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Abstract. Microwave dielectric ceramics such as Ba(Mg; 3Ta;/3)O3 and Ba; TigO» possess high dielectric con-
stant and low dielectric loss in microwave frequency regime and have tremendous potential for device applications.
In these materials, the presence of extrinsic defects, such as secondary phases, usually altered the microwave dielec-
tric properties of the materials markedly, but the correlation of the microwave dielectric response of the materials
with their microstructure has not been fully understood due to the lack of dielectric response in the local area.
In this article, microwave near-field microscopy and Raman spectroscopy were used to investigate the microwave
dielectric mechanism, viz. we measured the microwave dielectric properties of the materials in micron region by
using a evanescent microwave probe (EMP) and, at the same time, examined the lattice vibration characteristics
of the region by using a micro-Raman spectrum. How the presence of the secondary phase affects the microwave
dielectric properties of the materials is thus systematically investigated. The causes of intrinsic or extrinsic dielectric
loss were explored by comparing the dielectric images in SEMP at microwave frequencies and the corresponding

Raman Spectra.
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1. Introduction

Generally, the dielectric losses in microwave di-
electrics, which reduce the quality factor (Q-factor),
could be induced either intrinsically or extrinsically.
The intrinsic factors are related to material compo-
sition and crystal structure, which are less process
dependent, whereas the extrinsic factors are related
to defects (vacancies, impurities), structural disorder,
porosity or second phases. . . etc., which are more pro-
cess dependent. The most promising approach to un-
derstand the intrinsic microwave dielectric properties
of the materials is to study their higher frequency
response, including the submillimeter and infrared
regime [ 1-4], since the intrinsic losses are overwhelm-
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ingly stronger than the extrinsic ones in the far-infrared
regime. By contrast, extrinsic loss is usually obvious
in the dielectric measurement at microwave frequen-
cies. High Q-factor is of the most concern. Among
the microwave dielectrics, the BaO-TiO, [5-7] system
and complex perovskites [8—10] with general formula
A(B1/3B’23)0;3, where A = Ba’>*, B = Mg*", Zn’* or
Ni?*, B’ = Ta>* or Nb>* possess an excellent combi-
nation of high quality factor (Q), moderate dielectric
constant (K), and low temperature coefficient of reso-
nant frequency () in the microwave frequency region.
Therefore, these materials are commonly used as res-
onators in microwave devices and investigated in this
study.

To examine the microwave properties of extrinsic
defects in micrometer scale, the development of high-
resolution microscope that can probe dielectric proper-
ties at microwave frequencies is needed. The classical
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limit to the spatial resolution of any instrument based on
the propagation of electromagnetic fields is A /2, which
turns into the main difficulty of getting a microwave
microscopeu However, evanescent waves, which decay
exponentially in a propagation electromagnetic wave
of wavelength A, have spatial frequency components
higher than 1/A, and have been used in near-field mi-
croscopy to achieve a spatial resolution of A/20-A/60
at different wavelengths. In this article, an evanescent
microwave probe (EMP) based on a microwave res-
onator [11-13]is proposed to image surface impedance
profiles in microwave frequency region, while Raman
spectroscope was used to examine intrinsic properties
of Ba(Mg/3Tay/3)O3 series samples.

2. Experimental Methods

Ba,TigOyo (B, Ty) materials were prepared by the co-
precipitation method while Ba(Mg;/3Tay/3)03 (BMT)
materials were also prepared by conventional mixed-
oxide process. To synthesize B, Ty, the Ba(OH;)-2H,0
and TiCl with appropriate ratio (Ba:Ti = 2:9) were dis-
solved in H,O, which were then spread into coprecipi-
tants consisting of NH4(OH) and (NH4),CO3; mixture.
The coprecipitates thus obtained were then filtered and
washed for several times to get rid of residual NH,CI.
The coprecipitates were then calcined at 1100°C for4 h,
followed by pulverization, pressing and then sintered at
1300°C for 4 h (in air). The BMT materials were syn-
thesized by directly calcining the BaCO3, MgO and
Ta;Os powder mixture of 3 : 1 : 2 molar ratio, fol-
lowed by pulverization, pelletization and then sintering
at 1550°C for 4 h.

The crystal structure and microstructure of the sin-
tered samples were examined using X-ray diffraction
and scanning electron microscopy. The average mi-
crowave dielectric properties of the materials were
measured using the conventional cavity method. To in-
vestigate the local variation of dielectric properties of
the materials, an evanescent microwave probe (EMP)
was used to make nondestructive measurements of the
dielectric properties of the samples. The system design
consists of a sharpened metal tip, mounted on the cen-
ter conductor of a high-Q (quality factor) A /4 coaxial
resonator, protruding beyond an aperture formed on the
end wall of the resonator. A change in the local envi-
ronment of the probe leads to a change in the resonant
frequency fj of the resonator, and the signal is detected
by measuring the power response near the resonant fre-

quency. Contact mode is used during the scanning be-
cause it possesses higher sensitivity and is easier for
electromagnetic field analysis. To perform quantitative
measurements, perturbation theory was used to analyze
the resonant system. From the shift of resonant fre-
quencies (Af) and the change in resonator’s Q-value
(Aé), the dielectric properties of the bulk sample can
be analyzed by the following equations [13]:
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where Ey, Hy and E,, H,, refer to the electric and
magnetic field before and after perturbation, respec-
tively; Af = f, — foand A(é) = é — &, where fj
and Qy are the resonant frequency and quality factor
of the resonator without the samples, while f; and Q,
are the measured resonant frequency and quality factor
of the resonator with a sample placed adjacent to the
EMP probe; b = ;jg, where ¢ is the dielectric con-
stant of the sample, & is the permittivity of free space,
and A is a constant determined by the geometry of the
tip-cavity assembly which should be calibrated using
standard samples. With a proper design, the far-field
background signal can be minimized and the submi-
cron spatial resolution is obtained.

Meanwhile, a DILOR XY 800 triple-grating Raman
spectrometer equipped with a liquid-nitrogen-cooled
CCD was used for micro-Raman spectrum measure-
ments. The 514.5 nm line of an Ar' ion laser with
output 10 mW was used as the excitation source and
Olympus BH-2 microscope with 100x objective was
employed for room temperature micro-Raman spec-
trum detection. The recorded Raman spectra exhibit
approximately 1 cm™! resolution.

3. Results and Discussions

Microwave dielectric responses of a material are mostly
determined by its intrinsic properties, such as crystal
structures and polarization mechanism. However, it is
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Fig. 1. (a) X-ray diffraction patterns of the tested (I) Ba;TigO29 and (II) Ba(Mg/3Taz/3)O3 samples; frequency images of the (b) Ba;TigO2

and (c) Ba(Mgj,3Taz;3)O3 samples scanned by EMP method.

usually observed that different synthesis processes re-
sult in various properties of the materials. Therefore,
the extrinsic factors, which influence the dielectric
properties of the material, also need to be investi-
gated. The effect of secondary phases and defects on
the microwave properties can be revealed by inves-
tigating BMT and B,Tg ceramics as examples. Fig-
ure 1(a) shows that the tested BMT and B, Ty samples
are readily crystallized, but the pure BMT perovskite
phase and B, T hollandite phases are not obtained. The
phase purity for the sintered B, Ty materials is closely
related to phase constituent in the as-calcined pow-
ders. The BaTisO;; phase was preferentially formed
when the BaCO3-TiO, mixture was calcined at 1100°C,
and most of the intermediate phase can be converted
into the hollandite structure by sintering at 1300°C for
4 h. X-ray diffraction pattern [Fig. 1(a)-I] shows that
the as obtained B, Ty ceramics contain a large pro-
portion of second phases, mainly the BaTi4Oqg inter-

mediate phase. Similarly, second phases, mainly the
BasTasO,5 phase, are easily induced when the BMT
samples are synthesized directly by mixed-oxide pro-
cess [Fig. 1(a)-II]. The dielectric properties of the sam-
ples are intimately correlated with their phase purity.
The microwave properties were markedly degraded
for the 1100°C-derived B, Ty, with dielectric constant
K = 32.3, and quality factor Q x f = 13,900 GHz,
as compared with those of our pure B,Ty samples or
referenced data, K ~ 40, Q x f ~36,000 GHz [5-7].
Pure BMT samples also have better dielectric proper-
ties (K ~ 26, O x f ~ 100,000 GHz) [9, 10] than the
samples containing second phase (K ~ 24.8, O x f ~
48,000 GHz).

To obtain the image of dielectric properties of each
microstructure feature in microwave regime, EMP was
used to map the dielectric properties of the ceramics.
The measurement is based on the principle that as the
tip approaches the sample surface, the evanescent wave
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from the tip of a resonator will interact with the sam-
ple, inducing the field redistribution. This effect can be
modeled by adding additional capacitive impedance
to the resonator, which causes the shift of resonant
frequency. Figures 1(b) and (c) show the frequency
mappings of the B, Ty and BMT samples, respectively.
The dielectric constant analyzed from the resonant fre-
quency by using Eqgs. (1) and (2) are also indicated in
these figures. In addition to the main matrices, both
Figs. 1(b) and (c) possess some strange regions with
higher or lower dielectric constants, in accordance with
the existence of second phases in these samples. These
mappings reveal that the average dielectric constant for
B, Ty sample is around 32-33 while the average dielec-
tric constant for the BMT sample is around 25-26. This
phenomenon is quite consistent with dielectric proper-
ties measured by conventional cavity method.

The dielectric images of the low-K areas on the
B,Ty and BMT samples examined using EMP high-
resolution modes are shown in Figs. 2(a) and (b), re-
spectively. The dielectric constant varies pronouncedly
over this region. Grains with low dielectric constant
(or high resonant frequency) aggregate, forming clus-
ters typically tens of microns in size. In B, Ty image
[Fig. 2(a)], the low dielectric constant region contains
several equiaxed clusters about tens of microns, and
the high dielectric constant region consists of needle-
like clusters, about 1 um in diameter and several tens
of microns in length. Most probably the needle-like
clusters are Ba;TigO,( grains, whereas the equiaxed
clusters are secondary phases. In contrast, the fluctua-
tion of dielectric constants for the clusters in Fig. 2(b)
can be attributed to the presence of a large propor-
tion of BasTa,O5 secondary phase. Compared with the
SEM images (not shown), the matrices, i.e., polygonal
clusters, are BMT grains, while the elongated clusters
are BasTa;O;5 secondary phases. Regions of extremely
low dielectric constant were observed all over the B, Ty
and BMT samples, which is presumably the factor re-
sulting in the markedly lower average dielectric con-
stant for these materials.

To further investigate the extrinsic dielectric mech-
anism of the materials, the EMP measurement was
correlated with a micro-Raman spectrum measure-
ment. Since the correlation of the microwave properties
and lattice vibrational modes for BMT complex per-
ovskite has been unambiguously performed recently
[4, 14], the mapping of EMP resonant frequency and
micro-Raman spectrum intensity for a high-dielectric-
constant (low-resonant-frequency) region of BMT
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Fig. 2. Enlarged frequency images for the second phase region in (a)
BaTigOy and (b) Ba(Mgj/3Taz;3)O3 samples, scanned by EMP
method.

were investigated simultaneously [Figs. 3(a) and (b)].
The spatial resolution achievable in EMP measurement
is about sub-micrometer, which is higher than that in
micro-Raman spectrum, so we can see more detailed
structure in Fig. 3(a). Figure 3(a) reveals that the shape
of the grains in this region is not much different from
the granular grains in normal region, but the dielectric
constants in this region are pronouncedly higher than
others. Figure 3(b) show that the mapping of the Raman
intensity for TaOg breathing mode (A¢[O], 788 cm™ 1)
is strongly correlated with microwave response mea-
sured by EMP. As shownin Fig. 4(a), the A;4[O] breath-
ing mode is related to the rigidity of B’Og¢ octahedra in
complex perovskite, which dominates the polarization
mechanism contributing to the dielectric response at
microwave frequencies [4, 14]. It should be noted that
the contrast observed in Fig. 3(a) to (b) is mainly due to
the defects in crystal structure rather than in topology,
as the optical microscopic image in Fig. 3(c) shows no
similar correlations.
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Fig. 3. Surface images of BMT ceramics taken by (a) evanescent
microwave probe, (b) scanning Raman microscope, and (c) optical
microscope.

Typical Raman spectra for low-K region (labeled
as I) and high-K region (labeled as II) are illustrated
in Fig. 4(b). The Raman signals in region II are of
much lower intensity than that in region I, indicating
that the region II contains some un-crystallized ma-
terials (or the phases other than perovskite), which
is presumed to be the factor resulting in larger loss
factor for the region II materials. The large damp-
ing coefficient in region II is most probably due
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Fig. 4. (a) Ilustration of A14[O] breathing mode in BMT complex
perovskite and (b) micro Raman spectra of BMT measured in high-K
region (I) and low-K region (II) of Fig. 3.

to the distortion of the grains in this region. Reso-
nant peaks with strong intensity around 385 cm~!,
437 cm™', and 797 cm™! are unambiguously as-
signed as A;z[O] + E,[O], E¢[O], and A;4[O] vibra-
tional modes, respectively [14]. Among these modes,
the A1,[O] mode around 797 cm~! is the breathing
vibration of TaOg octahedron, and is especially signif-
icantly correlated with the microwave properties [14].
Figure 4(b) shows the breathing mode around 797 cm ™!
for region II materials slightly red shift, as compared
with that for region I materials. The implication for this
phenomenon is that the Ta—O bond strength in region
II materials is weaker, which results in larger polariz-
ability and hence higher dielectric constant for region I1
materials.
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4. Conclusions

To realize the extrinsic dielectric mechanism at
microwave frequencies, the dielectric constants
BazTi902() (BZTQ), and Ba(Mgl/gTa2/3)O3 (BMT) ce-
ramics were measured at microwave frequencies di-
rectly using an evanescent microwave probe (EMP)
technique. The EMP images reveal the distribution of
dielectric properties in the bulk materials, which is con-
sistent with XRD crystal structure examinations. The
average dielectric constants derived from EMP mea-
surements are in good agreement with results obtained
by conventional cavity method. EMP images reveal
that the samples with inferior dielectric properties usu-
ally contain a large proportion of low-K and low-Q
secondary phase, which is the main cause degrading
the microwave dielectric properties. Moreover, the re-
sults shown in EMP dielectric image and micro-Raman
phonon-intensity image indicate that the grains with
distorted crystal structure, which show higher dielec-
tric constants and larger losses, can also act as extrinsic
defects for ceramic materials.
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