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Abstract. Ba(Zr,Ti)O5 thin films have attracted great attention in recent years for their potential use in DRAMs
and MCMs due to their high dielectric constant and relatively low leakage current. However, their tunable dielectric
properties were rarely investigated and the corresponding potential for tunable microwave applications was seldom
reported.

In this paper, we present the tunable dielectric behavior of BZT thin films deposited by RF magnetron sputtering
from a Ba(Zr( 3Tip 7)O3 ceramic target on MgO single crystal substrates. The composition, thickness and crystallinity
of the thin films were analyzed by Rutherford backscattering (RBS), scanning electron microscopy (SEM) and
X-ray diffraction (XRD), respectively. The dielectric constant and loss tangent were measured as a function of
electric field (0-7 kV/mm) and temperature (—140 to +160°C) at frequencies up to 1 MHz, using interdigital
capacitors (IDC) with Au electrodes on thin films. By optimizing the preparation process, a tunability {defined as
7 = [(0) — e(Emax)]/€(0)} of 76% at Eqax = 7 kV/mm and a low loss tangent of 0.0078 can be achieved. In
addition, the influence of annealing temperature on the dielectric properties of the thin films is also discussed.
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1. Introduction ferroelectric thin films for matching the increasing re-

Some ferroelectric materials with perovskite structure
(e.g. Ba, Sr;_, TiO3) are prospective candidates for mi-
crowave applications [1, 2], due to the reasons of high
dielectric nonlinearity (manifested as the dependence
of dielectric constant on electric field) and relatively
low losses. Concerning both the commercial and mil-
itary applications, in the coming future, many tunable
microwave components such as tunable oscillators,
tunable filters, phase shifters and varactors [3-5] will
be realized for wireless communications and satellite
applications. For example, for the aim of automobile
driving assistance, scanning radars using phase shifters
fabricated by tunable materials could be equipped into
the collision warning systems of cars.

In recent years, a considerable amount of research
work has been done in the area of developing tunable
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quirements of high performance electric field tunable
microwave devices. Commonly, the studies in this field
are mainly focused on the Ba,Sr;_,TiO3 (BST) sys-
tem [3-7]. Regardless of deposition method and sub-
strate type, the critical properties of the thin films which
need to be optimized are the magnitude of tunability
as a function of applied electric field and dielectric
losses.

In the last few years, Ba(Zr,Ti)O3 (BZT) thin films
have attracted much attention for dynamic random
access memory (DRAM) [8, 9] multi-chip modules
(MCMs) [10], and capacitors [11] applications, due to
their high dielectric constant and relatively low leak-
age current. However, their tunable dielectric proper-
ties were rarely investigated.

In our former work, the temperature depen-
dence of dielectric properties was investigated for
Ba(Zr,Ti;—,)O3 (x = 0.25,0.30) thick films with
applied electric field at low frequencies [12, 13].
In contrast to bulk ceramics, much lower dielectric
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permittivity and a more diffused phase transition were
observed for BZT thick films. A tunability of 26%
was achieved for a Ba(Zr(,5Tip75)O3 thick film at
Eax = 2 kV/mm, measured at 20 kHz and room tem-
perature (RT) [12], while a Ba(Zr( 3Tig7)O3 thick film
exhibited T = 16% at E.x = 4 kV/mm, 1 MHz and
RT [13].

In this paper, we present the tunable dielectric be-
havior of BZT thin films deposited by RF magnetron
sputtering from a Ba(Zry3Tip7)O3; ceramic target on
MgO single crystal substrates. The composition, thick-
ness and crystallinity of the thin films were character-
ized. The temperature dependence of dielectric con-
stant and loss tangent was measured as a function of
electric field at frequencies up to 1 MHz, using interdig-
ital capacitors (IDC) with Au electrodes on thin films.
The effect of post-annealing on the dielectric proper-
ties of BZT thin films has been investigated, and the
results and discussion are focused on the influence of
the annealing temperature.

2. Experimental

A sintered stoichiometric BaZry 3Tip 703 ceramic disk
with a diameter of 100 mm was used as target. BZT
thin films with a thickness of 190 nm were deposited on
(100) MgO single crystal substrates by RF magnetron
sputtering. The substrates were positioned 35 mm op-
positely away from the target (“on-axis” sputtering).
Thin films were prepared at a substrate temperature
(Ts) of 650°C, using an Ar—O, gas mixture, at a total
pressure of 5.5 x 1072 mbar. The sputtering conditions
are listed in Table 1.

In our former studies on BST thin films [14], it was
found that the tunability of the samples can be signifi-
cantly increased by post-annealing in air at 900°C for
5 hours. Therefore, a post-annealing process has also
been conducted for BZT films. In order to study the in-
fluence of the annealing temperature (74 ), the samples
were annealed in air at different temperatures (650, 900

Table 1. Sputtering conditions of BZT thin films.

Target-Substrate distance 35 mm

Substrate temperature 650°C

Sputtering gas O7:Ar = 10 scem:90 sccm
Total pressure of sputtering gas 5.5 x 1072 mbar

Plasma power RF 150 W

Deposition time 60 min

Au 8
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Fig. 1. Cross-section structure of IDC.

and 1100°C) for 5 hours, with a heating and cooling rate
of 5 K/min.

The composition of the BZT thin films was de-
termined by Rutherford backscattering (RBS). Thin
film surface, cross-section microstructures and the
thickness were observed using scanning electron mi-
croscopy (SEM) (LEO1530). The crystallographic
structure and orientation of BZT thin films were ana-
lyzed using X-ray diffraction (XRD) (Siemens D5000,
Cu K,, radiation).

The dielectric properties (dielectric constant g, loss
tangent tand and tunability t) of BZT thin films were
measured as a function of applied electric field (0-
7 kV/mm) and temperature (—140°C to +160°C) at
low frequencies (<1 MHz), using an ALPHA-H high-
resolution dielectric analyzer NOVOCONTROL). To
obtain the values of ¢, and tané, capacitance and loss
measurements of interdigital capacitors (IDC) were
carried out, as described in [15]. The IDC, as shown
in Fig. 1, were fabricated on BZT thin film by sput-
tering a 10 nm chromium adhesion film and a 100 nm
thick gold layer, followed by a standard lift-off pro-
cess. A modified conformal mapping technique and a
partial capacitance method were applied to evaluate the
dielectric properties [16].

3. Results and Discussion

3.1. Characterization of As-Deposited
BZT Thin Films

From the XRD 6-26 scan pattern shown in Fig. 2, it is
clear that the as-deposited BZT thin film is single-phase
and highly c-axis oriented.

The typical film compositions determined by
RBS (5-10% deviation of evaluation) were relatively
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Fig. 2. XRD pattern of as-deposited BZT thin film.

constant, as BaZr, Ti,O3_s (x = 0.26-0.31; y = 0.72—
0.79), and indicated the proper composition of the
films.

Observed from the SEM micrographs, the surface of
the as-deposited film is extremely smooth and homo-
geneous. A thickness of 190 nm for the thin film was
determined from the cross-section micrograph, and the
growth rate of the thin film was calculated to be about
3.17 nm/min.

3.2.  XRD Analyses of Annealed BZT Thin Films

The XRD analysis of 8-26 scan and w-scan were car-
ried out for BZT thin films annealed in air for 5 hours
at different temperatures. The analytic data are shown
in Table 2.

From the 6—26 scan patterns, it is observed that all
the samples are still single-phase and exclusively (00/)

Table 2. XRD analytic data of various BZT thin films annealed at
different temperatures.

Samples annealed at
different temperatures

XRD analysis data 650°C 900°C 1100°C

626 scan 26 cal. ¢ (A)
44.16° 44.46° 44.62°
4.10 4.07 4.06
w-scan of (002) peak @ FWHM
22.10° 22.23° 22.32°
0.34° 0.24° 0.23°

orientated. The out-of-plane lattice constant (c) can be
calculated from the position of the BZT (002) peak.
Note that with higher T4, the ¢ value decreases and ap-
proaches the value of the bulk material (cpyx = 4.06 A
for Ba(ZI'()A3TiO.7)O3).

The full width at half maximum (FWHM) values of
the w-scan peak for BZT (002) reflection were deter-
mined as 0.34°,0.24° and 0.23°, respectively, which in-
dicates a better out-of-plane orientation appearing with
the increasing of Ty.

For 6-260 scan of XRD, the diffraction line broaden-
ing due to the effects of internal film strain and crystal-
lite size can be separated from each other, by means of
Halder and Wagner plots [17, 18], where A%(26)/tan’6
is plotted versus A(20)/(tan 0 sin 6). This estimation is
on the basis of the following equation that leads to nu-
merical solutions for internal strain (¢) and mean value
of small crystallite size (L), expressed as [19].

AZ(20 KA A6
(20) _ K2 (_ACD ) | g0
tan? 0 L \tan@sinf

where A(26) means the full width at half maximum
in 26 of (00/) reflections; K is the so-called “shape-
factor” which usually takes a value of 0.9 [19].

From such plots straight lines are obtained whose
slope yields the mean crystallite size and whose axial
section yields the strain.

InFig. 3, the data for as-deposited and annealed BZT
thin film are shown. From the respective “linear fits”,
the values of internal strain (e¢) and mean crystallite size
(L) were estimated, as shown in Table 3.
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Fig. 3. Plots after Halder and Wagner for estimating the internal film
strain. The data are shown for as-deposited and annealed (at 900 and
1100°C) BZT thin films.

Samples

As-deposited  Annealed at  Annealed at

Estimated data Ts =650°C T4 =900°C T4 = 1100°C

0.26%
~825A

0.15%
~1136A

0.13%
~990A

e (internal strain)
L (mean cryst. size)

Table 3. Estimated data of as-deposited and annealed BZT thin films.

It can be seen that the internal strain values of the
annealed samples are smaller in comparison to that of
the as-deposited sample, indicating that the stress in
the thin film has been released after annealing, further
at higher temperature. Moreover, the mean crystallite
size of the annealed sample is larger than that of the
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as-deposited one, which reveals the regrowth of the
grains in the thin film induced by high temperature.
Here the shown mean crystallite size of 1100°C an-
nealed sample is a little smaller than that of the sample
annealed at 900°C, which might caused by the error of
the data estimation.

3.3.  Dielectric Properties

The dielectric constant (g,) and loss tangent (tand) as a
function of the temperature for BZT thin films annealed
at different temperatures are plotted in Fig. 4. It is ob-
vious that for the sample annealed at 1100°C, the di-
electric constant (¢, ) shows a much higher temperature
dependence, as well as much higher values than those
of the samples annealed at 900°C and 650°C (e.g., 2437
versus 592 and 395 at room temperature, respectively).

Furthermore, the temperature of maximum permit-
tivity Tiax is shifted to around 233 K, i.e. 60 K higher
in comparison to the 173 K of the sample annealed at
900°C. Correspondingly, the loss tangent of the sample
annealed at 1100°C increases rapidly with decreasing
temperature, while for the other two samples the losses
remain at a low level.

By measuring the bias dependence of dielectric con-
stants, the tunability can be calculated and plotted as
a function of the temperature, as shown in Fig. 5.
It is noteworthy that the sample annealed at 1100°C
shows a significant high tunability of 76% at room
temperature, which is much higher than that of the
sample annealed at 900°C (about 12%). The sample
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Fig. 4. Temperature dependence of (a) dielectric constant (g, ), and (b) loss tangent (tand) of BZT thin films annealed at different temperatures,

measured at 1 kHz.
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Fig. 5. Temperature dependence of tunability for BZT thin films
annealed at different temperatures, measured at 1 kHz.

annealed at 650°C shows only a tunability close to zero,
which is similar to that of the as-deposited sample.
Correlating the crystal structure to the dielectric
properties, the crystallinity of the thin film is improved
by increasing the annealing temperature up to 1100°C;
as a consequence the dielectric permittivity increases.
In addition, the as-deposited thin films are highly
stressed, whereas the stress of the film was released af-
ter annealing, which may result in a shift of maximum
dielectric permittivity. For the thin film with better crys-
tallinity, higher tunability and higher losses occurred
around the point of maximum permittivity (7iax)-

4. Summary

The microstructure and dielectric properties of RF sput-
tered BZT thin films influenced by post-annealing were
investigated. Tunability can be significantly increased
by increasing the annealing temperature. A tunabil-
ity of 76% at Epnx = 7 kV/mm and a loss tangent
of 0.0078 have been achieved for a sample annealed
at 1100°C, measured at 1 kHz and room temperature.
The improvement of the crystallinity and the release of
the stress after annealing are dominant factors which
pronouncedly affect the dielectric properties of the an-
nealed BZT thin films.
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