increase at very low wavenumbers but we
don’t know what exactly happens.
After that, fabricating an optical element for transmittance’s application at THz, we need a precision of
height layer at 1 μm, but our 3D printer has a precision of 60μm.
Eventually, by these results, we can’t create a structure for transmittance’s applications at THz or
anywhere else, combining 3D printer’s techniques and sputtering we can create elements for reflection’s
applications.
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Then, using sputtering technique we deposited CuO and ZnO on PLA plates. The results of reflection
by those two plates are shown in figure (5.7). In the diagram we have measure the CuO and ZnO on glass
substrate, just to compare the reflectance of PLA substrate with another substrate, which has already been
used at a previous experiment.
From figure (5.7) the reflectance of CuO is much more high than ZnO, therefore reflective axicons
will have only Cu or CuO as top layer.

Figure (5.7)Measurement of Copper Oxide and Zinc Oxide.

34

Structure Characteristics (XRD)
Using a “Bruker AXS D8 Advance”, we were able to take the diagrams which are shown in figures
(5.8),(5.9) . Analyzing those diagrams at Xpert software, we were able to compare the light peaks in each
diagram with others known characteristics curves of Copper Oxide and Cu. Comparing the diagrams we
found the direction h,k,lof lattice and calculate distance of different levels d and the grain size D.
Although , the parameters have no difference comparing the Cu xOy top layer by sputtering at figure
(5.9) , the light peaks don’t correspond to a CuO, but from the results we have a Copper Oxide as top
layer.
The calculations are shown at table (1) and the construct parameters of PLA plates are shown in table (2).

Cu(847)
Copper
Oxide(845)
Table (1)

h
1
2

k
1
0

l
1
2

Layer
Extruder
thickness(mm) temperature
(⁰C)
0.06
215

Degree of light peak (⁰)
43.342
35.654

Build plate
temperature
(⁰C)
60

Extrusion
speed
(mm/s)
60

Distance of interfaces (Å)
2.086
2.516

Nozzle
diameter
(mm)
0.4

Grain size D (mm)
0.380
0.171

Infill
Density
100%

Table(2)

Figure (5.8) XRD of Cu, cuboidof PLA with Cu on top layer
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Figure (5.9) XRD of Copper Oxide, cuboidof PLA with Copper Oxide on top layer

Figure (5.10) XRD of PLA, cuboidof PLA
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Approximation of frequency by roughness
Since we know the geometry of reflective axicon by 3D printer, we can calculate the roughness or the
rms of roughness. We know the layer thickness Rh=60μm. ⁰ the distance A=150μm is known by SEM’s
measurement figure(5.11), we can calculate the other parameters L=170.88μm, D=61.38μm,φ=22.5⁰ and
x0=147.2μm, as we can see in figure (5.12).

Figure (5.11a)Width of circles inside a reflective axicon
Layer
Extruder
thickness(mm) temperature
(⁰C)
0.1
215

Build plate
temperature
(⁰C)
60

Extrusion
speed
(mm/s)
60

Nozzle Infill
diameter Density
(mm)
0.4
100%

Figure (5.11b) Manufacturing parameters of the RA in the SEM

Figure (5.12) Right side of cross-section at Reflective axicon, which the beam reflects on.
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As the incident beam reach the rough surface of an incident angle θi=22.5⁰, the rough surface has a
periodic pattern of the height z(x). If we set at x=0 the first peak which the height reduce from z(x=0)=z0
to z(x=x0)=0 and at x=L the second peak, as we can see in figure(5.13). There are 2 first order equation
𝑧1 = 𝑎1 𝑥1 + 𝑏1 𝑓𝑜𝑟 0 < 𝑥 < 𝑥0
And
𝑧2 = 𝑎2 𝑥2 + 𝑏2 𝑓𝑜𝑟𝑥0 < 𝑥 < 𝐿

Figure (5.13)
By the initial conditions z(x=0)=z0, z(x=x0)=0, z(x=L)= z0 , we can calculate the constantsα1,α2,b1, b2
by theequation
1 𝐿
𝑅𝑞 = √ ∫ [𝑧(𝑥)]2 𝑑𝑥
𝐿 0
We calculate the rms roughness σ=Rq=32.86 μm
By the equation
𝑅

𝑓=

𝑐√ln ( 𝑅𝑠𝑚𝑜𝑜𝑡ℎ )
𝑟𝑜𝑢𝑔ℎ

4𝜋𝜎 cos 𝜃

and a ratio of Rsmooth/Rrough=0.5,we calculate a frequency f=0.7 THz
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Conclusion
Best parameters of 3D printing for reflective axicon
In conclusion, in every construction the most important parameter is the diameter nozzle, which we
need to use. If we need to produce an optic element at Terahertz region(0.1 to 10 THz), we need a
precision of 1 μm to 10 μm as a resolution at layer height. For our construction, using a 0.4 mm nozzle
with layer’s thickness 0.06 mm we could have a reflect beam at 0.7THz.
Also, using a much smaller diameter, we bay achieve results above 1 THz. Using the parameters of
table (1) we can create a sturdy construction for reflective axicon at 0.1THz to 1THz.

A/A

#1
#2

Using a
nozzle
with
diameter
0.4 mm
0.2 mm

Layer
Extruder
Build plate Extrusion
thickness(mm) temperature temperature speed
(⁰C)
(⁰C)
(mm/s)
0.06
0.06

215
215

60
60

60
60

Table(1.a)

A/A

Infill
Density

Height of First layer
External
Thickness
line (mm) (mm)

Retract
speed
(mm/s)

Retract
distance
(mm)

#1
#2

100%
100%

0.3
0.1

25
25

5
5

0.3
0.1

Table(1.b)
According to XRD results, we can confirm the right deposition of Copper and Oxide Copper, as top
metal layer on the reflective axicon.
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6. Future Work
In our project we couldn’t finish all the measurements of our plan. At a next step we will be able to
measure the depth of focus, the number foci and the width of rings. Also, we need to measure the
reflective axicon from a 3Dprinter which has pure Copper on the top layer(figure (6.2)) with a reflective
axicon by pure Copper (figure (6.1))which has made at machine shop.

Figure (6.1)Comercial Reflective Axicon

Figure(6.2) Reflective Axicon of set RA(C)

Also, handling a fabrication of PLA with precision of layer height under of 0.06mm is a high difficult
process because we hadn’t the right equipment for such work. The fabrication of such element is needed
parts of 3D printer, with better precision, like nozzle’s diameter or a suitable motion’s mechanism of the
nozzle on the printing bed which can handle the nozzle with high precision.
But from our measurement we check that there is PLA with high transmittance which we can’t take
advantage right now. Some of 3D printer’s filaments with important optics properties near THz are
polystyrenewhich has an extremely law absorption coefficient at 500 GHz which could use maybe for
other transmitted parts(figure(6.3))[2].

Figure (6.3) Absorption coefficient o different polymers at THz
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Appendix A
Fourier Transform Infrared Spectroscopy FTIR
Spectroscopy is the measurement of the radiation emitted from the medium. All spectroscopy methods
are base on the interaction of the electromagnetic radiation with the medium[18].
Electromagnetic radiation can be characterized by its wavelength λ, energy E, frequency f or
wavenumber k. There are related
𝐸 = ℎ𝑓 =

ℎ𝑐
= ℎ𝑐𝑘 (𝐴1)
𝜆

Where h is Planck’s constant and c is the velocity of the radiation in vacuum.
Infrared radiation is the range of electromagnetic radiation between 10 4 cm-1 to 1cm-1.Some of the
radiation is transmitted and some is reflected. When the radiation is transmitted in the medium, a part of it
may be absorbed by the sample. The transmittance is the ratio of the intensity of the transmitted beam to
that of the incident beam, as we can see in figure (2.5), described by equation [A1].

Figure (A1) Transparent material in FTIR
𝑇=

𝐼
100%
𝐼𝑜

Fourier Transform Infrared Spectroscopy
There are two kinds of infrared spectrometers, infrared spectrometer (IR) and Fourier transform
infrared spectrometer (FTIR).
In a spectrometer IR a grating type monochromator is used to disperse the radiation of a polychromatic
source into different spectral elements, which has measured by a detector. In FTIR spectrometer an
interferometer is used to generate an interferogram. All wavelengths are measured at the same time.
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Appendix B
Structural characterization by XRD
Polycrystalline solid materials can be characterized using X-Ray diffraction.
X-rays is width of wavelengths with high-energy electromagnetic radiation. They can be describes as
photon energy E or wavelength λ and frequency f. X-ray is produced from the interaction electrons at
high energy (E) with metal.
ℎ𝑐
𝐸 = ℎ ∗ 𝑓 = (𝐵1)
𝜆
Bragg’s law
Atoms are arranged in a lattice. Scattering x-rays from a crystal solid can constructively interfere and
produce a diffracted beam. Bragg studied this behavior and predicts a relationship about the wavelength
and the distance between similar atomic planes. This relationship is known as Bragg’s Law:
𝑛𝜆 = 2𝑑 sin 𝜃 (𝐵2)
n is an integer
λ is the wavelength of the incident beam
θ is the diffraction angle
d is the distance between similar atomic planes[8]

Figure (2.6) Bragg diffraction on a periodic structure
The lattice constant ao can be calculated from equation:
1
h2 + k 2 + l2
=
d2
ao 2
(hkl) is the lattice level of the maximum reflection and d is the distance of the lattice levels[8].
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To calculate the grain size of the crystal D we can use the equation of Scherrer:
𝐷 =

0.9 ∗ 𝜆
𝛣 ∗ 𝑐𝑜𝑠 𝜃

The wavelength of the incident beam is λ=0.154mm, Β is the full width at half maximum (FWHM)
for the maximum peak, as we can see at the spectrum in figure (4.3), and θΒ is the angle of the maximum
intensity.[8]
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