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bstract

n this paper, AlN ceramic powder is chosen to be mixed with epoxy to form epoxy/AlN composites, the effects of the content of AlN filler on
he physical and dielectric properties of epoxy/AlN composites are developed. From the SEM observation, the particles of self-synthesized AlN
owder, obtained by using combustion method, is less uniformity and the average particle size is about 3.12 �m. Only the AlN phase can be
etected in the XRD patterns of the epoxy/AlN composites. The more AlN powder is mixed with epoxy, the higher crystal intensity of AlN phase

ill exist in the XRD patterns. As the content of AlN powder in the epoxy/AlN composites increases from 5 to 40 wt.%, the dielectric constant

ncreases from 6.52 to 7.28 (measured at 1 MHz). The loss tangent of epoxy/AlN composites is slightly increased as the measured frequency
ncreases. Moreover, the epoxy/AlN composites in this investigation show less pores as compared to other literatures. The results indicate that the
abrication process has an apparent effect on the decrease of porosities, and the composites with a low porosity will lead to a low loss tangent.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Recently, the evolutions of wireless communication sys-
ems are growing rapidly to satisfy the personal communication
equirements. Compact, small size, low cost, and multi-function
re the major developing trends among these modern wireless
ommunication devices. The electronic systems are composed
f active components such as ICs and passive components like
esistors (R), inductors (L), and capacitors (C). The ratio of the
assive elements to active components in mobile cellular phone
s over 20,1 therefore, the passive components take up large area
f substrate and lower electric performance due to more solder
oints. To solve these problems, embedded passive technology,
hich is to incorporate passive components into one of inner
ayers of multi-layer substrate, has been actively investigated.
The electromagnetic band-gap (EBG) substrates are organic

aterials compositing periodical cells of metallic or dielec-
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ric elements. The electromagnetic band-gap characteristics are
ependent on the material structure such as dimensions, peri-
dicity, and permittivity.2,3 Many different structures of EBG
ubstrate were researched. Compared to other EBG structure,
he high-k ceramics embedded into a low-k host to fabricate an
BG structure has a preferable feature of compactness.4–7

Hence, studying the dielectric materials with stable character-
stics and high frequency performance becomes more and more
mportant. The use of ceramic materials with high permittiv-
ty can effectively reduce the sizes of high frequency devices.
he epoxy resin is a suitable polymer for its inertness to the
lectroless plating solution and its compatibility with printed
iring boards (PWBs). For this reason, epoxy/ceramic com-
osites have been of great interest as embedded devices and
BG substrate materials, because the epoxy/ceramic compos-

tes not only reveal process mixing ability of polymers with
igh dielectric constant ceramics but have good compatibility
ith printed circuit boards (PCBs).8–10 In this investigation,

elf-synthesized aluminum nitride (AlN) ceramic powder was
hosen as the dielectric ceramic filler, and the filler content was

aried in the epoxy/AlN composites. The dielectric constant (εr)
nd loss tangent (tan δ) of the epoxy/ceramic composites as a
unction of ceramic filler content and measured frequency were
iscussed.

mailto:ycc@mail.ee.nsysu.edu.tw
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.090
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Fig. 1. The SEM micrograph of self-synthesized AlN powder.

. Experimental detail

In this investigation, the AlN powder was chosen as ceramic
ller in the composite. The starting powders of Al and NH4Cl
0.3–1 wt.%) were mixed to form AlN powders using com-
ustion synthesis method in a N2 atmosphere.11 Subsequently,
he self-synthesized AlN powder was mixed with a solution
f epoxy resin (O-Cresol Novolac) and curing agent (Phenol-
ovolac) to form the composite materials. The epoxy/ceramic

omposites with 5–40 wt.% AlN powders were prepared. Prior
o mixing with the AlN powder, the epoxy and curing agent
ere heated at 150 ◦C to form sticky state. Then the epoxy/AlN

omposites were formed and cooled at room temperature. The
icrostructures of epoxy/ceramic composites were observed

ia the scanning electron microscopy (SEM). Energy dis-
ersive X-ray spectrometer (EDS) was used to analyze the
omposition of epoxy/AlN composites. The crystal structures
f epoxy/AlN composites were determined by X-ray diffraction
XRD) employing Cu K� radiation. The dielectric constant (εr)
nd loss tangent (tan δ) of epoxy/AlN composites were measured
y HP4294 LCR meter at room temperature in the frequency
ange of 100 Hz to 1 MHz.

. Results and discussion

The SEM micrograph of self-synthesized AlN powder is
hown in Fig. 1. The AlN powder reveals a less uniformity of

article size distribution, and the average particle size of self-
ynthesized AlN powder is about 3.12 �m. Fig. 2 shows the
urface morphologies of epoxy/AlN composites with the AlN
ontents of 10, 20, 30, and 40 wt.%, respectively. The cross-
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o
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Fig. 2. The surface morphologies of epoxy/AlN composites with different wt.%
ig. 3. The cross-sectional morphology of epoxy/AlN composite with 40 wt.%
lN powder.

ectional microstructure observation of epoxy/AlN composite
ith 40 wt.% AlN powder is shown in Fig. 3. In Figs. 2 and 3,

he black region is the epoxy and the white and gray parti-
les are the AlN powder, respectively. From the observations
f bulk samples, it is found that the AlN particles appear
ore apparent as the content of AlN in epoxy/AlN compos-

tes increases. As observed shown in Figs. 2 and 3, the AlN
owder shows a uniform dispersing in epoxy. Besides, the
poxy/AlN composites in this investigation show less pores as
ompared to other report.12 These results demonstrate that the
poxy/AlN composites are fitted to the requirements for the
urther application in embedded passive technology and EBG
ubstrates.

Energy dispersive X-ray spectrometer (EDS) is used to ana-
yze the elements of epoxy/AlN composites. Fig. 4 clearly shows
hat the C, O, Al, and N elements are contained in epoxy/AlN
omposites. The carbon and oxygen atoms are contributed by
poxy, and the aluminum and nitrogen atoms are from AlN,
espectively. The less nitrogen element is found on the surfaces
f epoxy/AlN composites with low contents of AlN ceramics.
ig. 5 shows the XRD patterns of epoxy/AlN composites as a
unction of the weight ratio of AlN powder. It reveals that only
he crystal phase of AlN ceramic exists in the XRD patterns
f epoxy/AlN composites, and the crystal intensities of AlN
hases increase with the increase of AlN content.13 The rela-
ive intensities of epoxy/AlN composites in the low angle range
20–30◦) decrease as the content of AlN increases. Because

he epoxy is an amorphous structure, for that as the content
f AlN powder increases in the epoxy/AlN composites, the
lN phase will dominate the crystal properties of epoxy/AlN

omposites.

of AlN powder: (a) 10 wt.%, (b) 20 wt.%, (c) 30 wt.%, and (d) 40 wt.%.
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Fig. 4. The EDS analyses for epoxy/AlN composites with dif
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ig. 5. XRD patterns of various AlN/epoxy composites as a function of AlN
ontent: (a) 10 wt.%, (b) 20 wt.%, (c) 30 wt.%, and (d) 40 wt.%.

From the dielectric constant–frequency (εr–f) curves, as
hown in Fig. 6, it is found that the dielectric constant slightly
ecreases as the measured frequency increases. At a measured

requency, the dielectric constant of epoxy/AlN composites
ncreases as the content of AlN powder increases. The theo-
etical prediction of the dependence of dielectric constant on
he ceramic ratio is based on assuming a composite with a high

ig. 6. The dielectric constants of different epoxy/AlN composites as functions
f AlN content and measurement frequency.
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ferent compositions: (a) surface, and (b) cross-section.

ermittivity ceramic powder uniformly dispersed in a low per-
ittivity polymer,14 as shown in Fig. 2, and the logarithmic
ixing rule can be used to predict and calculate the dielectric

onstant of epoxy/AlN composites. The mixing rule is as follow:

W1

D1
+ W2

D2

)
log ε = W1

D1
log ε1 + W2

D2
log ε2 (1)

here W1/D1 and W2/D2 represent for the volume fraction of
poxy and dispersed dielectric materials, and ε1 and ε2 represent
ielectric constants of epoxy and dispersed dielectric materials,
espectively, and the W1/D1 + W2/D2 = 1. The measured and pre-
icted relative dielectric constants (εr) at 1 MHz of epoxy/AlN
omposites are shown in Fig. 7. The hardened epoxy has a dielec-
ric constant of 6.47. From Fig. 7, the dielectric constants of
poxy/AlN composites with different wt.% (5–40 wt.%) AlN
ontent are in the range of 6.52–7.28. It is found that the higher
ielectric constant of epoxy/AlN composites can be obtained
s the content of AlN powder increases, which matches the
redicted values. The logarithmic mixing rule is an inference
quation that including parallel connection and series connec-
ion model. From the self-AlN ceramic powder shown in Fig. 1,
he AlN ceramic includes the finer and coarser particle size.

or that, the parallel connection model maybe not completely
atched the real situation of epoxy/AlN composites. Therefore,

t will be existed the difference between the measured and pre-
icted dielectric constants. From the measured and predicted

ig. 7. The experimental and predicted dielectric constants at 1 MHz of
poxy/AlN composites with various AlN contents.
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ig. 8. The loss tangents at 1 MHz of epoxy/AlN composites with various AlN
ontents.

alues, it is found that the measured dielectric constant is about
.19 and the predicted value is about 7.01 at 40 wt.% AlN con-
ent, and the inaccuracy value of εr = 0.18 between the measured
nd predicted dielectric constants is acceptable.

The loss tangents (tan δ) of epoxy/AlN composites measured
t 1 MHz are shown in Fig. 8. As shown in Fig. 1, the self-
ynthesized AlN powder reveals the lower uniformity including
he finer and coarser particle sizes. The finer AlN particles can
ll the interstitial sites of coarser AlN particles, and that will
esult in a denser powder packing. Because the AlN powder is
ell dispersed in epoxy, and then the epoxy/AlN composites
ill reveal a lower loss tangent.12,15 The loss tangent slightly

ncreases with the increase of measured frequency, as shown in
ig. 8, which might be attributed to the existent porosities in the
poxy/AlN composites.12

. Conclusions

1) Even 40 wt.% AlN powder is added, the AlN powder is still
uniformly dispersed in the epoxy. The epoxy/AlN compos-
ites in this investigation reveal less pores as compared to
other literatures.

2) From the XRD analysis, the crystal phases of epoxy/AlN
composites show identical to those of AlN powder, and the
crystal intensities of AlN peaks increase with the increase
of content of AlN powder in epoxy. Moreover, the intensity
in the low angle range (20–30◦) is decreased as the content
of AlN powder increases.

3) As the content of AlN powder in the epoxy/AlN composites
increases form 0 to 40 wt.% and measured at 1 MHz, the

dielectric constant increases from 6.52 to 7.28.

4) The low loss tangent is related to the porosity in the
epoxy/AlN composites and increases slightly with the
increase of measured frequency.
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