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A novel process has been developed for fabricating ceramic dielectric structures with dimensions applicable to W-band millimetre
wave dielectric resonator antennas. The ceramic dielectric structures are based on composites of SU-8 2150 photoresist and alumina
(Al2O3)-alpha nanopowder. The effects of increasing the weight percentage of Al2O3 nanopowder on the photo-polymerisation of the
SU-8–Al2O3 composite were systematically investigated. Cylindrical structures with thicknesses up to 500 µm have been fabricated using
single casted conventional ultraviolet lithography. The relative permittivity of SU-8–Al2O3 composites at different weight percentages of
Al2O3 was studied showing an increase from a relative permittivity of 4.5 to 5.66 with increasing the Al2O3 weight percentage from 0 to
35%. Also, finally, double layer manufacturing of ceramic SU-8–Al2O3 composite structures was demonstrated.
1. Introduction: Dielectric resonator antennas (DRAs) have been
widely investigated in microwave and millimetre wave (MMW)
frequency bands due to several attractive properties [1, 2]. DRAs
operating in the microwave and MMW frequency bands have
shown high radiation efficiencies when compared to printed
metallic antennas. This is mainly due to the absence of conductor
and surface wave losses, which are greatly dominant in printed
metallic antennas. In addition, DRAs can be designed in various
shapes and can be configured to have different excitation modes
and feeding schemes which offer great design flexibilities.
However, as the frequency of operation increases, the realisation
of a small size DRA becomes hard and expensive due to
manufacturing complexities involved in micromachining the
composing ceramic materials with small dimensions and
acceptable dimensional tolerances and also due to the requirement
of accurately positioning of the DRA structure with respect to the
feed structure.

Recently, a new technique was conceived to manufacture low
permittivity dielectric material using polymer–ceramic composites,
which are being used in several applications, such as embedded
capacitor [3], broadband acoustical matching [4], high voltage
outdoor insulation [5] and packaging [6]. Different polymer mater-
ial and ceramic composites were used depending on the application
specifications. This technique has also been successfully used to
manufacture low permittivity dielectric resonator antennas in the
K-band [7–10]. A photoresist was used as a polymer with added
ceramic microparticles used as filler to the polymer to increase
the dielectric constant of the composite; therefore, yielding more ef-
ficient coupling between the dielectric resonator structure and its
feed structure as well as reducing the antenna required size [1, 8].
The advantage of this technique is that it keeps the polymer flexibil-
ity, which makes it easy to shape, and gains at the same time some
of the ceramic filler properties. The increase in polymer’s dielectric
constant was found to depend on the ceramic filler dielectric con-
stant, its concentration in the composite mixture, and its average
particle size [11].

In previous works [12], Rashidian et al. used direct [8, 13] and
indirect [7] X-ray lithography to fabricate polymer–ceramic
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composited-based DRAs. In the direct method, polymer–ceramic
composited-based was patterned using a mould technique followed
by deep X-ray exposure, in the indirect method a precise permanent
frame was fabricated by X-ray lithography then filled with
polymer–ceramic mixture using robotic machine. In both techni-
ques, the fabricated DRAs were aligned manually with signal
feeding mechanism after demount them from the moulds. These
techniques have proved successful in defining DRA in the
K-band with a good control over the dielectric constant; however,
for W-band MMW frequencies, these techniques will become
limited in providing the required dimensional and alignment accur-
acy with respect to the feed structure as well as it required special
equipment for lithography process, X-ray lithography.

In this Letter, we introduce a photolithographically definable
polymer–ceramic composite that can be used to manufacture
MMW DRAs with required small dimensions (a few millimetres)
and accurate placement. The developed photolithographically de-
finable composite allows manufacturing various complex DRA
shapes using conventional ultraviolet (UV) photolithography
instead of using an X-ray lithography. In this Letter, SU-8 2150
has been used as the polymer base, this polymer has high viscosity
and required a different way to handle comparing with had been
used by Rashidian et al. in the direct method, and alumina
(Al2O3) nanopowder has been used as a nanofiller to increase the
dielectric constant of the polymer. The SU-8–Al2O3 composite
was photolithographically processed in cylinder shape with
heights up to 350–500 µm, the required dimensions of W-band
MMWs DRA. The SU-8–Al2O3 composite with this height is
photo-definable using through mask UV-lithography to allow the
designer to pattern the desired shapes with a precise position direct-
ly on a feed structure. Substrate penetration lithography has been
used in this Letter to determine the maximum heights that can be
processed for the different Al2O3 nanofillers content in the compos-
ite. The sidewalls of the processed structures were also studied to
find out the dependence of their sharpness on the processing para-
meters and composite mixture. Prototype capacitors were fabricated
and utilised to measure the SU-8–Al2O3 composites’ relative di-
electric permittivity and the result was compared with predicted
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Fig. 1 SEM micrograph for an SU-8–Al2O3 composite cylindrical dielectric
structure fabricated on Si
values using the Lichteneker–Rother model that is the most com-
monly employed for two phase materials [11, 14–16]. Moreover,
double layer patterning was demonstrated to enable more manufac-
turing flexibility for structures having high dielectric constant.

2. Fabrication technique and discussions
2.1. Synthesis of the SU-8–Al2O3 composite: The negative
photoresist SU-8, used as the polymer in this Letter, was obtained
from MicroChem. The SU-8 2000, a new generation of SU-8
photoresist, is formulated using cyclopentanone as solvent. This
series demonstrates improved coating and adhesion properties and
faster processing times for thick film applications. Photoresist
films up to 650 μm thick can be easily spun using a conventional
spin coater in a single coating process and photolithographically
patterned using UV (350–400 nm) radiation [17]. Alumina-alpha
(Al2O3) nanopowder, from MK Nano, with an average particle
size of 40 nm is used as a ceramic nanofiller to increase the
relative dielectric permittivity of the SU-8 photoresist.
The SU-8–Al2O3 composite samples have been prepared using

the mechanical disperser IKA T10. The preparation starts by
filling a 12 ml cylinder with half the amount of the SU-8 2150
photoresist to be used. The Al2O3 nanofiller and the remaining
half of the resist are added alternately little by little to minimise ag-
glomeration of the Al2O3 in the solution. The combination is initial-
ly mixed with guided hand stirring using the disperser shaft for 5
min to spread the nanopowder all over the solution. The mechanical
disperser mixing of the nanocomposite blend follows in several
steps; each step consists of 5 min mixing and 3 min cooling to
prevent overheating of the solution and the disperser. The total
mixing durations to reach homogeneous solution for the different
Al2O3 contents in the SU-8–Al2O3 composite are listed in
Table 1. The prepared SU-8–Al2O3 composite is then poured in a
10 ml syringe and left for 20 h in an upright position to allow the
slow escape of trapped air bubbles from the viscous solution.

2.2. Film patterning results: Thorough and systematic
investigations were carried out to find out the maximum thickness
of SU-8–Al2O3 composite that can be polymerised by the UV
light exposure in the lithography process. The objective of these
investigations is to ascertain the limits of lithographically
patterning SU-8–Al2O3 composite. Quartz substrates and back
side exposure lithography were used for this purpose. In addition,
the lateral sharpness of the cylindrical structure walls was studied
using conventional photolithography on silicon (Si) substrates to
determine the sidewall inclination angle of the fabricated
structures as a function of the Al2O3 nanofiller percentage.
SU-8–Al2O3 composite mixtures with different concentrations of

Al2O3 nanopowder were processed on quartz and Si substrates.
Each substrate piece has a dimension of 2 cm × 2 cm. The substrates
pieces were cleaned using acetone, and then rinsed with isopropyl
alcohol. After that the quartz pieces were blown dry with dry N2

and dehydrated on hot plate for 6 min at 200°C. Then 2 ml of the
SU-8–Al2O3 composite mixture was injected from the syringe
over the whole piece. Before spinning, the specimens were left
for 3 min to allow uniform distribution of mixture over the quartz
wafer pieces. Spinning was done in the two steps: in the first
Table 1 Mixing time against weight percentage for SU-8–Al2O3

composite samples

Al2O3, wt% Mixing time, min

10 80
15 80
25 100
35 100
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step, the wafer was accelerated at 100 rotations per minute (rpm)/
s to a speed of 500 rpm for 8 s to allow the SU-8–Al2O3 composite
to be spread over whole wafer. In the second step, each wafer was
accelerated at 400 rpm/s to a known speed to get a suitable thick-
ness for each specific experiment. To avoid thermal shock for the
nanocomposite film during baking, the specimens’ temperature
were gradually increased during soft baking using two different
hot plates, so the specimens were placed on the first hot plate at
50°C for 10 min and after that the specimens were placed on the
second hot plate at 95°C for 108 min. The specimens were
removed from the hot plate and allowed to cool down to approxi-
mately 20°C, and then the structures were patterned using photolith-
ography. The specimens were then post baked using two hot plates
the first at 50°C for 5 min, the second at 95°C for 28 min. Next, the
specimens were developed for 20 min using SU-8 developer aided
by hand stirring, and then rinsed in isopropyl alcohol; Fig. 1 shows
a scanning electron microscope (SEM) micrograph of the processed
dielectric cylinders after development.

By utilising the back side exposure photolithography technique,
Fig. 2, we expect that only polymerised part of the composite
remains whilst the non-polymerised part will be rinsed out along
with the developer and so the maximum polymeriseable thickness
against content can be measured. All samples on quartz substrate
were exposed to a fixed dose of 4.536 J/cm2 for all mixture
compositions.

The thickness of the structures after exposure and development
was measured using Veeco Dektak 150 surface profilometer. For
the purpose of comparison and to reach conclusive deductions of
Al2O3 nanopowder effects on the maximum polymerised thickness
pure SU-8 photoresist was first processed. It was found that an ex-
posure dose of 387 mJ/cm2 was enough to polymerise SU-8 photo-
resist films of thicknesses up to 800 µm. Fig. 3 shows the
dependence of the maximum polymerised thickness against
Al2O3 nanopowder content in the SU-8–Al2O3 composite
mixture, the maximum thickness that can be polymerised gradually
decreases with an increase in the weight percentage of Al2O3 in the
SU-8–Al2O3 composite mixture. This reduction is due to an in-
crease in resist absorption coefficient and its surface reflectance
caused by the presence of the Al2O3 nanoparticles in the SU-8
film [18, 19].

Conventional photolithography, Fig. 4, was used to study the
lateral sharpness of the walls of the cylindrical structures. The ex-
posure dose that is required to polymerise the maximum thickness
was optimised depending on the Al2O3 nanofiller content in the
SU-8–Al2O3 composite mixture for the different samples. The
maximum fabrication tolerances were seen in composites with an
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Fig. 4 2D schematic of conventional lithography process used for fabricat-
ing cylindrical dielectric structures

Fig. 2 2D schematic of substrate penetration lithography process
Al2O3 of 35 wt%. Cylinders fabricated with a photomask having 3
mm circular window exhibited an average top diameter of 3.2 ± 0.1
mm and an average thickness of 203 ± 10 µm.

Figs. 5–8 show SEM micrographs of the wall profile of the pat-
terned structures fabricated during this Letter. The pure SU-8
photoresist structure, Fig. 5 shows satisfactorily straight sidewall,
whereas the SU-8–Al2O3 composite mixture, Figs. 6–8 exhibit
slanted profile.

Owing to the dependence of antenna characteristics on the shape
and dimensions of the DRA structures, it is essential to investigate
the reproducibility of such profile in order to design DRA antennas
with predictable performance. Various SU-8–Al2O3 composite
mixtures with different weight percentages of Al2O3 nanopowder
Fig. 3 Evolution of the maximum polymeriseable thickness of SU-8–Al2O3

composite against Al2O3 weight percentage in the composite
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were studied. Increasing the weight percentage of Al2O3 in the
nanocomposite resists results in increasing inclination of the side-
walls. In addition, nearly all processed SU-8–Al2O3 composite
mixture samples show two noticeably apparent sidewall regions.
The first region is a thin layer at the upper part of the photoresist
having an almost straight sidewall with an inclination angle
smaller than 5°. The thickness of this first region depends strongly
on the Al2O3 weight percentage content in the SU-8–Al2O3 com-
posite, Table 2 lists the evaluated thickness of this region for the
Fig. 5 Film cross-section of pure SU-8. Cylindrical structures with 300 µm
in height almost show a straight sidewall profile
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Fig. 8 Film cross-section of SU-8–Al2O3 composite with an Al2O3 of 35 wt
%. The sidewall profile region with an angle greater than 5° is dominant

Fig. 6 Film cross-section of SU-8–Al2O3 composite with an Al2O3 of 15 wt
%. Two regions sidewall profile start to appear clearly; the first top region
with sidewall angle less than 5° and the second region with sidewall angle
greater than 5°

Fig. 7 Film cross-section of SU-8–Al2O3 composite with an Al2O3 of 25 wt
%. The first sidewall profile region with an angle less than 5° shrunk in
compare with the second region with an angle greater than 5°

Table 2 Maximum polymeriseable film thickness for different Al2O3

weight percentages with side wall angle less than 5°

Al2O3, wt% Maximum thickness, µm

10 ∼300
15 ∼200
25 ∼150
35 ∼90

Fig. 9 Patterned double layer patterned of SU-8–Al2O3 composite cylinder
with an Al2O3 of 25 wt%. The total height is 385 µm
different Al2O3 weight percentages. The second region, with a
much higher sidewall inclination extends up to the maximum pos-
sible thickness that can be processed. Mask edge diffraction effects
Micro & Nano Letters, 2016, Vol. 11, Iss. 4, pp. 224–229
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are thought to be the main cause of these inclinations observed in
our processed samples as reported in other work [20, 21].
Diffraction phenomenon is divided into three types; near field
image, Fresnel diffraction and Fraunhofer diffraction. These types
appear at increasing distance from the mask, respectively. For
near image diffraction, the exposed resist have almost the same
mask pattern, this region is very thin and cannot be seen in our
samples. The Fresnel diffraction leads to a decrease in the UV
light intensity at the edges causing the first inclination region
observed in our samples. Deeper in the SU-8 mixture the UV
light become of a Fraunhofer diffraction type, in which the light
is focused at the centre of the mask opening and decays steadily
towards the edges causing the resist to have a much higher sidewall
inclination because of the gradient in the light intensity. These find-
ings should be taken into account during the antenna design
process. In Section 2.3, the double layer processing of the SU-8–
Al2O3 composite was investigated as a solution to overcome the
flexibility limitation and the undesired slant sidewall.

2.3. Double layer patterning: In the previous section, the maximum
height limit for different SU-8–Al2O3 composites with different
weight percentages has been determined as well as the
unsatisfactory achievable sidewall profiles were revealed. In
MMW application, DRAs are required to have structures with
accurate shape and dimensions to avoid the frequency shifts [8].
Therefore, the sidewall angle observed in the lower region of the
previously processed structures is undesirable. Furthermore,
manufacturing flexibility required to fabricate DRA with higher
dielectric constant in a single casted layer is limited by the
maximum film thickness that have been specified in Fig. 3.

In this section, the double layer processing of the SU-8–Al2O3

composite was investigated as a solution to overcome the flexibility
limitation and the undesired slant sidewall. A double layer of the
SU-8–Al2O3 composite with an Al2O3 of 25 wt% is fabricated in
order to realise structures with thicknesses higher than 150 µm
227
& The Institution of Engineering and Technology 2016



Table 3 Measured relative dielectric permittivities for SU-8–Al2O3

composites with different Al2O3 weight percentages

Al2O3, wt% Relative dielectric permittivity

0 4.5
10 4.8
15 4.97
25 5.17
35 5.66
and with the first region having a side wall profile less than 5°. The
fabrication of a double layer of the SU-8–Al2O3 composite was rea-
lised by performing two consecutive coating and exposure steps
using the same procedure described in Sections 2.1 and 2.2, but a
single developing step has been applied at the end, Fig. 9 shows
an SEM micrograph for a double layer SU-8–Al2O3 composite cy-
linder. The average measured thickness for a number of cylinders
was ∼385 µm with almost straight side wall profile. It was not
easy to add more layers using this technique. The number of
layers is limited by the alignment issue of the added layer with
respect to the previous two layers as it will be difficult to see
clearly the alignment marks through the previous two spun layers
which contain the ceramic nanoparticles.

3. Dielectric constant study: The material dielectric permittivity
plays the main role in DRA size, coupling efficiency and
Fig. 10 2D schematic of prototype capacitors fabrication steps. The capaci-
tance of the capacitors were measured in order to calculate SU-8–Al2O3

composite relative permittivity
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bandwidth [2, 22, 23]. There are a number of methods to measure
the materials relative permittivity at high frequencies [24]. In this
work, the influence of adding Al2O3 nanofiller to the SU-8
photoresist was investigated by manufacturing prototype
capacitors and evaluating the relative dielectric constant of the
SU-8–Al2O3 composite mixtures using the well-defined
relationship

C = 1o1r
A

t
(1)

where ɛo and ɛr are dielectric permittivity of free space and relative
dielectric permittivity of the insulating dielectric layer, respectively,
A and t are the area of the top metallic contact and thickness of
insulating layer, respectively. The prototype capacitors were
fabricated by placing the processed SU-8–Al2O3 composite
between two metallic contacts. The second patterned Al plate of
all capacitors has a dimension of 8 mm × 8 mm and the SU-8–
Al2O3 composite film has an average thickness of 150 µm. The
two-dimensional (2D) schematic of the capacitor fabrication
process is shown in Fig. 10. The capacitance against voltage
measurement was performed using a semiconductor device
analyser at a frequency of 1 MHz. Table 3 lists the measured
relative dielectric permittivities for the SU-8–Al2O3 composite
with different Al2O3 weight percentages.

There are a number of numerical models to predicate an effective
relative dielectric permittivity for two phase materials mixture, the
most commonly used model is the Lichteneker–Rother model. The
Lichteneker–Rother model determines the effective permittivity for
two phase materials mixture based on the volume percentage and
effective dielectric permittivity for each material. Lichteneker–
Rother mixing law equation [3, 11, 16]

log 1c = B · log 11 + (1− B) · log 12 (2)

where ɛc is composite permittivity, ɛ1 is SU-8 relative permittivity
(4.5 measured), ɛ2 is Al2O3 permittivity (∼10), B is SU-8 volume
Fig. 11 Experimental measured and theoretically predicted relative permit-
tivity against to Al2O3 weight percent in the SU-8–Al2O3 composite
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percentage, and (1− B) is Al2O3 volume percentage. Fig. 11 shows
the comparison of the predicted and experimental relative permittiv-
ity of the SU-8–Al2O3 composite. The measured and predicted rela-
tive permittivities of the SU-8–Al2O3 composites show a trend of
increasing with increasing the Al2O3 nanofiller weight percentage.
The measured relative permittivity shows a small deviation from the
predicted values.

4. Conclusions: Thick films of SU-8–Al2O3 composite with
different Al2O3 nanofiller weight percentages were fabricated and
investigated. The obtained composites remain UV-photodefinable
and can be patterned for MMW DRAs up to a certain maximum
film thickness. This maximum thickness was found to depend on
the weight percentage of Al2O3 in the composite. The sidewall
profile angle has been investigated for different Al2O3

percentages. The SU-8–Al2O3 composite dielectric constants were
measured and compared with predicted values using Lichteneker–
Rother equation, the measured permittivities of the SU-8–Al2O3

composite show a trend of increasing with increasing the Al2O3

nanofiller weight percentage. The double layer process of the
SU-8–Al2O3 composite was developed to overcome some of the
limitations in the single layer process; this process greatly
increases the sidewall straightness of SU-8–Al2O3 composite
structures and allows fabricating thicker structures. The relative
permittivity of the developed composites, however, needs to be
investigated at MMW frequencies using a W-band dielectric
permittivity material measurement setup; and this is planned in
our future work.
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