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Reported here is the fabrication and characterization of a three-dimensional photonic crystal for terahertz
frequencies based on 3D printing of Al,Os. Specific inks containing Al,Os, the material required for the
structure, are synthesized with the viscosity and rheological properties necessary to be extruded through
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Introduction

Optoelectronic devices for terahertz (THz) frequencies such as
filters, detectors, lasers and waveguides, are of considerable
interest because of their potential applications in structural
analysis of materials and complex molecules,’ medical and
biological imaging,* security sectors,®> dopant density measure-
ment and pollution gases detection®* among others. In order to
fabricate functional devices where the control of THz waves is
required, photonic crystals (PCs)®’ presenting a complete
photonic band gap (PBG) play a crucial role since propagation
of electromagnetic waves is forbidden for all wave vectors in
such a band. While the fabrication of PCs was mainly conducted
at microwave,® infrared® and visible'® bands, the study of PCs
for the THz band is one of the less explored." Most studies of
PCs in this spectrum band have been focused on the develop-
ment of passive devices such as filters'* and waveguides,** and
on the integration of PCs with active devices such as quantum-
cascade lasers." Further progress towards the development
of devices operating at THz frequencies is driven by the need
of fabrication of optimized PCs with a complete PBG at this
spectrum band.

It is well known that the efficiency of functional photonic
devices at the operational frequency range is strongly depen-
dent on the properties of materials, i.e. their dielectric constant,
and the symmetry and lattice constant of the periodic structure.
Al,O; is a particularly attractive candidate for potential optical
devices because this oxide shows a high optical transparency
and a high dielectric constant in the THz band.'® Various
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techniques such as laser chemical vapour deposition'® and
stereolithography’” have been used to fabricate three-
dimensional Al,0; PC devices for THz operation. However,
those methods are technically complicated and also present
difficulties associated to the use of laser sources with critical
processing.’ As an alternative, here we demonstrate that high-
quality Al,O; PCs structures operating at THz frequencies can
be easily constructed using a 3D printing technique. For this
fabrication method, concentrated inks with tailored rheological
properties can be extruded through nozzles and deposited
onto a substrate to yield complex 3D structures on the
micrometer to millimeter scale in a layer-by-layer sequence.”
Significant progress in this technique has demonstrated a great
potential for developing functional devices with potential
applications as photonic crystals,® electronic components*
and tissue engineering elements.*

Herein, we present the fabrication and characterization of an
Al,O; structure with potential to fabricate photonic THz devices
for the 0.1-10 THz band. The designed 3D lattice, which has
been optimized for the THz band, consists of a woodpile
structure that is composed of dielectric rods stacked in a peri-
odic layer-by-layer sequence and exhibits a symmetry of a face-
centred-tetragonal (fct) lattice.® This structure is defined by
two parameters, the diameter of rods w and the rod spacing d.
The distance between the centres of adjacent layers is w, with
a stacking sequence that repeats itself every four layers and with
adjacent layers rotated by 90 degrees. Additionally, alternate
layers are shifted half a period, i.e. a distance d/2. In such a way
the primitive cell has a tetragonal shape with dimension d in
both directions of the layers plane and a = 4w in the perpen-
dicular direction. By controlling the composition of the ink and
the processing parameters in the printing process, it is possible
to generate this 3D woodpile periodic structure with the speci-
fied dimensions for the THz operation range. After printing,
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the structure was dried and calcined at high temperature to
induce a sintering process that increases its density and
mechanical strength. Finally, in order to check the presence of
the bandgap a test is conducted measuring the transmittance of
the sample in the low THz band using the time-domain spec-
troscopy technique (THz-TDS), and comparing the results to the
simulations carried out by the plane wave expansion method
(PWE).

Experimental
Ink synthesis

An Al,O; suspension (30 vol%) was prepared by adding 91.8 g
of Al,O; powder (0.5 pm mean particle size and density of 3.98
g mL ™", Almatis GmbH, Germany) to 53.8 mL of an aqueous
solution of 0.5 wt% of dispersant (Darvan 821A, R.T. Vanderbilt
Company Inc., USA). This suspension was ultrasonicated for
30 min (IKA U200S, Germany) to ensure the uniform dispersion
of the particles, and then centrifuged at 2500 rpm for 15 min.
Afterwards, the concentration of the ink was adjusted to
50 vol% by the elimination of 30.7 mL of the supernatant, and
the mixture was homogenized for 2 min in a planetary centrif-
ugal mixer (Thinky ARE-250, Thinky, Japan) at 2000 rpm. Then,
0.13 wt% (based powder) of a viscosity modifier hydroxypropyl
methylcellulose (HPMC, viscosity 2600-5600 cP, Sigma-Aldrich)
was added to the ink. The resulting suspension was stirred
again in the planetary centrifugal mixer for 2 min and was
allowed to stand at room temperature for 1 h. Finally, the
suspension was gelled by adding the flocculant cationic poly-
electrolyte poly(ethylenimine) (PEI, M,, = 2000, Sigma-Aldrich)
at 0.17 wt% (based powder) and the suspension was again
stirred four times at 2000 rpm for 2 min.

Rheological characterization

The rheological properties of the Al,O; ink were conducted at
25 °C using a rotational rheometer (Kinexus pro+, Malvern
Instruments, UK) with parallel plates geometry (diameter of 20
mm and gap width of 1 mm). The apparent viscosity was
measured at the shear rate range from 0 to 80 s *. The visco-
elastic behaviour of the ink was determined by an oscillatory
time sweep experiment. This study provides information about
the evolution of the elastic modulus G’ with the time. The time
sweep is made at a frequency of 1 Hz and a constant stress of
1 Pa. Before every measurement, the ink was subjected to a pre-
sheared rate of 1 s for 2 min followed by a 10 min equilibrium
time to minimize de effect of the ink loading.

Fabrication of the photonic crystal

The 3D structure was designed using a CAD program, and then
was performed at 25 °C in air using a robotic deposition appa-
ratus (A3200, Aerotech Inc., USA). The ink was housed in
a syringe and tapered with a nozzle (diameter 200 pm, Nordson
EFD, Japan). To control the ink flow rate an air powered fluid
dispenser Performus VII (Nordson EFD) combined with an air-
pressure multiplier-dispensing system (HP7x, Nordson EFD)
was used. The applied pressure for extrusion was 14 bar and the
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velocity fabrication 5 mm s~ . After drying for 24 h, the struc-
ture was sintered in a furnace for 2.5 h at a temperature of
1500 °C with a heating rate of 5 °C min™".

Additionally a solid tablet (without porosity and surface
defect) was also fabricated. This tablet consisted of dried Al,O;
ink that was uniaxially pressed into a cylindrical cast with
12 mm diameter and 3 mm thickness. Afterwards, the sample
was heated using the same thermal treatment than the wood-

pile structure.

Optical characterization

The spectroscopic measurements were performed using
a developed time-domain spectrometer set up. It uses a 810
nm wavelength Ti-Za laser producing pulses of 75 fs with
a repetition rate of 80 MHz whose beam is split and directed
into two photoconductive antennas (Menlo TERAS-1) to
produce and detect the THz radiation. The detected signal is
a small current in the range of tenths of nA which is amplified
and converted into a voltage by means of a low noise tran-
simpedance amplifier and then isolated from noise by means
of a lock-in amplifier to be finally read by a data acquisition
card from a computer. The temporal scanning is achieved
by delaying one of the beams using a mirror attached to
a motorized stage, which is controlled from the same
computer to automatize the whole measurement process.
On the other hand, the THz radiation from the emitter is
precollimated by a silicon hyper-hemispherical lens and then
collimated and focused into the sample by a pair of plano-
convex TPX polymer lenses. Another set of two plano-convex
and hyper-hemispherical lenses are used to direct the
output to the receiver.

A stereomicroscope (Olympus, SZX12 Olympus, Japan) and
a scanning electron microscope (JEOL 6400, Jeol Ltd., Japan)
were used to characterize the morphology of the Al,O; photonic
crystal.

Results and discussion

To produce the periodic structures by 3D printing, the compo-
sition and rheology of a highly concentrated aqueous colloidal
ink (composed of 50 vol% Al,O; powder, deionized water,
viscosity modifier and gelling agent) must be controlled. The
rheological properties of this aqueous ink (apparent viscosity
and elastic modulus) were measured in order to know the flow
behaviour and to evaluate whether it was suitable for printing.
These measurements were conducted at 25 °C using a rotational
rheometer, with parallel plate geometry (diameter 20 mm, gap
1 mm). The apparent viscosity was measured as a function of
the shear rate (0-80 s™'). For the time sweep test, elastic
modulus G’ was monitored as a function of time at a frequency
of 1 Hz and a constant stress of 1 Pa (value determined for the
linear viscoelastic region of the stress sweep measurement). The
dependence of the ink viscosity with the shear rate is shown
in Fig. 1a. The ink exhibits pseudoplastic (shear-thinning)
rheological behaviour, which is characterized by decreasing
viscosity with increasing shear rate. This is the desirable
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Fig. 1 (a) Apparent viscosity versus shear rate of the Al,Oz ink at solid
loading (50 vol%). The solid line represents the power law model fit. (b)

Time evolution of the elastic modulus for the AlLOsz ink. The solid line
displays the fit to the Rueb and Zukoski model.

behaviour to the extrusion process, enabling the ink to flow
through fine nozzles and subsequently holding its shape
against the influence of the weight of the structure. Adjusting
the experimental data to the power law model:*

n=Ky"! 1)

where 7 is the viscosity, K the consistency index, v the shear rate
and n the flow behaviour index. A good fitting to the model was
confirmed (R* = 0.969) with a consistency index K = 373.34 Pa s”
and a flow behaviour index of #n = 0.482, which was indicative of
pseudoplastic behaviour (0 < n < 1). Furthermore, we also
evaluated the crosslinking kinetics of the ink as it provides
useful information about the fact whether the rods retain their
cylindrical shape after printing or not. The time sweep test
(Fig. 1b) shows a gradual increase of elastic modulus G’ with
time, due to the formation of the cross-linked network. This
dependence is described by the modified Rueb and Zukoski
model:**

G(1) = (G — Gl —expla — )] + Gy (2)

where G',, is the instantaneous modulus recorded at t = «, G/,
the instantaneous modulus recorded at ¢ = 0, and « the decay
constant. For the Al,O; ink, G’y and G’ ,, were 1.6 x 10" Pa and
2.3 x 10° Pa respectively, with a R> value of 0.998. Previous
studies have determined the minimum ink elasticity to build
a 3D periodic structure without deflections in the filamentary
rods.?® Based on this calculation, a minimum G’ of 109.59 Pa is
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required for the conditions given in our study (i.e., ink density
Pink = 2.49 g mL™', 566 um rod spacing and 200 pum rod
diameter). Our results indicate that the concentrated Al,O; ink
(50 vol%) has enough initial elasticity to produce a self-
supporting 3D periodic structure.

To fabricate the 3D PC we printed a woodpile structure with
5 unit cells (20 layers), a rod spacing of 566 pym and a rod
diameter of 200 um. Fig. 2 shows the schematic structure of
a woodpile with an fct lattice (a) and SEM and optical micro-
scope images of the 3D structure after sintering (b-d). The rod
spacing (368 pm) and rod diameter (153 pm) measured in
Fig. 2c resulted after a strong reduction regarding to the values
before the thermal treatment with a non-uniform contraction
along the x and y directions. This shrinkage is a consequence
of the sintering process produced at high temperature. The
shrinkage corresponds to a 24% and a 35% reduction in rod
diameter and spacing, respectively, giving a PC structure with
a fct symmetry and a lattice constant of 612 um (a = 4 x 153 pm).
The cross-sectional SEM image (Fig. 2d) of the woodpile struc-
ture after the thermal treatment at 1500 °C reveals no
morphology change of the sample that retains its initial shape.
The surface morphology of a rod is shown as a high-
magnification SEM image in Fig. 2d, revealing a good densifi-
cation of the Al,O; grains due to the controlled sintering
process.

In order to check the presence and position of this gap
we calculated numerically the band structure of the woodpile
for the parameters measured from SEM images (lattice
dimensions and rod diameter), as well as the dielectric
constants for the background media (air, ¢ = 1) and Al,O; rods
(e = 9.8)." The calculation was done using the MIT Photonic
Bandgaps software package, based on the plane wave expansion
method.*® The band diagram is presented in Fig. 3. The scale
of wavenumber on the horizontal axis is proportional to the
ratio of reciprocal lattice dimensions, ie. k. = k, = 27/d, k, = 27/a,

Woodpile PC with fct symmetry

Fig. 2 (a) Schematic cross-view structure of a woodpile with an fct
lattice. (b and c) Optical micrographs (top view) at varying magnifi-
cations of the Al,Oz woodpile structure thermally treated (1500 °C for
2.5 h). (d) Cross-sectional SEM image of sintered structure, the inset
shows a surface at higher magnification (scale bar = 2 um).

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Band structure for the AlL,Os woodpile structure. The shaded
area represents the complete band gap (for all crystal directions). Inset:
sketch of first Brillouin zone for the tetragonal structure showing the
special symmetry points that correspond to the wavenumber values
on the horizontal axis of the band diagram.

so that k,/k, = d/a = 368/612 = 0.60. A sketch (not to scale) of the
first Brillouin zone is represented in the inset in order to
illustrate the position of the characteristic symmetry points for
the tetragonal structure” which are also indicated in the
wavenumber axis on the band diagram. The band structure
shows a full band gap between 4th and 5th bands for the
frequency range 0.30-0.32 THz (shaded area) with a relative
width of Aw/w, = 7.63%.

We performed transmission measurements of the Al,O;
photonic crystal using a terahertz time-domain spectrometer.
The system produces short THz pulses (T-rays) which are made
to go through the sample and finally detected producing
a temporal signal which can be converted into a frequency
spectrum via a numeric Fourier transform. In the arranged set
up,®®* the THz beam is focused between emitter and detector at
the point where the sample is placed. The transmission spec-
trum of the free space and a compact tablet sample of sintered
Al,O; show a close overlapping (Fig. 4a), which suggest that
Al,O; is nearly transparent at such frequency range. In contrast,
the woodpile structure exhibits a strong decay in the region
0.25-0.8 THz reaching a value of ~61% respect to the tablet
spectrum signal, indicative of the presence of a band gap. This
fact is confirmed in Fig. 4b where the transmittance is plotted
for both tablet and woodpile samples.

To compare the band structure with the experimental
results, we should note that measurements were performed
when the woodpile sample was placed with the staking axis
parallel to the THz-beam direction, which corresponds to
a wave-vector mainly oriented in the I'-Z direction. The THz
radiation impinges on the sample as a cone of rays due to
focusing. This means the gap measured experimentally is
necessarily broader than the theoretical complete band gap
since transmission is restricted to a limited set of incident
angles. In Fig. 4b it is appreciated a deep minimum at the
position of the full band gap (around 0.3 THz). A comparison
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Fig. 4 (a) Measured spectral power as a function of the frequency for
the free space, the compact tablet sample of Al,Oz and the woodpile
structure of AlOs. (b) Transmittance for the tablet and woodpile
structure.

between tablet and woodpile curves reveals the relevance of the
photonic crystal structure on the transmission of the sample.

Conclusion

In conclusion we have fabricated a 3D terahertz functional struc-
ture with tailored geometry by a 3D printing technique. The fabri-
cation uses optimized highly concentrated aqueous ALO; ink,
followed by a sintering process to produce a structure with closed
porosity and good mechanical strength. The resulting photonic
crystal consists of a woodpile structure with fct symmetry and
a lattice constant a = 612 um. The spectrometric measurements
show the presence of a band gap and a comparison with the
calculated band diagram demonstrates that the position of the
band gap is at the numerically predicted frequency. Due to the
versatility of 3D printing technique, those parameters can be easily
controlled, offering flexibility for the design of devices operating
at the THz frequency band. The results obtained would be valuable
for the integration of engineered woodpile structure-based devices.
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