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In this article we present the design, fabrication and characterization of gradient-refractive-index
(GRIN) lenses for terahertz applications. The fabrication was performed by three-dimensional printing.
This new low-cost lenses were tested using THz time-domain spectroscopy and imaging in order to
measure their optical properties. The results show a focusing capacity within the diffraction limit for
frequencies below 700 GHz.
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1. INTRODUCTION
Owing to the wide range of applications of THz radiation [1–5],
optical components working in this frequency range are in increasing demand. Fortunately some polymers, opaque in the
visible region, are transparent in the THz band. Additionally
the three-dimensional printing technology has attracted considerable attention from researches because it is a low-cost technique to fabricate complicated objects. The resolution of a typical 3D printer (400 µm) is enough for fabrication of many optical
components at terahertz wavelengths [6–9]. Terahertz time domain spectroscopy (THz-TDS) is a well known technique used
in a large number of applications. Some of these application
range from industrial quality control in leather [10], evaluation
of water content in plants [11], inspection of damages in cultural heritage [12, 13] to tissue characterization [14–16]. Several components have been fabricated using 3D printing for
terahertz applications, such as waveguides [7, 17], metamaterials [18, 19], lenses and gratings [20, 21]. In this article we report on the fabrication of gradient-refractive-index (GRIN) THz
lenses using a 3D printer. The GRIN lenses were made out
of polystyrene, because it is a 3D - printer - compatible highly
transparent material in the THz regime [6]. The performance of

the GRIN lenses were characterized using THz-TDS and imaging. The results demonstrate 3D printing technology is a new
promising technique for the fabrication of complex low cost
THz components.

2. DESIGN AND FABRICATION
The idea behind the GRIN lenses we propose is using a structure that mixes polystyrene and air in order to produce an effective medium with a controlled refractive index that can be
varied by design.
Two-dimensional finite-difference-time-domain simulations
were performed in order to identify if such a structure would
produce a lens with acceptable behavior [22]. A plane wave
was propagated by our simulation through a column of material slabs of length 2.5 mm and width 400 µm. The spacing between slabs changes linearly as a function of the distance to the
optical axis (x = 0). Fig. 1 a) and b) show the results of the simulation for 375 GHz (λ = 800 µm) and 750 GHz (λ = 400 µm)
for a plane wave with polarization parallel to the stacks of material. The simulation for 800 µm shows the behavior typical
of a standard lens, demonstrating that the concept behind our
GRIN lens works correctly. For the case of 400 µm the behavior
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Fig. 1. Two dimensional electromagnetic simulation of GRIN

as possible we thought that the design should use the smallest printable feature that our 3D printer could produce, i.e. the
above mentioned 400 µm. Such feature is limited by the with of
the printer’s nozzle diameter used to deposit the molten polymer on the printed piece. Complicated structures incorporating
holes or other discontinuous features of such small diameter
are extremely hard to print with reasonable quality, given that
it implies stopping and starting the flow of polymer over the
printing trajectory of each layer. Therefore, we decided to aim
for a structure that could be printed with a continuous injection
of material in a soft and continuous trajectory. This led us to
using stack of spiral layers for which the radius varies in a controlled manner in order to leave an increasing air separation
for each turn of the spiral. Such spacing can be controlled in
order to produce the desired effective refractive-index-gradient
as shown in Fig. 2
The specific trajectory used is described by the polar equation
(
)
)
(
r02
θ
θ 2
r ( θ ) = r0 1 +
+ mair
,
(1)
2π
rl 2π
where r0 = 400 µm is the nozzle hole diameter, mair is the volumetric fraction of air at the edge of the lens, which is at radius
rl . m air is defined as t/h, where t and h are the spiral thickness
and the space between the last spiral line and the previous line,
respectively, as shown in the inset of Fig. 2. The first term of
the equation produces a spiral whose radius varies at a rate of
400 µm per turn, namely, it would produce a solid spiral of material. The second term is an addition that increases the radius
by an amount that grows linearly as a function of the angle in
order to have an increasing gap of air as the angle and radius
increases, starting with a solid material in the central part of the
spiral. The final structure is a stack of such spirals. The effective medium resulting from the material and air combination
produces an object with a refractive index that varies as a function of the radius, namely a GRIN lens. We made six different
lenses, each with mair =0.2, 0.3, 0.4, 0.5, 0.6 and 0.7, named L2,
L3, L4, L5, L6 and L7 respectively.
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lenses made of a stack of 400 µm×2.5 mm material slabs
(n=1.55) with increasing spacing as a function of the distance
to the optical axis (y=0). a) Shows a plane wave with linear polarization parallel to stacks of material of frequency 375 GHz
(800 µm) is simulated, the stack of material slabs is shown at
z=0, the simulation shows a clear focal point at z ∼10 mm typical of a lens. b) Shows a plane wave with linear polarization
parallel to stacks of material of frequency 750 GHz (400 µm)
with a focal distance of z ∼15 mm. c) and d) Are analogous to
a) and b) but with the polarization perpendicular to the stacks
of material.
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is not ideal, showing a longer focal length together with some
diffraction, caused by the features of the structure being comparable to the radiation wavelength, in other words, for wavelengths longer than the structure features, the structure behaves
well as an effective medium, unlike for wavelengths comparable or longer to the features of the structure. Fig. 1 c) and d)
show simulation results analogous to the ones shown in a) and
b), the only difference is the polarization vector of the plane
wave, which is perpendicular to the stacks of material. The simulations shows a similar behavior no matter what polarization
the plane wave has. The small perturbation appearing for z < 0
are caused by the radiation reflected from the GRIN structure.
In order to explain the reason for our specific design it is
important to understand the fused material deposition method
used by our printer. We do not aim to give an exhaustive explanation here, but we want to give a brief description to the
reader. The base of the printer is a heated nozzle with a motor
that injects polymer into it at a controlled rate. This entire piece
is called the extruder. The polymer melts in the nozzle and the
molt flows through a small aperture in the nozzle, which in our
case is 400 µm in diameter, producing a thin filament (∼400 µm)
of material. The extruder can be moved in two dimensions over
a flat bed where the filament is deposited and cools down in order to solidify again. By controlling the position of the extruder
and the material injection rate it is possible to produce a layer
with almost any desired structure. The bed is subsequently lowered by certain amount, typically ∼100 µm, and a new layer is
deposited on top of the previous one, that way a three dimensional object can be built [23].
Aiming to produce a lens with a usable bandwidth as large

3. EXPERIMENTAL SETUP
A typical TDS system [10] was mounted in transmission geometry as show in Fig. 2 b). The lens closer to the emitter
was replaced by a GRIN lenses. Two types of measurements
were made in order to characterize the focal performance of the
GRIN lens, transverse and longitudinal measurements. Images
of the vicinity of the focal point were performed by apperturing
the optical path with an iris mounted on a two - dimensional
stage as show in Fig. 2 b). A full time - domain waveform was
recorded for each position of the iris. In the transverse measurement, we imaged the focal point and in the longitudinal measurement we determined the focal distance and the depth of
focus. For the transverse measurement the translational stages
are setup to move in the xy plane as show in Fig. 2 b). The radiation that pases through the aperture is recorded by the receiver
for each position of the aperture across a two dimensional grid
of positions. In similar fashion, the longitudinal measurements,
the stages move on the yz plane.

4. RESULTS
A. Transverse measurements
We imaged the cross-section of the six GRIN lenses, yet, for clarity we will discuss in detail the samples with least (L2) and most
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Fig. 3. Transvese amplitude measurements. a) and b) shows

tion of the lens structure design. The centre shows a plot of the
transverse refractive index profile (thin line) and the effective
refractive index that results from the structure (thick line). The
right-hand-side inset is a photograph of the finished lens. The
experimental setup is shown at the bottom. For the transverse
measurements, a diaphragm is mounted on a pair of translational stages moving in the xy plane (at the focal plane), the
radiation passing through the diaphragm at each position of
the iris is recorded by the detector. For the longitudinal measurements, the diaphragm moves in the yz plane.

the cross-section of the focal point for L2 and L7 respectively.
For a frequency of 400 GHz the lines are the central cuts. c)
and d) show the corresponding frequency dependence of the
focus’ cross section. The dotted lines represent the theoretical
size of the Airy disk, showing good agreement with the measurements.
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(L7) refractive index gradient only. The intensity at 400 GHz is
shown in Fig. 3 a) and b). In order to calculate the full-widthat-half-maximum (FWHM) in the x and y direction, two gaussinans were fit to the data for x = 0 and y = 0. In order to characterize the performance of the lenses quantitatively, we show
the frequency dependent cross-section of the focal point for L2
Fig. 3 c) and L7 Fig. 3 d). The dashed lines in each panel represents the FWHM of an Airy disk at each frequency. As seen in
the figure, the focal point produced by both lenses is diffraction
limited, at least up to 700 GHz, where the signal is no longer
visible in the plot.
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Fig. 2. The top left-hand-side inset is a schematic representa-

B. Longitudinal measurements

With the longitudinal measurements we can obtain the focal
distance and the focal depth for every GRIN lens. The measurements for depth of focus are show in Fig. 4 a) and 4 b) at
400 GHz. As expected, the focal length is longer in the L2 lens
than in L7 because the effective refractive-index-gradient in L2
is higher than in L7. Given that the effective refractive-indexgradient was produced in the lenses by a structure that has features of dimensions comparable to the THz wavelengths we expect that each frequency presents a different focal distance. In
order to quantify this chromatic aberration, we take a central
cut in the longitudinal waist measurement for every frequency
in order to see how the focal distance changes as a function of
frequency. The results for the L2 and L7 lenses are show in
Fig. 4 c) and 4 d). In order to have a better visualization we show
a dashed line over the maximum amplitud at every frequency
as a “guide to the eye” in order to see the trend of the focal position. The slope of this line is an indication of the chromatic
aberration. The results for the transverse and longitudinal mea-

Table 1. Summary of transversal and longitudinal measure-

ments at 400 GHz
Lens

Focal distance (mm)

FWHMx (mm)

FWHMy (mm)

L2

40

1.86

2.21

L3

55

1.86

2.13

L4

42

2.01

2.10

L5

43

2.18

2.13

L6

31

2.16

1.96

L7

18

1.49

2.05

surements of all the lenses are summarized in Table 1

5. CONCLUSIONS
In this article we report on a new kind of low cost GRIN lens
made with a 3D printer for the THz regime. Our measurements
demonstrate how these lenses operate within the diffraction
limit no matter what the polarization it has, at least for the frequencies below 800 GHz (λ > 375 µm). We also investigate the
chromatic aberration, given that the lenses presented are based
on an effective medium combining air and polystyrene in order
to produce refractive index gradient, which at its time produce
variations for the effective refractive index experienced by each
frequency. This new kind of lenses show some advantages compared with the conventional spherical lenses, given that they
are thin and flat on both faces and their focal distances can be
tailored by controlling the refractive index gradient, in addition,
they are easily to fabricate, and a very low cost. This work also
show how the 3D printing are a convenient method to fabricate
complex and non-conventional THz optical components.
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Fig. 4. Longitudinal amplitude measurements. a) and b)

shows the beam waist and depth of focus at 400 GHz. c) and
d) are the amplitude as function of the longitudinal position
and the frequency and the inserted line is a fitted line in order
to quantify the chromatic aberration through its slope.
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