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Abstract. Thin films of Bi2O3-ZnO-Nb2O5 system with cubic pyrochlore structure can be deposited using both
cubic and monoclinic (zirconolite) targets. When monoclinic target was used, the as-deposited phase was nonequi-
librium cubic monophase. After post-annealing in the 600–800◦C range, phase decomposition occurred, resulting in
more thermodynamically stable cubic pyrochlore and monoclinic zirconolite phases. The dielectric properties, such
as dielectric constant and electric field dependent tunability, showed a steep increase along with phase separation.
However, dielectric loss had a reverse tendency. The maximum tunability was about 38%, which exceeds that of
cubic pyrochlore monophase films deposited from cubic target.
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1. Introduction

Tunable dielectric materials for microwave voltage tun-
able applications, such as broadband mobile commu-
nication, have been introduced successfully. Among
them, most efforts have focused on investigations of
ferroelectric materials like SrTiO3, (Ba1−x Srx )TiO3

[1–9]. However, ferroelectric thin films inherently have
larger dielectric losses than paraelectric materials due
to capacitive hysteresis in the microwave region. On
account of this, Bi2O3-ZnO-Nb2O5 (BZN) pyrochlore
system was suggested as another proper candidate not
only because of its paraelectric properties but also
because of its high dielectric constant, low losses
and low co-firing temperature. There are two main
phases in the BZN system depending on composition;
(Bi3x Zn2−3x )(Znx Nb2−x )O7, where x = 1/2 for cu-
bic pyrochlore and x = 2/3 for monoclinic zirconolite
structures (space group C2/c), respectively [10, 11].

It has been reported that BZN films prepared
by metal organic deposition (MOD) process [12–
14], pulsed laser deposition (PLD) [15, 16] and
RF-magnetron sputtering [17–19] showed noticeable
voltage-tunable dielectric properties. Recently, it was

found that one of the most important factors for tun-
ability is nonstoichiometry of the BZN films (espe-
cially Bi contents) when cubic BZN target is used
[12, 13]. In this work, the dielectric-tunable properties
of BZN thin films by RF-magnetron sputtering using
monoclinic BZN target were investigated in terms of
nonstoichiometry.

2. Experimental Procedure

The BZN thin films were deposited on
Pt(111)/TiO2/SiO2/Si (1500 Å/200 Å/3000 Å/550 µm)
substrates. The target materials (Bi2Zn2/3Nb4/3O7)
were fabricated using the conventional mixed-oxide
process. Bi2O3, ZnO, and Nb2O3 (High Purity Chem-
ical Laboratory, Japan), 99.9% pure powders, were
weighed in an appropriate ratio, mixed by ball-milling
for 12 h, then calcined at 950◦C for 2 h. The density
of target was higher than 97% of theoretical density.
The sputtering system used an off-axis type geometry
of target to substrate and its distance was 13 cm. The
base pressure in the process chamber was 3.0 × 10−6

Torr, while the working pressure was maintained
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at 10 mTorr using a throttle valve. High-purity Ar
(99.999%) and O2 (99.999%) were used as base
and reactive gases, respectively. Plasma discharging
was generated at a constant RF power of 150 W
and the gas ratio (O2/Ar) held at 10%. The substrate
temperature varied between room temperature and
600◦C. Post-annealing processes were carried out
at 600–800◦C for 3 h in air to crystallize the films.
Positioning thermally-evaporated silver dots (250 µm
diameter) as the top electrode, the standard capacitor
type metal-insulator-metal heterostructure devices
were fabricated for measuring the dielectric properties.

The crystalline structures of thin films were char-
acterized by X-ray diffraction (XRD, Mac Science
M18XHF, Cu-Kα radiation) and TEM (Philips CM20
at 200 KV). In particular, the TEM diffraction pat-
terns were analyzed using the SADP Indexing Tool ver-
sion 2.0 (Alloy Design Lab., Dept. of Materials Engi-
neering, Hanyang University) and DIPANA programs.

Fig. 1. XRD patterns of the BZN films deposited with substrate
heating of 350◦C, as a function of post-annealing temperature.
(� = cubic phase, ∇ = monoclinic phase, ♦ = Bi5Nb3O15)

The microstructures and morphologies were investi-
gated by scanning electron microscopy (SEM, JEOL
JSM-6330F) equipped with field emission. The com-
positions of the films were investigated with transmis-
sion electron microscopy energy dispersive X-ray spec-
troscopy (EDX) with TEM. The dielectric properties of
the films were measured at room temperature with an
Agilent 4294A precision impedance analyzer in the 40
Hz–10 MHz range with a 500 mV root-mean-square
(rms) oscillation voltage. The DC-bias field for the
tunable property of films was within ±40 V and the
measurement frequency was 1 MHz.

3. Results and Discussion

The thickness of all as-deposited and post-annealed
thin films were about 4000 Å. Although the substrate
temperature was increased, the deposition rate was not

Fig. 2. XRD patterns of the BZN films deposited with substrate
heating of 600◦C, as a function of post-annealing temperature. (� =
cubic phase, ∇ = monoclinic phase)
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Fig. 3. EDX analysis on Zn/Bi, Nb/Bi ratio of BZN films deposited
with substrate heating of 600◦C, as-deposited and post-annealed at
800◦C.

affected significantly. Figures 1 and 2 show the XRD
patterns of as-deposited and post-annealed BZN thin
films deposited with substrate heating. It was found that
zinc niobate secondary phases are included in the BZN
thin films deposited by Bi1.5Zn1.0Nb1.5O7 (cubic com-
position) target in early works [17, 18]. However, the
XRD patterns for BZN thin films using monoclinic tar-
get after post-annealing at various temperatures (Figs. 1
and 2) showed that there are only small traces of bis-
muth niobate indexed as Bi5Nb3O15 in films deposited
with substrate heating of 350◦C. The as-deposited films
with substrate heating of 600◦C consisted only of cu-
bic phase (Fig. 2). Because the crystallization activa-
tion energy of cubic BZN phase is smaller than that of
monoclinic BZN phase [20], cubic BZN phase rather
than monoclinic BZN phase is supposed to form prefer-
ably at the onset of film deposition due to the quick-

Fig. 4. Selected area diffraction patterns of the BZN films deposited with substrate heating of 350◦C, post-annealed at 800◦C, indexed as: (a)
cubic phase, (b) cubic phase, (c) monoclinic phase.

condensation nature of the sputtering-deposition pro-
cess. The EDX results in Fig. 3 show the overall
composition of as-deposited BZN films. Comparing
them with the ideal stoichiometric composition (dotted
lines), the composition of the films was supersaturated
with respect to Nb, but close to that of cubic BZN.
Therefore, this cubic phase would be in a nonequilib-
rium state considering chemical composition and XRD
peak positions of cubic phase in the as-deposited film
(Fig. 2). Apparently, it was expected that the thermo-
dynamical restoring force from nonequilibrium would
lead to a gradual decomposition of as-deposited cu-
bic phase into a more stable cubic phase and some
other phases after post-annealing. Noticing the gradual
phase-separation features in Figs. 1 and 2, the nonequi-
librium cubic phase started to decompose as the anneal-
ing temperature increased above 600◦C, resulting in a
mixed state of cubic and monoclinic phases. As sep-
aration proceeded, the lattice parameters of the cubic
phase approached those of stable state. TEM diffrac-
tion pattern analysis confirmed the nature of the final
mixed phases (Figs. 4 and 5). Independent of the sub-
strate heating temperature, only two diffraction patterns
corresponding to those of cubic and monoclinic were
found.

In the previous work of Thayer et al. [14] demon-
strated that the cubic BZN films showed wide range
temperature stable tunability, but monoclinic zircono-
lite phase showed an unusual field dependence to the
permittivity for high field at 77 K. In this study, we have
focused on the room temperature dielectric properties
and tunability of the BZN thin films, so all results were
measured at room temperature.

Figure 6 shows the dielectric properties of the films
as a function of substrate heating and post-annealing
temperature. For BZN films deposited with substrate
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Fig. 5. Selected area diffraction patterns of the BZN films deposited with substrate heating of 600◦C, post-annealed at 800◦C, indexed as: (a)
cubic phase, (b) cubic phase, (c) monoclinic phase.

Fig. 6. Dielectric constant and loss tangent of the BZN films de-
posited with substrate heating of 350 and 600◦C as a function of
post-annealing temperature, measured at 1 MHz 500 mV oscillation
voltage at room temperature.

heating of 350◦C and post-annealed at 800◦C, the max-
imum value of dielectric constant of 240 was measured.
However, the dielectric losses of the films are approxi-
mately ten times as high as the previously reported val-
ues [12, 14, 17] of cubic-monophase films deposited
by cubic BZN target. Furthermore, as decomposition
into the dual phase of cubic and monoclinic phase pro-
ceeded, it was observed that not only the dielectric con-
stant but also the loss tangent of the films increased
significantly. It seems that newly-formed monoclinic
phase by decomposition could be responsible for these
trends in dielectric properties.

Field dependence of the films is shown in Fig. 7.
The tunability is defined as (C0 − Cv)/C0 where C0

and Cv are the capacitance values at zero and maxi-
mum DC-voltage levels. For a field of 1 MV/cm and
a measurement frequency of 1 MHz, maximum tun-
ability of 38% was obtained from the films deposited
with substrate heating of 350◦C and post-annealed at

Fig. 7. Tunability of the BZN films deposited with substrate heating
of (a) 350◦C and (b) 600◦C as a function of post-annealing tem-
perature, measured at 1 MHz 500 mV oscillation voltage at room
temperature.

800◦C. Comparing our previous results concerning cu-
bic phase deposited from cubic composition target,
this tunability was found to be quite large. Consider-
ing the original target composition and the composition
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analysis of films, it was conceived that the cubic phase
decomposed from a supersaturated state could have a
closer composition to that of the phase boundary be-
tween cubic and monoclinic than the one deposited
from cubic composition target.

Regardless of substrate heating temperature, super-
saturated nonequilibrium cubic phase film showed min-
imum tunability and quite a steep increase in tunability
was observed after a vigorous start of phase separation
between 600◦C and 700◦C (Fig. 7). However, typical
field dependence on the permittivity of monoclinic (zir-
conolite) phase as reported in the work of Thayer et al.
[14] was not observed. It is uncertain at the moment,
but this may be due to a higher measuring tempera-
ture than previous reports, or the coexistence of mon-
oclinic phase with a relatively larger amount of cubic
phase.

4. Conclusions

The BZN films sputtered using target of which the
composition was Bi2Zn2/3Nb4/3O7(monoclinic phase)
consisted of single, nonequilibrium cubic phase, but
decomposed into more stable cubic and monoclinic
phase when post-annealing proceeded up to 800◦C.
The higher the substrate heating temperature, the
more the portion of monoclinic phase of the films in-
creased. The Dielectric constant and tunability of the
films increased rapidly when the phase decomposi-
tion started and reached higher values than those of
cubic monophase films deposited from cubic phase
target.
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