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ABSTRACT — This paper presents the development of a
prototype imaging array, operating in a frequency band
centred on 500 GHz, which is intended for eventual space
deployment. The use of novel Electromagnetic Bandgap
(EBG) substratesfor the planar antennas of the array offers
significant advantages in terms of overall mass, size and
antenna directivity. The main emphasis of this paper is on
the specialised precision processing techniques required for
their realisation.

The use of high didectric congtant, g, materials
yields EBG crystals with wider fractional stopbands and
smaller physical dimensions. Consequently, high resistivity
silicon, g = 12, and ceramic microwave digectrics, € = 40,
are used to form the crystals. Three different 3-D EBG
designs have been analysed comprehensively and the
acceptable dimensional tolerances for each design, as a
function of g of the congtitutive dielectric material, have
been specified.

Characteristic gtructural dimensions are around
100pum for 500 GHz EBG crystals. Several different
fabrication processes have been considered, the selection
being governed by material constraints and dimensional
tolerances. For silicon processing, the advantages of deep
reactive ion etching over the previously used abrasve
sawing method are described. For ceramic materials, the
range of processing techniquesislimited dueto the material
characteristics, structure sizes and tight dimensional
tolerances required. Laser ablation, abrasive sawing and
the use of micron sized abrasive particlesin a high velocity
air ssream are compar ed.

.  INTRODUCTION

The redisation of imaging arays for the
millimetre wavelength range is of great interest for
astronomy and amospheric research. Up to now
waveguide-based technology has been used for these
purposes since this provides natura isolation between
adjacent pixels. However, the restrictive costs and bulky

nature of this approach limits the maximum number of
pixelsin an array.

The emergence of planar arrays defined by
lithography offers the potential realisation of a much
larger number of pixels. Nevertheless, the performance
of planar antennas can be severdy limited by cross
coupling through surface waves [1]. Three-dimensional
Electromagnetic Bandgap (3D-EBG) structures are
designed to suppress the propagation of radiation in a
certain frequency range. Thus, using a 3D-EBG as an
antenna substrate should attenuate or even eiminate the
coupling between array elements via surface waves
thereby improving antenna performance. Figure 1 shows
one possible configuration of such an array.

Figure 1. Artist’s impression of an array of dipoles on a
woodpile Electromagnetic Bandgap Sructure.

The frequency range over which the radiation
cannot propagate inside a 3D-EBG structure is called the
bandgap. The bandwidth and position of the bandgap are
given by the band diagram of the EBG structure,
Figure 2, which plots the relationship between frequency



and wavevectors, k, of the different modes for all

directions in the Brillouin zone. The Brillouin zone in
turn is determined by the unit cell of the structure[2].
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Figure 2: Dispersion relation for the 3D-EBG woodpile
structure.

1. MODELLING AND DESIGN

Electromagnetic  Bandgap  structures  are
characterised by the range of frequencies where the
structure does not permit the propagation of radiation. In
a good design this stopband, or bandgap, may have a
theoretical fractional width of over 30 % in a materid
with a high didlectric constant. Severa software tools are
available for the analysis and design of 3D-EBG
structures. Three different methods have been used in the
course of this project and they are described in turn
bel ow.

The Plane Wave Method (MIT, [3, 4])

The band diagram of a 3D-EBG crystal can be
found by a plane wave method. The resulting diagram
displays the eigenmodes of the structure, which are the
electromagnetic waves that can propagate through the
structure for a definite frequency, w, for various
directions indicated by wavevectors, k.

Theinitia equation to be solved is:

r
r 1 0°H
i X[ r)lxH J =-=
n(r) R
The code takes a propagation wavevector and
expands the magnetic field in a plane wave basis using
Bloch's theorem for periodic media. Working with this
equation an eigensystem is found, whose eilgenvalues are
the frequencies of the dispersion diagram.

Transverse spectrum contrast-source formulation method

Developed by the Faculty of Electricd
Engineering of the Eindhoven University of Technology
[5], this approach is based on an integro-differentia
equation for the dectric fied. It employs a two-
dimensional plane-wave expansion in the transverse

plane (x-y) and a uniform mesh in the longitudina
direction (2). In the resulting numerica scheme, the
computational complexity is dominated by Fast Fourier
transformations, which yied an efficient matrix-vector
product. The resulting equation is then solved by means
of an iterative technique.

Transmission and Reflection Calculations.

Several commercia software tools are available
for predicting the transmission and reflection of 3D-EBG
structures, and from these Ansoft and HP-HFSS have
been sdlected. These techniques are both based on the
finite element method [6].

In practice, the plane wave method and the
transverse spectrum contrast-source formulation method
are used to calculate the band diagram and consequently
the bandgap of the structures. We have found good
agreement between the results of the two methods:
Figure 3.
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Figure 3: Band diagram comparison for the so-called
MIT2 EBG structure — described in text below. The
models used 33 plane waves to solve the eigensystem.

Using the three software tools severa 3D-EBG
structures were analysed and optimised. They are the
Woodpile, the MIT1 and the MIT2 structures.

. Woodpile structure

This structure was proposed at about the same
time by the lowa State University Group and JP.
Dowling in 1994 [7, 8]. The basis of the structure
consists of 4 layers of square dielectric rods having a
centre to centre separation a as shown in Figure 4. The
rods are rotated by 90° in each successive layer and
displaced by an offset of a/2 between every second layer.

By optimising the different dimensions of the
structure a fractional bandwidth of 21 % is achievable
using amaterial with arelative permittivity €, = 12, and a
bandwidth of 33 % and 35 % for amaterial of €, = 40 and
€ =90 respectively. This centre frequency of the
stopband is scalable to any desired frequency by
adjusting the structure dimensions and in this case is set
at 500 GHz. At this frequency the period, a, is 240, 150



and 100 pum approximately for materials of relative
permittivity of 12, 40 and 90 respectively.

d>

Figure 4: Woodpile structure model and layoui.
. MIT1 structure

This 3D-EBG structure was proposed in 1994 by
MIT group [9]. It consists of two different dielectric
materials. Staggered channels of the lower-dielectric
material - air in this case - pass through the high-
dieectric substrate, and a triangular lattice of air holesis
etched through perpendicular to the channes: Figure 5.

Optimising the different dimensions of the
structure bandwidths of 22 %, 36% and 38% are
achievable using materials with ¢ of 12, 40 and 90
respectively. At the centre frequency of the design,
500 GHz, the dimensions of the structure are given by
a =400, 250 and 170 pum as g, ranges from 12 to 90.

Figure 5. MIT1 Sructure model (top) and layout
(bottom).

. MIT2 structure

This structure has been more recently proposed by
MIT [10]. The unit cell is formed by six layers of a
shifted stacking of the two characterigtic types of 2D-
EBG crystals. hexagona dielectric rods in ar and
circular air holesin dielectric: Figure 6.

Our calculations show that the bandwidths
achievable by optimising the different dimensions of the
structure are 22 %, 36 % and 38 % for €, = 12, 40 and 90
respectively. At the centre frequency of the design,
500 GHz, the dimensions of the structure are defined by
the parameter a equal to 450, 300 and 180 pm
respectively.

anr cylindsrs
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Figure 6: MIT2 structure model (top)
(bottom).

and layout

All three structures were optimised using the
different software tools over the range 12 < g, < 90. It
was found that increasing the relative permittivity leads
firstly to smaler dstructure dimensions and, more
importantly, to awider fractional bandgap.

We found that the bandwidth increases only
dightly as € is raised from 40 to 90. On the other hand,
the characterigic dimension a decreases and the
machining properties of high € ceramic worsen with
increasing €. As a consequence, it was decided to use
€ =12 and 40 didectrics for the 3D-EBG crystals.

Two different materials were selected for making
the structures:

» High resigtivity (> 1kQcm) double sided polished
silicon wafers, €, = 12, (100) orientation with flatness
tolerances of + 4um.

¢ D36 ceramic from Morgan Electroceramics, a Zr/Sn
Titanate (ZTT) with g, = 37.

The sensitivity of the electromagnetic properties
of the different structures to small changes in dimensions
was aso analysed for both materias. Changing the



structure dimensions away from the ideal values leads to
a shift in the bandgap centre frequency and to a decrease
in bandwidth. Thus, any fabrication process must deliver
adimensiona precision that does not result in significant
changes in these eectromagnetic properties. The
objective of this part of the study was to quantify the
required manufacturing precison in advance of
production.

The electromagnetic properties of both MIT1 and
MIT2 structures are most sensitive to variations in the
radii of the holes, Figure 5 and 6, whereas variaions in
the bar widths of the woodpile need to be minimised:
Figure 4. From our anayss, fabrication tolerances
should be below + 5 um for silicon and + 2 um for the
ceramic. These tolerances guarantee bandwidths bigger
than 20% for the silicon structures and 32% for the
ceramic ones. Besides, the tolerances also guarantee a
centre frequency variaion below +20 GHz for the silicon
case and +50 GHz for the ceramic case (with respect to a
centre frequency of 500 GHz). As expected, the
tolerances decrease with increasing €. This is consistent
with the decreasing structure size with increasing €,.

As an example, the variations in centra frequency
and fractional bandwidth with respect to bar width are
shown in Figure 7 for the silicon woodpile.
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Figure 7: Senstivity of the central frequency (left) and
the fractional bandwidth (right) with respect to the
variations in bar width d1 up to + 5 zm for the silicon
woodpile.

I1l. FABRICATION

Once the structure designs were optimized, the
next step was to find micromachining techniques capable
of ddivering the dimensions and fabrication tolerances
required. Several techniques were considered and
subsequently rejected as not being able to match the
requirements of the application.

This is the case of photolithography where the
structures are defined using the ultra-thick resist SU-8.
Unfortunately this is very lossy at 500 GHz, the central
frequency of the design. The same reason excludes rapid
prototyping techniques, such as sereolithography or
sintering. Both injection moulding (precision shaping of
polymeric materials) [11] and ultrasonic machining were
rejected for not being able to achieve the small size of the
structures. Mechanical milling, despite being suitable for
some ceramics and polymers, does not match the
fabrication tolerances as the achievable surface

roughness is of order 20 um. Mechanical drilling was
aso consdered. The consulted company, Agate
Products, who specialise in processing sapphire, quartz
and another hard substances, advised that the minimum
wall thickness between holes should be at least the
thickness of the material. Thisisnot the casein the MIT1
and MIT2 structures shown above.

The woodpile structure on slicon has been
previousy been fabricated using a narrow bladed
diamond saw [12]. The process consists of dicing the
rods on silicon wafers that are twice the thickness of one
layer of the structure, inverting the wafer, and dicing the
second layer at 90° to the first. Two different kinds of
tiles are defined in this way, with an offset between each
other of haf the period “a” of the woodpile structure
(Figure 4). The tiles are alternatively stacked using the
corners for alignment. This process is described in
Figure 8.

Stackin
Drocess

Figure 8: Forming a square bar woodpile by double
sided processing of dielectric wafers and then stacking
the resulting rectangular tiles.

However, this technique is limited by the surface
roughness achievable with the dicing blades, 2 pm
approximately. A major weakness of dicing is that only
blind and through grooves can be cut by this method,
excluding the formation of isolated arbitrary shapes.

Deep Reactive lon Etching (DRIE) or dry etching
of silicon provides a surface roughness of less than 2 pm
and the defined pattern accuracy is better than 1 pm.
However, this high etch rate process is only suitable for
the forming of silicon, for maximum practica etch
depths in other materials are only a few microns. DRIE
was selected for defining the silicon woodpile structure
in preference to dicing. The pattern to be etched was first
written, using a silicon dioxide mask, on both surfaces of
140 um thick silicon wafers. The wafers were etched
from one surface to a depth of 70 um. They were turned
over and etched again to the same depth, thus defining a
tile with two layers of the woodpile structure. Again, two
different tiles had to be manufactured. Through dowel
holes and 70 um deep ball holes [13] were aso etched to
allow accurate stacking: Figure 9.
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Figure 9: Double-side etched silicon tile (top) and closer
view of the processed silicon wafer (bottom). Wafer
thickness 140 pm. Barswidth and depth 70 pm. Centre to
centre distance between barsis 230 tm.

The MIT1 structure can be defined by stacking
layers in either vertical or horizontal planes since it is
periodic in both directions (Figure 5). Instead of using
two solid dielectrics of low and high relative permittivity,
air filled spaces form the low permittivity dieectric,
resulting in a higher contrast and better performance [2].
If horizontal layers are chosen to define the structure,
parallel bars may be diced in tiles tha have been
previoudly drilled with an array of holes. However, if the
layers are chosen to be vertical, both the rods and the
holes can be diced if the blade profile produces a
semicircular cut: Figure 10. It is important to point out
that by using horizontal layers it is possible to build the
structure with only one kind of tiles, whereas in the case
of vertical stacking, two kind of tiles are needed.

Tolipifferming . Horizontal layers
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Figure 10: MIT1 fabrication process: hole patterning by
laser ablation or grit blasting, defining rows by high

precison diamond sawing and stacking. Fabrication
methods are described in the text.

On the other hand, the MIT2 structure can only be
formed by horizontally stacking identical layers of
hexagona pillars and holes. Three such tiles, stacked
with different offsets, are needed to define one period of
the structure in the z-direction (Figure 6). The planned
method is similar to the one selected for the MIT1
structure and consigs of dicing the hexagonal pillars on
previoudly drilled tiles. Figure 11 describes the process.
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Figure 11: MIT2 defining process. Threetiles are needed
for one period of the structure (Figure 6).

For the MIT1 structure, high precision diamond
sawing has been selected to define the channels. In case
that vertical stacking is selected, both the channds and
the holes may be defined by respectivdly using
rectangular and semicircular blade profiles. The same
method will be used to define the hexagonal pillars of the
MIT2 gructure.

An automated Disco DAD321 dicing saw with a
three-axis step precision of 0.2 um [14] has been used to
make several tests. Results from silicon, shown in Figure
12, are excellent. Some improvements are still needed in
processing the ZTT ceramic although the initial results
are very promising. The profiles produced in the ceramic
have rounded internal corners, Figure 13, so special
blades have been ordered to obtain the desired near
perpendicular corners.
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Figure 12: 70 um wide, 135 um high MIT1 pillars, gap
between rows 190 um, (top) and 130 m high, 36 um
side MIT2 hexagonal pillar (bottom) diced in silicon
using high precision diamond sawing.
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Figure 13: 165 pum thick ZTT sample cut with the dicing
saw. This has 90 um deep and 90 pum wide cuts, wall
thickness 30 um.

Prior to dicing the channels and pillars of the
actual MIT gructures, the hexagond lattice of holes will
be defined using either laser ablation or grit blagting, as
described below

Laser ablation is achieved by focussing a high
power pulsed laser onto the sample, breaking atomic
bonds and converting the material into plasma. This
technique is suitable for ceramics and is capable of
ddivering a surface roughness below =3 pm. A
triangular lattice of similar dimensions to the actud
MIT1 and MIT2 gructures was successfully patterned in
an 80 um thick ZTT sample, Figure 14, using X-Y
stepped UV laser pulses[15].

Grit blasting is based on a high velocity stream of
air that carries graded particles of abrasive which
mechanically remove some of the dielectric upon impact.
A mask, which resists abrasion, is needed to define the
structure. The technique is suitable for both silicon and
ceramics and it should be capable of achieving a hole
aspect ratio of 1:2.5 and with a surface roughness better
than £ 2 um.

Whereas laser ablation has proven to be
successful in severa tests on ceramic, grit blasting is a
new technique. Although previous studies look very
promising [16, 17] the real capabilities of the technique
have yet to be realised. For this reason we believe that
laser ablation is the approach of choice for producing the
required hole arrays.

8.62kx
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Figure 14: Laser ablated holesin 80 umthick ceramic,
hole diameter: 200 pm, minimum separation: 15um

IV. CONCLUSIONS

The design of several EBG structures suitable for
use as substrates for a 500 GHz imaging array have been
presented. These EBG structures have been analysed and
optimised using different software tools: the results of
commercial products (Ansoft & HP HFSS) and in-house
designed software were in good agreement. The best
EBG structures were found to have a ca culated bandgap
of 36% for & =40 ceramic. Higher permittivity
didectrics deliver a better electromagnetic performance
but microfabrication requirements become more
demanding: the structures have smaller characterigtic
dimensions and the materials are harder and more brittle.

Maximum acceptable changes in the bandwidth
and central bandgap frequency of the different structures
determine the manufacturing tolerances in each case.



These were calculated as + 5pum using silicon as the
didectric and £ 2 um for the ZTT ceramic.

Several fabrication techniques have been
presented, and their capabilities and limitations have
been discussed. Fabrication tests have been carried out
using high precision diamond dicing sawing and |aser
ablation. A silicon woodpile structure has been
successful fabricated using DRIE.
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