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Bi;Zn,3Nby 307 thin films were deposited on Pt/Ti0,/Si0,/Si(100) substrates at a room temperature
under the oxygen pressure of 1-10Pa by pulsed laser deposition. BiZn,;3Nby 307 thin films were then
post-annealed below 200 °Cin arapid thermal process furnace in air for 20 min. The dielectric and leakage
current properties of Bi;Zn,;3Nby307 thin films are strongly influenced by the oxygen pressure during
deposition and the post-annealing temperature. Bi;Zn,;3Nb,;307 thin films deposited under 1Pa oxy-
gen pressure and then post-annealed at a temperature of 150 °C show uniform surface morphologies.
Dielectric constant and loss tangent are 57 and 0.005 at 10 kHz, respectively. The high resolution TEM
image and the electron diffraction pattern show that nano crystallites exist in the amorphous thin film,
which may be the origin of high dielectric constant in the Bi;Zny3Nb4;307 thin films deposited at low
temperatures. Moreover, Bi;Zn,3Nby307 thin film exhibits the excellent leakage current characteristics
with a high breakdown strength and the leakage current density is approximately 1 x 10-7 A/cm? at an
applied bias field of 300 kV/cm. Bi; Zn;3Nby/3 07 thin films are potential materials for embedded capacitor
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1. Introduction

In microelectronics industry, device miniaturization, low-
power operation and high reliability are new challenges [1].
Embedding thin-film capacitors with high permittivity dielectrics
into printed circuit boards (PCBs) is one of the methods to approach
these goals [2-4]. In integrated circuit packages, the polymer sub-
strates cannot sustain the temperature of more than 200 °C, which
limits the thermal process of capacitor materials [2]. Ferroelectric
thin films have been investigated for such applications [2,3,5,6].
But ferroelectric materials with high dielectric constants can only
be obtained for the crystallite phase, which usually requires a high
temperature (>550 °C). However, ferroelectric thin films deposited
at or near room temperature exhibit very low dielectric constants
and high dielectric losses [5,6]. Moreover, the conventional para-
electric oxides such as SiO, (~3.9), Ta05 (~25) and Al,03 (~9)
can be fabricated at low temperature but they have very low
dielectric constants [1-3]. Bi;Zny3Nby 307 is one of the candidate
materials, which is feasible for PCB applications. Bi;Zn,;3Nby/307
possesses a monoclinic zirconolite structure, being different from
its counterpart, cubic pyrochlore Bi;5Zn; gNb;507 [7-9]. More-
over, monoclinic BizZny;3Nby 307 exhibits much higher quality
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factor (Q~1000) than that of cubic Bi;s5Zn;gNb;507 (Q~35)
at a microwave range [10]. Ren et al. reported the crystallized
BiZny 3Nby307 thin films synthesized by a metal-organic deposi-
tion (MOD) process with a dielectric constant of 80 and loss tangent
of 0.004 at 10 kHz, respectively [11].

In this paper, Bi;Zny;3Nby;307 thin films were deposited on
Pt/TiO,/Si0,/Si(1 00) substrates by pulsed laser deposition (PLD)
process at a room temperature, and then post-annealed at a tem-
perature below 200°C. The influences of annealing temperature
and oxygen pressure on microstructure, dielectric properties and
leakage current characteristics of Bi;Zn,;3Nby /305 thin films have
been investigated.

2. Experimental procedure

The monoclinic Bi;Zny3Nb,307 ceramic targets were prepared using a con-
ventional solid-state reaction method and then sintered at 960°C for 4h.
BiZny/3Nby307 thin films were deposited on Pt/TiO,/Si0>/Si(100) substrate by a
PLD process. A KrF excimer laser (COMPex Pro 205, Coherent Lambda Physik) at
a wavelength of 248 nm with pulse width of 30 ns and repetition rate of 3 Hz was
used. The laser energy was set at 200 mJ/pulse. The deposition was carried out for
40 min at room temperature and the oxygen pressure was set in a range of 1-10 Pa.
Then, Bi>Zn,/3Nby/3 07 thin films were post-annealed from 100°C to 200°Cin a rapid
thermal process furnace in air for 20 min.

The crystallinity of the Bi;Zn;;3Nbg307 thin film was characterized by using
an X-ray diffractometer with Cu K« radiation (XRD, D/Max-2400, Rigaku) and a
high resolution transmission electron microscope (TEM, JEM-3010, JEOL). The sur-
face morphological features were studied by an atomic force microscope (AFM,
Nanoscope, Veeco) and a scanning electron microscope (SEM, JSM-7000F, JEOL).
Thickness of the films was measured by a stylus surface profiler (Dektak 6M, Veeco).
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Fig.1. X-ray diffraction patterns of Bi;Zn,/3Nb,/307 thin films as functions of anneal-
ing temperature and oxygen pressure.

For measuring electrical properties, Au top electrodes with a diameter of 0.5 mm
were deposited using DC sputtering via a shadow mask to form a metal-insulator-
metal (MIM) structure. The dielectric properties were investigated by using a
precision impedance analyzer (4294A, Agilent). Current-voltage (I-V) character-
istics were examined with a semiconductor characterization system (4200-SCS,
Keithley).

3. Results and discussion

Fig. 1 shows XRD patterns of BipZny;3Nbs30; thin films
deposited under different oxygen pressures and annealed at dif-
ferent temperatures. All thin films show weaker and broader
peaks, which are near 29° in XRD patterns and the d-values
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of the broad diffraction peak are about 3.09. It was found that
the broad diffraction peak in the XRD patterns corresponds to
the strongest (22 1) peak of the monoclinic zirconolite structure
BizZny3Nby307. The high energy particle collisions during depo-
sition in PLD process probably produce the small grains (typically
in a nanometer scale) and highly disordered amorphous phase in
the films, which have also been identified by the analysis of TEM
in the Bi-based pyrochlore films fabricated at low temperature [3].
In general, amorphous paraelectric (such as Ta;0s, Al 03 and SiO,)
thin films fabricated at low temperature usually exhibit low dielec-
tric constants (<25) [2]. However, in the Bi-based thin films, such as
Bi1.521'11_0Nb1_507, Bi22n2/3 Nb4/307’ BizMg2/3Nb4/3O7, if some nano-
sized crystallites are present in thin films, these films exhibit high
dielectric constants [2-4,12].

Surface morphologies of BizZny;3Nby307 thin films post-
annealed at different temperatures do not show any distinct
differences, but they are remarkably influenced by the oxygen pres-
sure during deposition. Fig. 2 shows SEM surface morphologies of
BizZny 3Nby 307 thin films deposited under various oxygen pres-
sures and annealed at 150°C. It can be seen in Fig. 2(a) and 2(b) that
the thin films deposited at low oxygen pressures of 1Pa and 4 Pa
show dense, crack-free and homogenous surfaces. With increas-
ing oxygen pressure to 7 Pa, the surface morphology of the thin
film shows a distinct change. The thin film exhibits a rough surface
with large clusters of particles and a lot of micro-cracks between
particles, as shown in Fig. 2(c). With further increase of oxygen
pressure to 10 Pa, much larger clusters of particles can be observed
and micro-cracks become more evident. The surface roughness and
deposition rate of Bi;Zn,;3Nby/307 films show little variation with
post-annealing temperature, but they increase significantly with
increasing oxygen pressure, as shown in Fig. 3.

Surface morphology and roughness, as well as deposition rate
are correlative to the energy of the ablated species. The PLD process
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Fig. 2. Surface morphologies of Bi,Zn,;3Nby307 thin films deposited under oxygen pressures of (a) 1Pa, (b) 4Pa, (c) 7Pa and (d) 10 Pa.
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Fig. 3. Surface roughness and deposition rate of BiZn;3Nby;307 thin films
deposited under different oxygen pressures.

usually involves following three stages: plasma plume generation,
transportation and condensation [13]. In the second stage, the
ablated species lose their energy through random collisions with
atoms/molecules of the background oxygen. As the oxygen pres-
sure in the deposition chamber varies in the range of 1-10 Pa, both
the collision probability and energy loss change accordingly. At low
oxygen pressure of 1-4 Pa, most of the kinetic energy and internal
energy of the ablated species are kept due to less collision. These
energies transform into migration energy on the substrate, which
results in the formation of dense thin films because the atoms have
enough energy for self-arrangement on the substrate. However,
with the increase of oxygen pressure, both kinetic energy and inter-
nal energy of the ablated species significantly decrease as a result
of frequent collisions [2]. The ablated species cannot arrive in the
ideal locations, and hence form the large clusters and micro-cracks
in the thin films. The deposition rate of the thin films increases
with increasing oxygen pressure. Under low oxygen pressure, the
ablated species have high energy and a part of the incident particles
with high energy tends to desorption from the substrate due to the
effect of re-sputtering, which leads to a low deposition rate. With an
increase of oxygen pressure, the ablated species lose partial energy
before reaching to the substrate due to frequent collisions. Hence,
the number of adatoms on the substrate increases, which results
in the increase of the deposition rate [14]. For the same deposition
time of 40 min, the film thickness is varied from 200 to 400 nm,
which is attributed to the variation of oxygen pressure.

The dielectric properties of Bi;Zn,3Nby/307 thin films deposited
under an oxygen pressure of 4Pa and annealed at different tem-
peratures are shown in Fig. 4. The as-deposited Bi;Zn,;3Nby/307
thin film shows dielectric constant of 53.6 and loss tangent of 0.01
at 10kHz, respectively. The dielectric constant of Bi;Zn,;3Nby /307
thin films gradually increases with post-annealing temperature and
reaches a maximum at 150°C, and then decreases at higher tem-
perature up to 200 °C. The decrease in the dielectric constant for the
film annealed at 200 °C can be attributed to the high temperature
migration of Bi [2]. The migration reduces the Bi-O contribution
to the overall polarization in the Bi;Zny3Nbg307 thin film, which
results in the drop of dielectric constant [2]. The dielectric constant
and loss tangent of the film annealed at 150 °C are 60 and 0.007 at
10 kHz, respectively.

Fig. 5 shows the dielectric properties of Bi;Zn,;3Nby307 thin
films deposited under various oxygen pressures and annealed at
150°C. The dielectric properties of Bi;Zn,;3Nby/307 thin films show
a strong dependence on oxygen pressure. The thin films deposited
under low oxygen pressure exhibit superior dielectric properties.
However, the dielectric constant decreases and dielectric loss tan-
gent increases at higher oxygen pressure. The Bi;Zn;3Nby/307 thin
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Fig. 4. Dielectric constant and loss tangent of BiZn,;3Nbg4/307 thin films as a func-
tion of post-annealing temperature at a measured frequency of 10 kHz.

films deposited under 1 Pa and 4 Pa exhibit high dielectric constants
of 57 and 60, and very low loss tangent of 0.005 and 0.007 at 10 kHz,
respectively. While the BiZn, 3Nb,/307 thin films deposited under
10 Pa show lower dielectric constant of 28 and high loss tangent of
0.08 at 10 kHz, which attributes to the presence of large clusters of
particles and micro-cracks. It can be concluded that the dense film
is helpful to improve the dielectric properties of the films.

The high resolution transmission electron microscope (TEM)
was used to analyze the microstructure of the Bi;Zny3Nby/307 thin
film.Fig. 6(a) and (b) shows the TEM plane-view image and the elec-
tron diffraction pattern of the Bi;Zny;3Nby 307 thin film deposited
under 1Pa oxygen pressure and then post-annealed at 150°C. As
shown in Fig. 6(a), an incipient crystallization (black particles) is
clearly observed. The broad diffraction rings of the film in Fig. 6(b)
also indicate that there are nanosized crystallites in the thin film.
The area with the black particles is further enlarged and is shown
in the inset of Fig. 6(a). The crystallinity within the Bi;Zn, 3Nby /307
thin film is clearly identified and the crystallite particle size is
approximately 4 nm. The result is also consistent to the analysis of
the XRD patterns. The high dielectric constant of Bi;Zn,;3Nby/307
thin films may be attributed to the nanosized crystallites in the thin
films.

Fig.7 shows I-V characteristics of Bi;Zn,;3Nb4 307 thin films as a
function of post-annealing temperature. It can be seen that the leak-
age characteristics are remarkably improved with post-annealing.
The thin films show an abrupt increase of leakage current densities
with increasing applied field, except the thin film being annealed
at 150°C. In particular, the thin film annealed at 150°C exhibits

65 0.10
60 - -4 0.09
- 55| -4 0.08
g so0f
g 40.07 €
- (]
5 4 {006 @
o 40l ]
L 4 0.05 +~
s 35¢ $
54 -4 0.04
2 3ol S
2 2s[ 40.03
20+ 4 0.02
15| -4 0.01
10 Il Il Il Il Il Il Il Il Il 0.00

1
0o 1 2 3 4 5 6 7 8 9 10 M1

Oxygen pressure (Pa)

Fig. 5. Dielectric constant and loss tangent of Bi»Zn,3Nbg4/307 thin films as a func-
tion of oxygen pressure during deposition and measured at a frequency of 10 kHz.
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Fig. 6. (a) Plane-view TEM image and (b) electron diffraction pattern of
BizZn,3Nby/307 thin film deposited at 1 Pa oxygen pressure and annealed at 150 °C.
The inset in Fig. 6(a) shows an enlargement of TEM image (The black particle area
in the plane-view TEM image).
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Fig. 7. Leakage current density versus applied bias field for Bi;Zny;3Nby ;307 thin
films annealed at different temperatures.

107

10%

Leakage current density (Alcmz)

10°
-400 -300

R R R R R TR
200 -100 0 100 200 300 400
Electric field (kV/cm)

Fig. 8. Leakage current density versus applied bias field for Bi;Zn;3Nby ;307 thin
films deposited at various oxygen pressures.

an improved leakage current characteristic and the leakage cur-
rent density of less than 4 x 10-7 A/cm?2 at 300kV/cm and a high
breakdown field of 700 kV/cm. Fig. 8 shows I-V characteristics of
BiyZny 3Nby30- thin films deposited at various oxygen pressures.
The leakage characteristics show a strong dependence on oxygen
pressure. The leakage current density increases remarkably with
oxygen pressure. The low leakage current is one of basic require-
ment for a good dielectric thin film. The thin film deposited at
the low oxygen pressure of 1Pa exhibits very low leakage current
which is approximately 1 x 10-7 A/cm? at an applied bias field of
300kV/cm. These results suggest that Bi;Zn,;3Nby307 thin films
are a potential candidate for embedded passive components in the
PCB applications.

4. Conclusions

BizZny3Nby 307 thin films prepared at low temperature by
PLD exhibit large dielectric constant, low loss tangent and low
leakage current characteristics, which make them a promising
candidate material for embedded capacitors. The structures and
properties of Bi;Zn,;3Nby307 thin films are strongly influenced by
post-annealing temperature and oxygen pressure. The dielectric
constant and the loss tangent of the thin films deposited under
an oxygen pressure of 1Pa and post-annealed at 150°C are 57
and 0.005 at 10kHz, respectively. The high dielectric constant of
BizZny 3Nby 307 thin films deposited at low temperature may be
attributed to the nano-size crystallites in the films. The leakage cur-
rent density is approximately 1 x 10~7 A/cm? at an applied field of
300kV/cm.
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