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Abstract

Three-dimensional (3D) inverse diamond-structured ceramic photonic crystals (PCs) were fabricated by stereolithography (SL) and

gel-casting process using alumina slurry. The gradually varied solid loading in volume and its controllable stop band properties were

studied in the PCs. It was found that, with the decrease ratio of the solid loading increasing, the stop band width decreased and the

center frequency of the stop band shifted to the higher frequency range. Several PCs containing two graded solid loading of alumina

simultaneously along the !–X /100S direction were also fabricated in the same process to investigate their complex stop band

properties. Compared with the perfect PC, the stop band width of the graded solid loading PCs increased remarkably with the decrease

ratio of the solid loading increasing when the electromagnetic wave transmits along the !–X /100S direction. When the decrease ratio

reached to 10%, the stop band width reached 126.5% of that of the perfect PC, which agreed well with the Finite Integration

Technique (FIT).

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Three-dimensional (3D) photonic crystals (PCs), struc-
tures with periodic variation of dielectric constant that can
manipulate the propagation of the electromagnetic wave in
all directions, have attracted considerable attentions in
recent years for their wide potential applications [1–6]. For
some applications of PCs, a wider stop band width is
favorable so that wave control in a wide range can be
realized. The stop band can be controlled by varying the
structure, filling ratio, and dielectric constant of the lattice
materials [7,8]. The PCs of various 3D structures have been
widely investigated through theoretical calculation and
experimental evaluation. Among the various structures,
diamond structure is one of the most attractive class of
structures, which consists of two interpenetrating face
centered cubic Bravais lattices. It is difficult, however, to
form 3D diamond structures because the lattice stacking is
difficult to achieve compared with simple face-centered
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cubic or woodpile structures [9,10]. Most of the research
efforts on the diamond structure are concentrated on the
structural parameters modifications and varying the dielec-
tric constant in order to get the wider stop band width
[11–13]. However, little work has been done on broadening
the stop band width by gradient dielectric constant induced
by the variation of solid loading of ceramic powder in the
slurry in the fabrication process of PC.
Various processes have been used for fabricating dia-

mond-structured PCs [14–17]. But these are less suitable
for the PCs with multi solid loading ceramics coupling
because achieving multi solid loading ceramics coupling
structures has been a technological challenge up to now,
even through the PCs in the microwave range are regarded
to be easily fabricated. Gel-casting is an attractive ceramic
forming process, which can produce high quality complex-
shaped ceramic green bodies [18–21]. In such a process, a
high solid loading slurry consisting of ceramic power,
solvent and organic binder is first required. After the
slurry is cast into a mold, the organic binder creates a
macromolecular network to hold the ceramic particles
together. The aqueous ceramic slurry has low viscosity
rved.
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Fig. 1. The fabrication process of the photonic crystal with the solid

loading of 60 vol% and 50 vol% simultaneously by stereolithography and

gel-casting process.
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and fill up mold cavities with ease, the complexity of shape
attained by gel-casting is limited only by the ability of
mold design. Stereolithography (SL) is a typical rapid
prototyping process and has the capability of rapidly
fabricating any complex-shaped resin prototypes which
have high forming accuracy, good rigidity and fine surface
quality. So we proposed a rapid prototyping method by
combining SL with gel-casting for the easy fabrication of
the different solid loading ceramics coupling PCs.

In the present work, diamond-structured PCs composed
of air spheres using alumina slurries with the same
structure parameters but with different solid loading in
volume were firstly fabricated by SL and gel-casting
process, and the influence of the gradually varied solid
loading on the stop band property was experimentally
investigated. The diamond-structured PCs containing two
different solid loading in volume of alumina simulta-
neously were then fabricated in the same process to
investigate the changes of stop band properties along the
combined direction /100S of the PCs. This method
resulted in an interface between the different solid loading
alumina parts which forms a gradient dielectric constant
distribution in the PCs. As a result, the structure would
have a gradually varying stop band when either of solid
loadings of alumina was varied. Experimental result was
compared with the simulation result by the FIT (CST
MWS2010, Computer Simulation Technology, Darmstadt,
Germany).

2. Experimental procedure

In this research, the SL and gel-casting process was
employed to fabricate the diamond-structured PCs. The
diamond-structured PC models were designed based on the
FIT, and the corresponding PCs molds were fabricated
using a stereolithographic machine (Product SPS-450B,
Hengtong Co. Ltd, Shaanxi, China). This SL system
formed a three-dimensional object layer by layer by
scanning an ultraviolet laser of 355 nm wavelength over
a liquid photopolymer epoxy resin. The diameter of the
beam spot was 100 mm with a scanning speed of 90 mm/s
in operation and a single layer thickness of 100 mm. The
dimensional accuracy of the structure obtained was
within 0.1%.

In the gel-casting process, the casting slurries with Al2O3

powder were prepared firstly. In this process, a premixed
solution was prepared by dissolving organic monomer
(CH3CONH2, AM) and cross-linking agent (C7H10N2O2,
MBAM) in appropriate amount of deionized water. After
adding an appropriate amount of sodium polyacrylate
(25% of solid powder in mass) to the premixed solution,
Al2O3 powder was dispersed into the premixed solution
progressively. Alumina ceramic slurries with high solid
loadings (50 vol%, 52.5 vol%, 55 vol%, 57.5 vol%, and
60 vol%) were prepared after milling for 3 h. After adding
the initiator ammonium persulfate and catalyst (C6H16N2,
TEMED) into the ceramic slurries, the ceramic slurries
were stirred in vacuum for 5 min to degas and then
smoothly poured into their molds. Then the ceramic
slurries were polymerized in situ. The fabrication process
of the PC with the solid loading of 60 vol% and 50 vol%
simultaneously is shown in Fig. 1. Firstly, the alumina
slurry (60 vol%) was poured into the mold from the
casting mouth and the connectivity port maintained the
alumina slurry at half the height of the PC mold. Secondly,
the casting mouth and the connectivity port was blocked
using plasticine. Finally, alumina slurry (50 vol%) was
rapidly poured into the mold from the top when the
alumina slurry (60 vol%) was being polymerized. The
other PCs with two different solid loadings of alumina
powder were also fabricated in the same process. The parts
could be partially unmolded and then were dried using the
freeze drying oven for 36 h under a vacuum degree of 3 Pa
(Product DTY-1SL, Vacuum Freeze Dryer, Detianyou
Technology Co., Beijing, China). In the end, the samples
were sintered at 1550 1C for 2 h. The resin prototype was
burned out and ceramic PCs of high quality were obtained.
The lattice constant a was 7 mm and the air sphere radius r

was chosen to be 0.28a. The stop band was expected to occur
in the frequency region of 18–40 GHz according to the
simulation results by the FIT. The dimension of the diamond
structure was 49 mm� 42 mm� 42 mm. The solid loading of
the perfect alumina PC was set as 60 vol%. The solid loading
was then decreased to 2.5 vol%, 5 vol%, 7.5 vol%, and
10 vol% based on the perfect PC. The decrease ratio is
defined as difference between the perfect PC’s solid loading
and that of the decreased PC, which means that if the solid
loading is decreased 2.5 vol%, the decrease ratio will be
2.5%. To investigate the stop band properties of the PCs
with graded dielectric constant, several coupling PCs by
combining the perfect PC with the decreased PCs that the
decrease ratio is 2.5%, 5%, 7.5%, and 10% respectively were
also fabricated.
The microstructure was observed using scanning elec-

tron microscopy (SEM) (S-3000N, Hitachi, Tokyo, Japan).
Microfocus computed tomography (Micro-CT) (Y. Chee-
tah, YXLON International GmbH, Hamburg, Germany)
was used to evaluate structural array of the alumina PCs.
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The transmission properties of the PCs were measured in
the frequency of 18–40 GHz using a free space measure-
ment system with a network analyzer (Agilent E8363B,
Agilent Technologies Inc., Palo Alto, CA).
3. Results and discussion

Fig. 2 shows the SEM photos of the alumina PCs with
the decrease ratio of the solid loading of 10% (a), 5% (b)
and the perfect PC (c) sintered at 1550 1C for 2 h. The
images reveal the influence of the solid loading of the
alumina powder on the ceramic microstructure. Homo-
geneous dense microstructure can be observed and some
micropores exit in the three photos. Comparing the three
SEM photos, it can be found that, with the decrease ratio
of the solid loading decreasing, the microstructure become
denser and pores become fewer. This results in higher
dielectric constant of the alumina PCs.

Fig. 3 shows 3D reconstruction images of the alumina
PC with graded dielectric constant (the perfect PC and that
of the decrease ratio of 10% simultaneously) using the
Micro-CT analysis. It can be observed that the PC has no
crack and is uniform well after sintering in Fig. 3(a). In
Fig. 3(b), the image reveals clearly that a periodic structure
was arranged and the dielectric parts were well connected
together to build a 3D structure. Therefore the SL and gel-
Fig. 2. The SEM photos of the alumina photonic crystals with the decrease ra

sintered at 1550 1C for 2 h.

Fig. 3. Three-dimensional reconstruction images of the alumina photonic cryst

the decrease ratio of 10% simultaneously) using Micro-CT analysis: (a) three-

reconstruction image.
casting process was proven to be a suitable technique for
diamond-structured PC.
Fig. 4 shows the relationship between the stop band

properties and the decrease ratio of the solid loading of
alumina powder in the !–X /100S direction of the PCs.
The closed circle solid line and the square solid line show
the measurement results of the center frequency and the
stop band width respectively. In all cases, the structure
parameters were kept unchanged and the solid loading was
varied to change the dielectric constant. It was found that,
with the decrease ratio increasing, the measured stop band
width decreased gradually and the center frequency of the
stop band shifted to a higher frequency. When the decrease
ratio of the solid loading reached 10%, the stop band
width changed from 6.8 GHz to 4.9 GHz and the center
frequency increased from 29.4 GHz to 32.2 GHz. The
results indicated that the change of the solid loading in
volume of ceramic powder had an obvious influence on the
stop band properties of PCs.
Fig. 5 shows the relationship between the measurement

results of the stop band width and the decrease ratio along
the !–X/100S direction of the PCs with graded dielectric
constant. The dimension of the PCs of gradient dielectric
constant was also 49 mm� 42 mm� 42 mm. This included
the perfect alumina PC (60 vol%) with the dimension of
49 mm� 42 mm� 21 mm and the decreased alumina PC
(the decrease ratio was 2.5%, 5%, 7.5%, 10%) with the
tio of solid loading of 10% (a), 5% (b) and the perfect photonic crystal (c)

al with graded dielectric constant (the perfect photonic crystal and that of

dimensional reconstruction image. and (b) top view of the cross-sectional



Fig. 4. The relationship between the stop band properties and the decrease

ratio of the solid loading of alumina powder in the !–X /100S direction of

the photonic crystals.

Fig. 5. The relationship between the measurement results of the stop

band width and the decrease ratio along the !–X /100S direction of the

photonic crystals with graded dielectric constant.

Fig. 6. The simulation and measurement results of the photonic crystal

with graded dielectric constant containing the perfect alumina photonic

crystal and that with the decrease ratio of 10% simultaneously along the

!–X /100S direction.
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same dimension. It was found that, with the decrease ratio
of the solid loading of the graded solid loading PCs
increasing, the stop band width increased gradually, and
that it became 126.5% of that of the perfect alumina PC
when the decrease ratio was 10%. This result can be
attributed to the variation of the center frequency of the
decreased structures. As shown in Fig. 4, the center
frequency of the stop band increased with the decrease
ratio of the solid loading Al2O3 powder increasing.
Because the PCs of gradient dielectric constant was
constituted by uniting two separate PCs with different
solid loadings in volume together, the stop band width of
the PCs of gradient dielectric constant would increase due
to the overlapping of the stop bands of each PC. Further-
more, the dielectric contrast of the interface of the two PCs
was not continuous therefore the stop bands were formed
by Bragg scattering. The sudden variation of the dielectric
contrast on the interface strengthened the Bragg scattering
and increased the bandwidth finally.
Fig. 6 shows the simulation and measurement results of

the PC with graded dielectric constant containing the
perfect alumina PCs and that with the decrease ratio of
10% simultaneously along the !–X /100S direction. The
measurement results demonstrate an electromagnetic stop
band between 26.4 GHz and 35 GHz. The stop band width
is 8.6 GHz and this is 1.8 GHz wider than that of the
perfect alumina PC (60 vol%). The maximum attenuation
attained is �55.3 dB. Comparing the experimental results
with the simulation results obtained by the FIT, there was
a good agreement between the two. The result can be
attributed to the graded dielectric constant in the PC.
4. Conclusion

In summary, the diamondstructured PCs with gradually
varied solid loading in volume of alumina powder were
fabricated successfully by combining the SL with gel-
casting process and its controllable stop band properties
were investigated. It was found that the stop band width
decreased and the center frequency of the stop band shifted
to the higher frequency range as the decrease ratio of the
solid loadings increased. Several PCs containing two solid
loading in volume of alumina simultaneously along the
!–X /100S direction were also fabricated in the same
process to investigate their complex stop band properties.
Compared with the perfect PC, the stop band width of the
graded solid loading PCs increased remarkably with the
decrease ratio of the solid loading increasing when the
electromagnetic wave transmits along the !–X /100S
direction. When the solid loading decreased to 10% of
the perfect PC, the stop band width reached 126.5% of
that of the perfect PC, which agreed well with the FIT.
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