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BaNd,TisO;, (BNT) films 12-52 um thick were fabricated on platinum metallic foils by
electrophoretic deposition (EPD). 52-um-thick BNT film exhibits a dielectric constant and a loss
tangent of 107 and 0.0006 (Q of 1600) at 1 MHz, respectively. Variation in permittivity is less than
0.02% at a bias voltage £8 kV/cm. Change of film permittivity with temperature (30—120 °C) is
below +58.5 ppm/ °C, pointing to a good thermal stability. Preliminary microwave measurements
indicate that the losses are not significantly increased up to the gigahertz regime. EPD derived BNT
thick films on metallic foils are attractive candidates for microwave communication devices.

© 2007 American Institute of Physics. [DOI: 10.1063/1.2435334]

Dielectric materials to be employed as resonators must
exhibit high quality factor Q (high Q allows signal distribu-
tion or storage with minimum loss), high dielectric constant
g, (the size of the dielectric resonator is proportional to
1/ sl/ %), small temperature coefficient of resonance frequency
(1p) (low 74 avoids drift in frequency due to temperature
variations), and good surface ﬁnishing.l’2 Among microwave
dielectrics, BaO—-Nd,03;-TiO, (BNT) system, and, in par-
ticular, 1:1:5 composition, represents an important commer-
cial microwave ceramic family due to its high &, (80-90),
high Q (1500-4000) at ~3 GHz, and low 7 (90 ppm/k).
[(Refs. 3 and 4) Fuji Titanium Industry Co., Ltd.].

Major trends in the communication industry are towards
increased integration, higher frequencies, smaller size, and
reduced cost. These trends have reached the point that one
can consider the replacement of dielectric components cur-
rently utilized in bulk ceramic form, by dielectrics processed
as thick films. This approach has the potential advantage of
reduced processing costs, and may be applied to resonators,
filters, baluns, and antennas. Furthermore, the ability to pro-
cess thick films conformally on substrates, and also directly
on metal foils, opens up the possibility of innovative struc-
tures and designs.5 Thick films are required for most of these
applications, rather than thin films, as these are volume de-
vices that store electromagnetic energy within the dielectric
volume.

Among thick film production processes electrophoretic
deposition (EPD) technology possesses unique advantages.(”7
EPD has been widely investigated in the fabrication of high-
performance  functional thick/thin  films, such as
(Ba,Sr)TiO3, BaTiOs, and Pb(Zr,Ti)03.*'® On the other
hand, the fabrication of dielectric films on metal foils is pres-
ently of interest for devices integrated into electronic pack-
aging due to cost and space benefits.!' However, there is no
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report on the preparation and dielectric properties evaluation
of BNT thick films fabricated by EPD on metallic substrates.
In this letter, thick films of BNT were prepared by EPD on
platinum foils for application in microwave communication
devices, and their characterization of electrical properties at
rf and gigahertz regime is reported.

BNT thick films were fabricated with commercial BNT
(1:1:5) powders [MBRT-90M(B), Fuji Titanium Industry
Co., Ltd.]. Powder average particle size was 0.4 um. Glacial
acetic acid was used as solvent media. The concentration of
the suspension was 10 g/1. Prior to EPD the suspensions
were ultrasonically dispersed and magnetically stirred for
5-10 min followed by settling to sediment coarse particles.
The platinum foil as working electrode (cathode) was sepa-
rated 2 cm from the Pt counterelectrode (anode) in a glass
beaker. 12—52-um-thick BNT films can be deposited by uti-
lizing 40—600 V for 30 s—10 min in glacial acetic acid sol-
vent. The as-deposited films were dried at 90 °C for 24 h.
Some green films were then pressed under an isostatic pres-
sure of 200 MPa to enhance the green density. The films
were then sintered in air at 1300 °C for 1 h. In order to
compare the final properties with those of BNT films, BNT
ceramics were prepared. For that, BNT powders (the same as
used for film preparation) were pressed under a uniaxial
pressure of 20 MPa followed by an isostatic pressure of
200 MPa. The pressed disks were sintered at 1300 °C for
3 h. The structure of the sintered films and ceramics was
analyzed by x-ray diffraction (XRD) (Rigaku, Geigerflex
D/Max-B). The microstructure of films and ceramics was
analyzed by Scanning electron microscopy (SEM) coupled
with energy dispersive spectrometer (EDS) (Hitachi,
S-4100). The electrical measurements were conducted via a
metal-insulator-metal configuration using Au as the top elec-
trode for both films and ceramics. For the case of films, Au
top circular electrodes were sputtered using a shadow mask
of 0.6 mm diameter. BNT films with top electrode were post-
annealed at 200 °C for 30 min to improve the metal/film
interface. Au top and bottom 6 mm diameter electrodes were

© 2007 American Institute of Physics
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FIG. 1. XRD pattern of (a) BNT sintered thick films, (b) BNT ceramics, and
(c) starting BNT powders.

sputtered on 0.8 mm thick ceramics. The electrical properties
were evaluated using an impedance bridge (HP 4284A) over
a frequency range of 1kHz—1 MHz. The oscillation level of
the applied voltage was set to 1.0 V. The analyzed electrical
properties include dielectric constant, €,, loss tangent, tan o,
temperature dependence of permittivity (Ae,/g,yAT), and
permittivity-voltage variation (C-V). Preliminary analysis of
microwave dielectric properties of BNT thick films was per-
formed. The microwave transmission coefficients S;; were
determined by transmission measurements with a network
analyzer (HP 8720D) using two separated Au contacts on the
thickest BNT film for the rf input and rf output, respectively.
The measurement resembles a rf line with two BNT capaci-
tors in series. Modifications of the losses will affect the
transmission and reflection. Due to the nonperfect impedance
match at the sample only qualitative measurements of the
change of the transmission coefficients up to 1.4 GHz were
possible.

Figure 1 depicts the XRD patterns of BNT thick films
and BNT bulk ceramics sintered at 1300 °C for 1 and 3 h,
respectively. Films and ceramics exhibit a well-crystallized
phase that corresponds to the orthorhombic structure of
BaNd,TisO, (Ref. 12) with no evidence of preferred orien-
tation or secondary phases for both of them. EDS results
demonstrated that no detectable alteration of materials com-
position occurred for films and bulk ceramics.

The microstructure of green BNT thick films is uniform
and homogeneous. The morphology of sintered BNT thick
films and bulk ceramics is shown in Fig. 2. BNT ceramics
exhibit a dense and homogeneous microstructure with
rounded shaped grains [Fig. 2(a)]. However, the microstruc-
ture of EPD derived BNT thick films is substantially differ-
ent from the ceramics one. The films without postdeposition
isostatic pressing step exhibit a considerably porous micro-

FIG. 2. SEM microstructure of BNT ceramics (a) and BNT thick films
without (b) and with isostatic pressing, (c) both sintered at 1300 °C/1 h.
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FIG. 3. (a) &, and tan & of BNT films with various thicknesses and ceramics;
(b) Q thickness dependence of BNT films and BNT ceramics at 1 MHz.
(Dashed line for eye guidance).

structure [Fig. 2(b)] and, identically to the ceramics, the ma-
jority of the grains preserve their spherical shape. However,
the porosity of these films results in unacceptable dielectric
properties. The postdeposition isostatic pressing step proved
to be a simple but effective method to achieve dense sintered
microstructures. Alternative approaches included increasing
the sintering temperatures or introducing liquid phase sinter-
ing aids. However, the former approach is not attractive due
to the thermal expansion mismatch with the substrate, and in
the latter case the sintering aids can easily increase dielectric
losses. With the inclusion of the postdeposition isostatic
pressing step, sintered BNT films exhibited a very dense mi-
crostructure mainly composed of needle shaped grains, as
clearly shown in Fig. 2(c). With regard to the origin of elon-
gated grains in BNT thick films, it might arise from the con-
strained sintering of BNT films on Pt foil due to thermal
expansion coefficient differences between BNT films and Pt
substrate. Further studies are ongoing to elucidate the mecha-
nism behind the elongated grain growth.

g, and tan 6 of BNT thick films and the effect of film
thickness are shown and compared with BNT ceramics in
Fig. 3 and Table I. €, and tan 6 at 1 MHz are 107 and 88 and
0.0006 and 0.0003 for 52-um-thick-films and ceramics, re-
spectively. As the film thicknesses were increased from
12 to 52 pm, €, and tan 6 of BNT films approached that of
BNT ceramics. Q (1/tan &) values of BNT films with differ-
ent thicknesses are compared at 1 MHz with bulk ceramic
values in Fig. 3(b). As shown, the Q of BNT thick films
improved from 700 to 1600 when the film thickness in-
creased from 12 to 52 wm. This trend is consistent with an
‘interfacial layer’ or interfacial region at the lower foil elec-
trode interface that has lower dielectric constant and slightly
increased dielectric loss. As the film thickness increases the
macroscopic response of the capacitor tends to be ruled by
the bulk of the film and the detrimental influence of the
interfacial layer or film defects tends to be minimized. Under
the present EPD conditions the film thickness increase above
50 um will be associated with processing difficulties: in-
crease of deposition time, risk of high voltage induced elec-
trolysis, and film porosity. Besides the influence of the inter-
facial layer, the lower Q of BNT thick films compared with
BNT ceramics might be also related to film microstructure,
which have particular grain morphology and some small vol-
ume of residual porosity. Meanwhile, compared with other
reported microwave thin films, as shown in Table I, the BNT
thick films prepared in this work demonstrated an excellent
performance in terms of ¢, and tan 6, being the highest Q
reported for thick films (>1 wum) so far.

Figure 4 exhibits the temperature dependence of &, and
applied dc voltage dependences of ¢, and tan § for BNT
thick films, compared with the corresponding ceramics. The
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TABLE I. Electric properties of 52-um-thick BNT films and ceramics sintered at 1300 °C for 1 and 3 h, respectively, and other analog reported materials.

(MOD: metal organic deposition; CVD: chemical vapor deposition.)

Electrical properties

System €, tan 6 and Q €, temperature dependence Reference
BNT films (52 um) 107 0.0006 or Q=1600 (1 MHz) +58.5 ppm/°C (30-120 °C) Current work
BNT ceramics 88 0.0003 or 0=3333 (1 MHz) -36.8 ppm/°C (30-120 °C) Current work
-8 to —46 ppm/°C

BNT ceramics 91 0.0006 or Q=1771 (3.5 GHz) (=20-80 °C) Fuji supplier
MgTiO; flms (300 nm) by MOD 21 0.02 (100 KHz) 13
Bay;Sr(3TiO; films (30 nm) by CVD 80" 0.006 (20 GHz) 14
Ba(Mg,5Ta,;3)O5 flms (300 nm) by MOD 222 0.009 (100 KHz) —145 ppm/°C (25-125 °C) 15

“Capacitance density value fF/um?.

temperature dependence of &, of BNT film capacitor was
analyzed between 30 and 120 °C at 1 MHz. As shown in
Fig. 4(a), the dielectric constant is quite stable as a function
of temperature for BNT films. The temperature dependence
coefficient of &, was measured in terms of the parameter
Ag,/e,,AT, where Ag, stands for the change in €, relative to
the dielectric constant g,, at 30 °C. The temperature depen-
dence coefficient of dielectric constant of 52 um-thick BNT
films was calculated to be lower than +58.5 ppm/°C be-
tween 30 and 120 °C, indicating a good temperature stability
of BNT thick films. Figure 4(b) shows dc electric field de-
pendence of €, and tan & of 52-um-thick BNT films. The €,
did not show substantial dependence on the bias voltage, in
which variation was found to be less than 0.02% up to an
applied voltage of 40 V (8 kV/cm). Preliminary microwave
measurements indicated that up to 1.4 GHz no significant
increase of the losses takes place in BNT films, i.e., the
modification of the internal loss of the film was smaller than
the resolution of the experiment of ~0.01 dB for this fre-
quency range. Measurements up to higher frequencies are in
preparation.

In summary, high quality BNT thick films were prepared
by EPD. It was shown that the density of BNT films can be
greatly increased by isostatic pressing treatment after depo-
sition, which resulted in considerable enhancement of the

] — ____0.0010
120+ —o— clemmmic 1204 :(: &ermt::myt
98 10.0008
AMAAMAAAAAAMAAAAAAAAMAMAAMAAAAAMAAAAMAAAAMAAAA [Z=]
100 o c
o 6 ~___40.0006 S
80 SR
10.0004
(a) 8010

86420246 8
DC electric field (kV/icm)

60 y ' ; ; o
20 40 60 80 100 120
Temperature (C)

FIG. 4. (a) Temperature dependence of g, of 52-um-thick BNT films and
ceramics and (b) dc electric field dependence of &, and tan & of 52-um-thick
BNT films.

dielectric properties. Dense BNT thick films displayed a ho-
mogeneous microstructure with a characteristic needle shape
of grain growth when compared with equivalent ceramic
samples. Dense BNT thick films exhibit higher e, than BNT
ceramics prepared from identical starting powders. The di-
electric Q is higher than any previously reported for thick
films. The excellent dielectric properties, including good
thermal stability and bias voltage independent capacitance
characteristics, suggest the suitability of EPD BNT
thick films for integrated capacitor and microwave device
applications.
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