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Abstract: Three-dimensional printing based on fused deposition modeling has been shown
to provide a cost-efficient and time-saving tool for fabricating a variety of THz optics for a
frequency range of <0.2 THz. By using a broadband THz source, with a useful spectral range
from 0.08 THz to 1.5 THz, we show that 3D-printed waveplates operate well up to 0.6 THz
and have bandwidths similar to commercial products. Specifically, we investigate quarter- and
half-waveplates, q-plates, and spiral phaseplates. We demonstrate a route to achieve broadband
performance, so that 3D-printed waveplates can also be used with broadband, few-cycle THz
pulses, for instance, in nonlinear THz spectroscopy or other THz high field applications.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Recent progress in the development of THz systems led to a variety of new applications in
communications [1–4], nondestructive testing [5–8] or particle accelerators [9–12], to name a few.
For THz beam transport and beam manipulation, these systems need different passive THz optical
elements, such as mirrors, lenses, beam splitters, waveguides, or waveplates. Beside conventional
fabrication methods, such as cutting, milling, polishing, or etching, these elements can also be
manufactured using a three-dimensional (3D) printer. Different 3D-printing technologies exist,
but the most popular uses fused deposition modeling (FDM). This 3D-printing technique has
several advantages: It is time- and cost-efficient, shows good reproducibility, and requires no
post-processing. Since the minimum feature size of most 3D-printers is around hundred microns,
this fabrication method is best suited for the sub-THz range [13]. Printable materials are usually
polymers with a THz refractive index around 1.5, which is favorably low for transmission type
optical elements. In addition, a negligible absorption coefficient is essential and is provided, for
instance, by polystyrene or by the cyclic olefin copolymer (COC) TOPAS [14,15]. A variety of
3D-printed devices have already been demonstrated, e.g., THz lenses [14,16], gratings [14,16],
waveguides [17], axicons [18], phaseplates [19,20], half-waveplates [13] and q-plates [21]. A
comprehensive review on different 3D-printed structures for THz applications is found in [15].

Most of these studies were performed in the frequency range between 0.1 THz to 0.2 THz and
used continuous wave, narrowband THz sources. To the best of our knowledge, except for Ref.
[20] pulsed broadband THz sources have never been used, for instance, to determine the useful
bandwidth of 3D-printed THz waveplates. By using such a source, we characterize waveplates in
a frequency range from 0.08 THz to 1.5 THz. We consider the most important waveplates for
THz applications, namely quarter-waveplates (QWP), half-waveplates (HWP), q-plates and spiral
phaseplates (SPP). We show that the operation frequency can be adjusted by a proper scaling
of the design and we measure the useful bandwidth of all wave- and phaseplates. Finally, we
outline a route toward achromatic waveplates, specifically we demonstrate a QWP design with a
twice as large bandwidth compared to the standard QWP. This principle can be extended to other
waveplates as well.

2. Experimental setup

The THz-pulses are generated by a photo-conductive antenna (PCA) gated by a bias voltage and
exited by 780 nm, 100 fs laser-pulses at a repetition rate of 80 MHz. We mount a wire grid
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polarizer to define the THz polarization state to be linear horizontal. The source is imaged with
two aspheric lenses with a focal length of 50 mm and 25 mm to the detection plane. In between
the two lenses the THz beam has a diameter (1/e2) of about 40 mm and is nearly collimated. Here,
we mount the waveplate under investigation. The second lens focuses the modified THz beam
and we use a near-field THz scanning microscope to characterize the electric field distribution
at the focus as a function of time and transverse position. We cannot measure the electric field
directly after the waveplate since the field strength there is too low. However, the measured
electric field distribution in the focus is related to the field distribution after the waveplates by a
two-dimensional Fourier transformation. Note that we also Fourier transformed the results of
numerical simulations and analytical models before comparing them with the measured spatial
distributions in the focal plane. The only caveat is that the second lens might modify the THz
polarization due to the different Fresnel coefficients for the horizontal and vertical polarization
component, but we calculated this effect to be less than 5%.

A detailed description of the near-field scanning unit is given in Supplement 1, Sec. S1, and
in Refs. [22,23]. Briefly, the electric field of the THz pulse is measured through electro-optic
sampling using ZnTe crystals. The spatial resolution is approximately 20 µm. The detection unit
is mounted on a motorized x-, y- and z-stage, such that the electric field can be raster-scanned. By
using either a ⟨110⟩-cut or a ⟨100⟩-cut ZnTe crystal we can measure the horizontal, vertical, and
longitudinal components of the THz electric field as a function of transverse spatial position and
cover a frequency range from 0.08 THz to 1.5 THz. Note that due to imperfections of the coating
and of the ZnTe-crystals, the detection efficiency varies for the different crystal orientations, and
we estimate these variation to be smaller than 10 %. Based on the statistical analysis of multiple
measurements we estimate the error in the measured phase to be on the order of 0.1 rad in the
frequency range of interest. In the following we consider these amplitude and phase errors in the
error propagation.

3. Wave- and phaseplate design and fabrication

In order to manufacture a birefringent metamaterial, out of which the waveplates were fabricated,
we consider a one-dimensional array of alternating layers with a refractive index of n1 and n2
with a corresponding layer thickness of L1 and L2. The effective refractive indices ne and no for
an electric field polarization parallel and perpendicular to the layers are given by [24,25]
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where Λ = L1 + L2 is the period of the structure, λ is the free-space wavelength, and η1 = L1/Λ
and η2 = L2/Λ are the filling factors of the individual components. We defined n2
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)︁−1. Equation (1) is only strictly valid for λ>n2Λ [26] assuming n2>n1.

In the limit of λ ≫ Λ, the indices of refraction asymptotically approach ne ≈ n∥ and no ≈ n⊥.
For lower wavelengths, diffraction from the periodic one-dimensional grating structure degrades
the performance of the waveplate.

Prior to fabrication, all waveplate designs were optimized by time-domain simulations
performed with CST [27]. The simulation volume contained a single unit cell of the grating
and we used periodic boundary conditions in transverse directions. The incident THz pulse
was modeled as a plane wave and open boundary conditions were used in the propagation
direction. With the help of the simulations the design parameters of all waveplates, i.e., grating
period, height and filling factor, were optimized within the limitations of the printing process.
Specifically, we fixed the wall thickness to a value determined by the nozzle of our 3D-printer.
Then, we ran parametric sweeps for the period and the structure height and selected the best
combination.

https://doi.org/10.6084/m9.figshare.15099489
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The wave- and phaseplates were fabricated using standard FDM technology with an Ultimaker
2+ 3D-printer. We use commercially available COC-filaments, which have a measured refractive
index of 1.53 and an absorption coefficient of less than 1 cm−1 for frequencies between 0.2
THz to 0.8 THz [14]. The waveplates are based on a grating-like alternating air (n1 = 1) and
filament (n2 = 1.53) structure with the design parameters calculated from Eq. (1). All waveplates
were printed in less than 12 hours using a nozzle diameter of 0.25 mm and a layer height of 0.1
mm. The nozzle temperature was set to 210◦C and the build plate temperature to 70◦C. All
the waveplates have a 3 mm thick 3D-printed cylindrical support plate with a diameter of 50
mm. In order to minimize imperfections from 3D-printing we selected the wall thickness for all
waveplates such that walls are printed as single lines from the extruder. Measurements revealed
a wall thickness of (0.22 ± 0.02) mm, which is slightly smaller than the nozzle diameter. The
error of 20 µm is due to thickness variations in the printing process. In order to minimize their
influence we used, whenever possible, a filling factor well below 0.5. As a result the 3D-printed
structure shows a birefringence of approximately 0.12, which is more than two times higher
than that of standard THz waveplates made out of quartz [28]. This is of special interest for the
low THz frequency range, where standard waveplates tend to become rather bulky. From the
frequency dependent birefringence ∆n(f ) we calculate the structure height to h = δ

2π
c

f∆n(f ) , where
c is the speed of light in vacuum and δ is the target phase retardance at frequency f . Due to the
minimum feature size and the accuracy of the FDM technology, the smallest useful period Λ is
approximately 0.3 mm. As a result, the waveplates are limited to frequencies up to approximately
0.6 THz. Photographs of different 3D-printed wave- and phaseplates are shown in Fig. 1. Note
that also much larger waveplates can be printed if needed. With our printer the maximum size is
limited to 223 × 223 mm2.

Fig. 1. Photographs of a 3D-printed half-waveplate, q-plate, and spiral phaseplate. The two
insets show a top- and side-view of the half-waveplate structure.

First, we printed QWPs and HWPs with a design similar to the one proposed in Ref. [13], but
scaled to the more than two times higher design frequency of 0.35 THz. The grating structure
has a period of 0.7 mm and the grating height is 1.9 mm for a QWP and 3.8 mm for a HWP. To
evaluate the influence of the grating period, we manufactured an additional HWP with a 1.1 mm
period while keeping the grating height constant. Moreover, to demonstrate the tunability we
fabricated a QWP and a HWP both with a higher design frequency of 0.5 THz. Here, the grating
period was reduced to 0.4 mm and the grating height to 1.5 mm (QWP) and 3.0 mm (HWP).
Next, we printed q-plates, which locally act as HWPs whereby the orientation of the fast axis
changes as a function of azimuthal angle. For a q-plate with a topological charge of q = 0.5,
the angle of the fast axis changes as α(φ) = 0.5φ + α0, where φ is the azimuthal angle and α0
is an offset corresponding to the plate orientation. The layout of the grating structure consists
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of a set of profile curves in the xy-plane each given by y(x) = ±
√︁

y0(y0 + 2x), where y0 is the
intercept of the considered curve with the y-axis. Note that the grating period and the filling
factor change depending on the distance to the origin. The profile curves are chosen such that the
grating period is 1.1 mm at a radius of 0.8 cm. Closer to the origin, the grating period is smaller,
whereas further away it is larger. The grating height is fixed to 3.8 mm.

Spiral phaseplates, which change the orbital angular momentum of the THz beam, do not
require a birefringent material, but a phase retardance that decreases or increases linearly with
azimuthal angle. For a SPP with a topological charge of ±1 at the design frequency f , the step
height h at an azimuthal angle of zero is given by [29,30] h = c

∆n(f )f , where ∆n(f ) is the frequency
dependent refractive index difference between the plate material and its surroundings. As an
example, we consider a topological charge of ±1 at 0.3 THz, which corresponds to a step height of
1.9 mm. As demonstrated in [18] also higher topological charges can be achieved by using integer
multiples of the step height h or multiple equidistant steps along the azimuthal angle. Ultimately,
the step height is limited by the minimum 3D-printed layer thickness, which is typically as low as
60 µm.

4. Results

In this section, we analyze the performance of a QWP, HWP, q-plate, and SPP as a function
of frequency, compare the results to an analytical model as well as numerical simulations, and
extract the useful spectral bandwidth. Even though the setup allows to record data up to 1.5 THz,
we show data only up to 0.6 THz, because the onset of diffraction above the critical frequency
fc = c/Λ leads to meaningless results. In addition, diffraction losses are not properly captured
by the CST simulations, because we use periodic boundary conditions. The analytical model
is based on 4f -imaging of a linearly polarized Maxwell-Gaussian beam [31,32], where the
polarization or the phase in the Fourier plane (2f ) is modulated in accordance with an ideal
wave- or phaseplate performance. A design frequency around 0.35 THz is a good compromise
between the 3D-printer resolution and the spatial resolution of the THz near-field scanning setup.
However, for one example, i.e. a QWP, we demonstrate that the design frequency can be adjusted
by a scaling of the design parameters. Finally, we consider an achromatic QWP design based on
a two layer structure.

4.1. Quarter-waveplate

Generally, a QWP produces an elliptical state of polarization with a left- or right-handed
symmetry. To verify the proper functioning of the 3D-printed QWP, we measured the horizontal
and the vertical polarization component for different waveplate rotation angles. In the following,
a rotation angle of 0◦ corresponds to the fast axis pointing in (1, 0, 0)-direction.

Figure 2(a) shows the birefringence as function of frequency. We compare the experimental
results with CST-simulations as well as the analytic model based on Eq. (1). While the agreement
between experiment and CST simulations is close to perfect for the entire frequency range, the
analytical model starts deviating above 0.45 THz, where it is no longer valid since it neglects
diffraction at the line structures. A key-parameter to characterize the performance of the QWP
is the phase retardance between the fast and the slow axis. Figure 2(b) shows the retardance
normalized to π as function of frequency with the blue circles referring to the experimental
results and the dashed curve corresponding to the analytic model assuming a standard QWP
with a frequency independent birefringence. The grey region indicates the frequency range in
which the retardance deviates less than ±10% from the ideal value of π/2. For the experimental
results we find a bandwidth of approximately 60 GHz (i.e., a relative bandwidth of 17%), while
the analytical model for a standard QWP predicts 70 GHz (i.e, a relative bandwidth of 20%).
Thus, the bandwidth of the 3D-printed QWPs is similar to that of a standard commercial QWP.
At the design frequency we found that approximately 80% of the incident power is transmitted
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and we attribute 9% of the losses to Fresnel reflections at the two interfaces and 11% to material
absorption [14]. For comparison, the transmitted power for a standard waveplate made of quartz
with n = 2.1 [28] is 76%.

Fig. 2. (a): Birefringence as function of frequency from experiments, simulations, and the
analytic model. (b): Frequency dependent phase retardance normalized to π. The black
dashed curve corresponds to a QWP with frequency-independent birefringence. The grey
area indicates the frequency range within which the phase shift deviates less than 10 % from
the nominal value of π/2.

To study the frequency dependent waveplate performance it is useful to consider the Stokes
parameters. Note that we can calculate the Stokes parameters from only two measurements,
because we have access to the x- and y-component of the electric field. The normalized Stokes
parameters are shown in Fig. 3(a)-(c) where the solid black curves correspond to simulation
results. We find excellent agreement between experiment and simulations. At the design
frequency of 0.35 THz the normalized Stokes parameters of an ideal QWP are S1/S0 = 0,
S2/S0 = 0, and S3/S0 = ±1. For a QWP rotation angle of 45◦ the polarization is left-handed
circular (using the source-convention) and we find S1/S0 = −0.23 ± 0.15, S2/S0 = 0.20 ± 0.13
and S3/S0 = −0.95 ± 0.04. For a 135◦ rotation angle the polarization is right-handed circular
with S1/S0 = −0.10 ± 0.16, S2/S0 = −0.19 ± 0.14 and S3/S0 = 0.98 ± 0.03.

Fig. 3. Normalized Stokes parameters of a QWP (left column) and a HWP (right column)
as function of frequency for two different rotation angles of 45◦ and 135◦. The black curves
show the simulation results.

To change the design frequency, we simply have to scale the design parameters, which we
demonstrate by fabrication of a QWP for 0.5 THz. When we combine the waveplate with a
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bandpass filter also centered at 0.5 THz and with similar bandwidth, we expect perfect circularly
polarized THz pulses. At 0.5 THz the filter transmits 80 % of the power and the bandwidth
at 1/e2 is 0.15 THz. Figure 4 shows the measured horizontal and vertical component of the
THz electric field for two different orientations of the QWP, namely at 45◦ (a) and at 135◦
(b). For better visualization, we applied a moving averaging with a 300 fs time window to
the measured signals. While the horizontal components are identical for both orientations, the
vertical components show a π phase-shift. As a result, the electric field vector as a function of
time follows a left-handed or right-handed spiral, as indicated by the red curves. Hence, we can
unambiguously distinguish between left (a) and right (b) circular polarization.

Fig. 4. Electric field vector horizontal and vertical component of the transmitted signal
through a band pass filter and the QWP optimized at 0.5 THz orientated at 45◦ (a) and at
135◦ (b).

4.2. Half-waveplate

Next, we consider a HWP and Fig. 5 shows the relative power of the x- (a) and y-polarization (b)
as a function of frequency and HWP rotation angle.

Fig. 5. Relative transmitted power as function of frequency and rotation angle of the HWP
for the horizontal (a) and vertical (b) polarization.

At rotation angles of 45◦ and 135◦ and for frequencies around 0.35 THz the horizontally
polarized component (x) is minimal, whereas the vertical component (y) is maximal. At lower
frequencies, the polarization remains predominantly horizontal, and at higher frequencies,
diffraction losses at the HWP structure set in. These results indicate the correct functioning of
the HWP with a phase retardance of π at the design frequency.

Figure 3(d)-(f) show the normalized Stokes parameters as function of frequency for a HWP
rotated to 45◦ and 135◦. For comparison we show the simulated results for a rotation angle of
45◦ and we find excellent agreement between experimental results and simulations. Around
the design frequency of 0.35 THz the polarization is rotated by 90◦ and the experimentally
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determined normalized Stokes parameters are S1/S0 = −0.999 ± 0.001, S2/S0 = 0.016 ± 0.006,
and S3/S0 = 0.035 ± 0.006. Note that a HWP performs as a QWP around one half of its
design frequency. Indeed, Fig. 3(d)-(f) show normalized Stokes parameters indicative of a
QWP around 0.2 THz. This frequency is larger than half of the design frequency, which is
explained by the fact that the birefringence increases with frequencies, as shown in Fig. 2(a).
The influence of the grating period on the performance of the HWP is of special importance
for the design of the q-plates, since they consists of a grating structure with a spatially varying
grating period. Therefore, we increased the grating period of the HWP from 0.7 mm to 1.1 mm
while keeping all other parameters fixed. For the larger period of 1.1 mm, diffraction losses start
already at a frequency around 0.27 THz. Nevertheless, we find a normalized Stokes parameter
S1/S0 = −0.987 ± 0.004 at 0.3 THz, which indicates that the HWP performs as expected even if
diffraction losses decrease the overall transmission.

4.3. q-plate

q-plates, depending on their rotation angle, convert an incident linear polarization into either
a radial or an azimuthal polarization. If the symmetry axis of the waveplate is parallel
(perpendicular) to the incident linear THz polarization, the beam is converted to a radially
(azimuthally) polarized beam. To verify the proper functioning of the q-plate we measure,
spatially resolved, all three electric field components. We scan an area of 3 mm-by-3 mm in the
xy-plane in steps of 0.1 mm (i.e., 31-by-31 points).

Figure 6 shows the field distribution of the radial (a) and the azimuthal (b) polarization at a
frequency of 0.325 THz. The color-coded amplitude of the transverse electric field is shown
together with a vector field indicating the instantaneous direction. The amplitude shows the
typical doughnut-shape spatial profile with a singularity at the origin. The three insets show
the amplitude distribution of the horizontal, vertical, and longitudinal electric field components
in the transverse plane. The horizontal and vertical field components exhibit the characteristic
spatial distribution with two lobes, which are π-phase shifted. The asymmetry of the azimuthally
polarized beam profile is most likely due to an unwanted tilt of the q-plate. In Supplement
1, Sec. S4B, we present an analytic model assuming a perfect q-plate in a 4f-imaging system
and we find good agreement of the resulting spatial polarization pattern with the experimental
results. Moreover, for the radially polarized beam, we observe a strong longitudinal electric field
component close to the beam center. A detailed description of the longitudinal field for a radial
THz pulse can be found in [33]. For an azimuthal polarization, the longitudinal electric field
is negligible, instead there is a strong longitudinal magnetic field component (see Supplement
1, Sec. S4B). To characterize the polarization state as a function of frequency, we project the
measured transverse electric vector field distribution E(xi, yj, f ) onto an ideal mode of the same
polarization state

γ(f ) =
∑︂
i,j

E(xi, yj, f ) · E0
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2(x2

i + y2
j )

w0(f )
exp
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−

x2
i + y2

j

w2
0(f )

]︄
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where the sum runs over all pixels and the amplitude of E0 is chosen such that a perfect radial or
azimuthal polarized mode yields γ(f ) = 1. The global phase of the electric field distribution
E(xi, yj, f ) is adjusted for a maximum γ(f ). The beam waist w0(f ) is obtained from a fit to the
measured amplitude distribution and we found w0(f ) = 600 µm 0.325 THz

f at the frequency f .
Figure 6(c) shows the projected polarization, γ, as function of frequency. A similar performance
is found for both q-plate orientations, with the maximum projected polarization of 0.95 at
0.325 THz being close to the ideal value of 1. For frequencies between 0.275 THz and 0.375 THz
we find a projected polarization larger than 0.9, which indicates that the q-plate works as intended
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in this frequency range. At lower and higher frequencies the projected polarization decreases
rapidly.

Fig. 6. Measured radially (a) and azimuthally (b) polarized beams. The main figures show
the color-coded amplitude distribution of the transverse electric field. The corresponding
vector field Exx̂ + Eyŷ is indicated by black arrows at an arbitrary overall phase (where x̂
and ŷ are unit vectors in x- and y-direction). The insets show the field distributions of the
horizontal, vertical, and longitudinal electric field components. All plots are shown at a
frequency of 0.325 THz and the same scaling is used for all the electric field components.
(c): Normalized projected polarization for the radial and azimuthal polarization as function
of frequency.

4.4. Spiral phaseplate

SPPs are used to generate beams with angular momentum without affecting the state of polarization.
Hence, the transmitted THz pulse remains horizontally polarized, but depending on the spatial
position the wavefront is retarded. We measured the horizontal electric field component in the
transverse plane in an area of 3 mm-by-3 mm in steps of 0.1 mm (i.e., 31-by-31 points).

Figure 7 shows the amplitude of the horizontal field component at 0.3 THz (a) and the
corresponding phase (b). The phase is shown only when the amplitude at the same pixel is larger
that 30% of the maximum amplitude. The amplitude distribution shows a doughnut-shape spatial
profile due to a singularity at the beam center. The color-coded phase distribution indicates that
the phase retardance decreases linearly by 2π as function of the azimuthal angle around the beam
center and exhibits a phase step ∆ϕ at 0◦. Due to the layer resolution of 0.1 mm, which is ten
times smaller than the considered wavelength, no discrete phase steps are observed. Figure 7(c)
shows the phase step ∆ϕ as function of frequency. The phase was averaged over the radial
direction around the amplitude maximum, i.e., between r = 0.3 mm and 0.6 mm, as indicated
by the two white circles in Fig. 7(b). The phase step ∆ϕ normalized to 2π corresponds to the
topological charge. Note that ∆ϕ has to be an integer multiple of 2π, because the unwrapped
phase of electromagnetic fields must be continuous. For comparison, we used the same recipe to
calculate the phase step from an analytical model. In both cases, we find discrete steps when
plotting the phase step as function of frequency. When we use alternative recipes to extract
the phase step, the overall picture remains the same, except the exact frequencies at which the
topological charge changes are found to shift to somewhat lower or higher frequencies. On
average, we find the first two steps at 0.15 THz and at 0.45 THz. These frequencies corresponds
to 0.5 times and 1.5 times the design frequency, respectively. We also tested two different SPPs
with a topological charge of ±2 at 0.3 THz and found similar performance.
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Fig. 7. Amplitude distribution of the horizontal polarization (a) for a spiral phase plate with
a topological charge of ±1 and the corresponding phase (b) for a frequency of 0.3 THz. For
pixels with an amplitude of less than 30 % of the peak amplitude, the color-coded phase is
greyed out. The white circles enclose the region used to extract the phase as a function of
azimuthal angle. (c): Phase step height in units of 2π as function of frequency.

4.5. Achromatic waveplates

For broadband THz applications, for instance using a femtosecond laser pumped LiNbO3 source,
the useful bandwidth of the waveplates presented above is not sufficiently broad. Hence, we
aim at increasing the bandwidth by using an achromatic waveplate design. As an example, we
discuss a QWP with an achromatic design consisting of two layers where the fast axis of the first
layer is aligned with the slow axis of the second layer. Naturally, this design is motivated by
commercially available achromatic waveplates. To optimize the performance, we tune the two
grating heights as well as the two periods. Hence, we have a four dimensional parameter space,
which allows us to optimize the structure for broadband performance. For optimization we use
a genetic optimization algorithm (in Matlab) and minimize the cost function

∫
df |φ(f ) − π/2|

for f ∈ [0.23 THz, 0.4 THz], where φ(f ) is the phase retardance based on Eq. (1). We impose
boundaries to the optimization: 1) The grating period is limited to the range between 300 µm
and 675 µm, where the lower limit is due to the 3D-printer resolution and the upper limit is
calculated from the onset of higher order diffraction, and to integer multiples of the accuracy of
the 3D-printer, i.e., 12.5 µm. 2) The grating height is restricted to values lower than 10 mm,
in order to be able to mount the achromatic QWP in a standard rotation mount, and to integer
multiples of the minimum layer thickness, i.e., 100 µm. After successful optimization we find
the following design parameters: The first grating period is 412.5 µm and has a height of 5.8
mm. The second grating has a grating period of 662.5 µm and a height of 3.5 mm. Between the
two layers we include a 1 mm thick spacer layer for mechanical support of the second layer. Note
that the achromatic structure was printed as a single part.

Figure 8 compares the retardance of the single layer QWP with the optimized achromatic design.
The grey area indicates a 10% deviation from the ideal retardance of π/2. The experimental data
are in good agreement with the double layer simulation results. The bandwidth of the achromatic
design is more than two times larger than that of the single layer design. Diffraction losses
limit the useful frequency range up to approximately 0.5 THz. We would like to stress that the
bandwidth can be even further increased by using more than two layers and that the same design
principles can be applied to HWPs and q-plates.
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Fig. 8. Measured retardance as function of frequency for the original one layer QWP (blue
circles) and for the optimized achromatic design (red stars). The blue circles corresponds to
the results already shown in Fig. 2(b) and the green curve corresponds to the simulation of
the achromatic design. The grey area indicates a 10 % deviation from the ideal retardance of
π/2.

5. Conclusions

We experimentally evaluated 3D-printed QWP, HWP, q-plate, and SPP for broadband THz
applications and compared the results to finite element simulations. We demonstrated that 3D-
printed wave- and phaseplates, using fused deposition modeling, are not limited to a frequency
range <0.2 THz, as indicated by previous publications. By using a broadband THz source with a
useful spectral range from 0.08 THz to 1.5 THz we showed that 3D-printed waveplates perform
as expected up to about 0.6 THz. We found that all waveplates have bandwidths similar to
commercial products and we demonstrated a route to achieve broadband performance, so that
3D-printed waveplates can also be used in combination with few-cycle THz pulses. Our results
demonstrate that 3D-printing is a cost-efficient and time-saving fabrication method for a variety
of narrow- and broadband wave- and phaseplates.
Funding. Schweizerischer Nationalfonds zur Förderung der Wissenschaftlichen Forschung (200020-178812).

Acknowledgments. The authors would like to cordially thank Rhoda Berger for taking the photographs shown in
Fig. 1.

Disclosures. The authors declare no conflicts of interest.

Data availability. Data underlying the results presented in this paper are available in Ref. [34].

Supplemental document. See Supplement 1 for supporting content.

References
1. R. Piesiewicz, M. Jacob, M. Koch, J. Schoebel, and T. Kurner, “Performance Analysis of Future Multigigabit Wireless

Communication Systems at THz Frequencies With Highly Directive Antennas in Realistic Indoor Environments,”
IEEE J. Sel. Top. Quantum Electron. 14(2), 421–430 (2008).

2. J. Federici and L. Moeller, “Review of terahertz and subterahertz wireless communications,” J. Appl. Phys. 107(11),
111101 (2010).

3. T. Kleine-Ostmann and T. Nagatsuma, “A review on terahertz communications research,” J. Infrared, Millimeter,
Terahertz Waves 32(2), 143–171 (2011).

4. Z. Chen, X. Ma, B. Zhang, Y. Zhang, Z. Niu, N. Kuang, W. Chen, L. Li, and S. Li, “A survey on terahertz
communications,” China Commun. 16(2), 1–35 (2019), https://ieeexplore.ieee.org/document/8663550.

5. I. Amenabar, F. Lopez, and A. Mendikute, “In introductory review to THz non-destructive testing of composite
mater,” J. Infrared, Millimeter, Terahertz Waves 34(2), 152–169 (2013).

6. M. Neshat and N. P. Armitage, “Developments in THz Range Ellipsometry,” J. Infrared, Millimeter, Terahertz Waves
34(11), 682–708 (2013).

7. M. Naftaly, N. Vieweg, and A. Deninger, “Industrial Applications of Terahertz Sensing: State of Play,” Sensors
19(19), 4203 (2019).

8. G. Tzydynzhapov, P. Gusikhin, V. Muravev, A. Dremin, Y. Nefyodov, and I. Kukushkin, “New Real-Time Sub-Terahertz
Security Body Scanner,” J. Infrared, Millimeter, Terahertz Waves 41(6), 632–641 (2020).

https://doi.org/10.6084/m9.figshare.15099489
https://doi.org/10.1109/JSTQE.2007.910984
https://doi.org/10.1063/1.3386413
https://doi.org/10.1007/s10762-010-9758-1
https://doi.org/10.1007/s10762-010-9758-1
https://ieeexplore.ieee.org/document/8663550
https://doi.org/10.1007/s10762-012-9949-z
https://doi.org/10.1007/s10762-013-9984-4
https://doi.org/10.3390/s19194203
https://doi.org/10.1007/s10762-020-00683-5


Research Article Vol. 29, No. 17 / 16 Aug 2021 / Optics Express 27170

9. J. Fabiańska, G. Kassier, and T. Feurer, “Split ring resonator based THz-driven electron streak camera featuring
femtosecond resolution,” Sci. Rep. 4(1), 5645 (2015).

10. E. A. Nanni, W. R. Huang, K. H. Hong, K. Ravi, A. Fallahi, G. Moriena, R. J. D. Miller, and F. X. Kärtner,
“Terahertz-driven linear electron acceleration,” Nat. Commun. 6(1), 8486 (2015).

11. D. Zhang, A. Fallahi, M. Hemmer, X. Wu, M. Fakhari, Y. Hua, H. Cankaya, A.-L. Calendron, L. E. Zapata, N. H.
Matlis, and F. X. Kärtner, “Segmented terahertz electron accelerator and manipulator (STEAM),” Nat. Photonics
12(6), 336–342 (2018).

12. D. Rohrbach, Z. Ollmann, M. Hayati, C. B. Schroeder, W. P. Leemans, and T. Feurer, “THz-driven split ring resonator
undulator,” Phys. Rev. Accel. Beams 24(1), 010703 (2021).

13. X.-P. Dong, J.-R. Cheng, F. Fan, S.-T. Xu, X.-H. Wang, and S.-J. Chang, “Wideband sub-THz half-wave plate using
3D-printed low-index metagratings with superwavelength lattice,” Opt. Express 27(1), 202–211 (2019).

14. S. F. Busch, M. Weidenbach, J. C. Balzer, and M. Koch, “THz Optics 3D Printed with TOPAS,” J. Infrared, Millimeter,
Terahertz Waves 37(4), 303–307 (2016).

15. E. Castro-Camus, M. Koch, and A. I. Hernandez-Serrano, “Additive manufacture of photonic components for the
terahertz band,” J. Appl. Phys. 127(21), 210901 (2020).

16. A. D. Squires, E. Constable, and R. A. Lewis, “3D Printed Terahertz Diffraction Gratings And Lenses,” J. Infrared,
Millimeter, Terahertz Waves 36(1), 72–80 (2015).

17. M. Weidenbach, D. Jahn, A. Rehn, S. F. Busch, F. Beltrán-Mejía, J. C. Balzer, and M. Koch, “3D printed dielectric
rectangular waveguides, splitters and couplers for 120 GHz,” Opt. Express 24(25), 28968–28976 (2016).

18. X. Wei, C. Liu, L. Niu, Z. Zhang, K. Wang, Z. Yang, and J. Liu, “Generation of arbitrary order Bessel beams via 3D
printed axicons at the terahertz frequency range,” Appl. Opt. 54(36), 10641–10649 (2015).

19. J. Gospodaric, A. Kuzmenko, A. Pimenov, C. Huber, D. Suess, S. Rotter, and A. Pimenov, “3D-printed phase
waveplates for THz beam shaping,” Appl. Phys. Lett. 112(22), 221104 (2018).

20. A. Sirenko, P. Marsik, L. Bugnon, M. Soulier, C. Bernhard, T. Stanislavchuk, X. Xu, and S.-W. Cheong, “Total
Angular Momentum Dichroism of the Terahertz Vortex Beams at the Antiferromagnetic Resonances,” Phys. Rev.
Lett. 126(15), 157401 (2021).

21. A. I. Hernandez-Serrano, E. Castro-Camus, and D. Lopez-Mago, “q-plate for the Generation of Terahertz Cylindrical
Vector Beams Fabricated by 3D Printing,” J. Infrared, Millimeter, Terahertz Waves 38(8), 938–944 (2017).

22. A. Bitzer, H. Merbold, A. Thoman, T. Feurer, H. Helm, and M. Walther, “Terahertz near-field imaging of electric and
magnetic resonances of a planar metamaterial,” Opt. Express 17(5), 3826–3834 (2009).

23. S. Bagiante, F. Enderli, J. Fabiańska, H. Sigg, and T. Feurer, “Giant electric field enhancement in split ring resonators
featuring nanometer-sized gaps,” Sci. Rep. 5(1), 8051 (2015).

24. M. Scheller, C. Jördens, and M. Koch, “Terahertz form birefringence,” Opt. Express 18(10), 10137–10142 (2010).
25. B. Zhang and Y. Gong, “Achromatic terahertz quarter waveplate based on silicon grating,” Opt. Express 23(11),

14897–14902 (2015).
26. P. Lalanne and M. Hutley, “Artificial media optical properties - subwavelength scale”, in Encyclopedia of Optical

Engineering, R. Driggers, ed. (Marcel Dekker, 2003), Vol. 1, pp. 62–71.
27. “CST - Computer Simulation Technology,” https://www.cst.com (2019).
28. J.-B. Masson and G. Gallot, “Terahertz achromatic quarter-wave plate,” Opt. Lett. 31(2), 265–267 (2006).
29. M. W. Beijersbergen, R. P. Coerwinkel, M. Kristensen, and J. P. Woerdman, “Helical-wavefront laser beams produced

with a spiral phaseplate,” Opt. Commun. 112(5-6), 321–327 (1994).
30. K. Miyamoto, K. Suizu, T. Akiba, and T. Omatsu, “Direct observation of the topological charge of a terahertz vortex

beam generated by a Tsurupica spiral phase plate,” Appl. Phys. Lett. 104(26), 261104 (2014).
31. L. W. Davis, “Theory of electromagnetic beams,” Phys. Rev. A 19(3), 1177–1179 (1979).
32. J. P. Barton and D. R. Alexander, “Fifth-order corrected electromagnetic field components for a fundamental Gaussian

beam,” J. Appl. Phys. 66(7), 2800–2802 (1989).
33. M. J. Cliffe, A. Rodak, D. M. Graham, and S. P. Jamison, “Generation of longitudinally polarized terahertz pulses

with field amplitudes exceeding 2 kV/cm,” Appl. Phys. Lett. 105(19), 191112 (2014).
34. D. Rohrbach, B. J. Kang, and T. Feurer, “3D-printed THz wave- and phaseplates - Dataset,” BORIS, 2021,

https://doi.org/10.48350/156568.

https://doi.org/10.1038/srep05645
https://doi.org/10.1038/ncomms9486
https://doi.org/10.1038/s41566-018-0138-z
https://doi.org/10.1103/PhysRevAccelBeams.24.010703
https://doi.org/10.1364/OE.27.000202
https://doi.org/10.1007/s10762-015-0236-7
https://doi.org/10.1007/s10762-015-0236-7
https://doi.org/10.1063/1.5140270
https://doi.org/10.1007/s10762-014-0122-8
https://doi.org/10.1007/s10762-014-0122-8
https://doi.org/10.1364/OE.24.028968
https://doi.org/10.1364/AO.54.010641
https://doi.org/10.1063/1.5027179
https://doi.org/10.1103/PhysRevLett.126.157401
https://doi.org/10.1103/PhysRevLett.126.157401
https://doi.org/10.1007/s10762-017-0396-8
https://doi.org/10.1364/OE.17.003826
https://doi.org/10.1038/srep08051
https://doi.org/10.1364/OE.18.010137
https://doi.org/10.1364/OE.23.014897
https://www.cst.com
https://doi.org/10.1364/OL.31.000265
https://doi.org/10.1016/0030-4018(94)90638-6
https://doi.org/10.1063/1.4886407
https://doi.org/10.1103/PhysRevA.19.1177
https://doi.org/10.1063/1.344207
https://doi.org/10.1063/1.4901904
https://doi.org/10.48350/156568

