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Abstract

BZT thin films have been investigated as a prospective material for tunable microwave applications. The thin films were deposited by RF
magnetron sputtering from a Bag&fio 7)Os ceramic target on MgO single crystal substrates. By means of Rutherford backscattering (RBS),
scanning electron microscopy (SEM) and X-ray diffraction (XRD), the composition, thickness and crystallinity of the thin films were analyzed,
respectively. Using interdigital capacitors (IDC) with Au electrodes on thin films, the dielectric constant and loss tangent were measured as a
function of bias electric field (0—7 kV/mm) and temperaturé@ 40 to +160 C) at low frequencies up to 1 MHz. The influence of post-annealing

on the tunable dielectric properties of the thin films was studied. Tunability, defined[ag0) — £(Emax)]/£(0), can be significantly increased

by increasing the annealing temperature. A tunability of 76%.ak=7 kV/mm and a loss tangent of 0.0078 have been achieved for the
sample annealed at 1100, measured at 1 kHz and room temperature. In addition, BZT thin films were also characterized at microwave
frequencies up to 26.5 GHz by measuring coplanar waveguide (CPW) resonators.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction It was found that BZT bulk ceramics displayed diffused fer-
roelectric phase transition compared to BST. Much lower
Ferroelectric materials exhibit high dielectric nonlinear- dielectric constant and a more diffused phase transition were
ity (i.e. the strong dependence of dielectric constant on biasobserved for BZT thick films. Especially, when measuring at
electric field) that is attractive to tunable microwave appli- low frequencies, the thick films showed comparable losses
cations. To improve the performance of many tunable high- and tunability with those of BST. These studies provided
frequency devices, it is desirable to develop high-quality thin valuable results, which indicate the potential usefulness of
films with evident tunability and low dielectric loss&S Up BZT material in tunable microwave applications. Up to now,
to now, most of research efforts in this area are focused onliteratures concerning the tunable dielectric properties of
investigating BaSn_xTiO3 (BST) system. Many attempts BZT thin films, especially the high-frequency performances
have been made to optimize the preparation processing, andhre still rare. Therefore, it is quite necessary to carry out fur-
post-annealing has been proved to be an effective method taher investigations on the aforementioned topic.
improve the dielectric performance of the thin filfh. In this paper, we present a preliminary study of the
By taking the advantage of high dielectric constant and tunable dielectric behavior of BZT thin films. The samples
relatively low leakage current, extensive studies have beenwere deposited on MgO single crystal substrates from a
made to use Ba(Zr,Ti)©(BZT) thin films for applications Ba(Zro 3Tig.7)Os ceramic target by RF magnetron sputtering.
of dynamic random access memory (DRAMnulti-chip Microanalyses were performed to characterize the thin films,
modules (MCMs) and capacitor$. and their dielectric constants as well as loss tangents were
In recentyears, we reported our investigations of BZT ma- measured at low frequencies (up to 1 MHz) and at high
terial as an alternative candidate of tunable dielectic¥? frequencies (up to 26.5 GHz), respectively. Particular focus
was given to investigate the influence of post-annealing at
* Corresponding author. Tel.: +49 721 6088148; fax: +49 721 6087492, different temperatures on the microstructure and dielectric
E-mail addressjin.xu@iwe.uni-karlsruhe.de (J. Xu). properties of BZT thin films. Such an investigation may
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Table 1 Structural measurements were made for as-deposited and
Sputtering conditions of BZT thin films annealed BZT thin films by XR¥-29 scans and (002)
Target-Substrate distance (mm) 35 w-scans. Exclusive (0l) peaks were observed in &t-20
Substrate temperatured) 650 _ patterns (not shown), revealing the films to be single-phase
?gt‘;tzrrzgsﬂ?:m sputtering gas (mba) @g}(lfzsccm'go scem and epitaxial inc-axis orientation. One remarkable feature
Plasma power (W) RF 150 is found that with the increment of annealing temperature,
Deposition rate (nm/min) 3.17 26 value of (0Q) peak tends to larger angle. From XRD

data, the lattice constant of the thin film normal to the sub-
strate was precisely calculated using Nelson-Riley plots of a
Debye-Scherrer method described elsewR&f&The values

are 4.123 for as-deposited film, 4.101, 4.079 and 4.061
for films annealed at 650, 900 and 11@) respectively. Itis
clear thatwith anincreasein,, the lattice constant gradually
becomes smaller and finally close to that of the bulk material
(about 4.06A for BaZrg 5Tig 703, Ref.6). The as-deposited
film has a larger lattice constant, presumably due to oxygen
deficiencies The change in lattice constant after annealing
is attributed to an improvement in stoichiometry with respect
to O,-content in the film and a reduction in stra&in.

The full width at half maxima (FWHM) of (0 0 2»-scan
curves of films annealed at differefy is shown inFig. L A
decrease in FWHM can be observed with an increada jn
which indicates a gradual improvement of the crystallinity in-
duced by increasing annealing temperature, i.e. the higher the
Ta, the higher degree of the out-of-plane crystal perfection.

Fig. 2shows SEM images for BZT/MgO films annealed
at different temperatures. It can be observed that the surface
morphology of the BZT films is affected significantly by the
annealing process at temperatures higher thar*850he
surfaces of as-deposited (not shown) and €5@&nnealed
(Fig. 2a) samples are extremely smooth and homogeneous
with hardly any grains discernable. “Short sticks” distribute
on the originally smooth surface for the film annealed at
900°C (Fig. 20), which are perpendicular to each other with
the length of several hundred nanometer. More pronounced
grain growth occurs for the film annealed at 12@0 As seen
in Fig. 2c, pieces of grains stick out of the surface and incline
towards different directions. Some of the pieces have a length
larger than Jum. Though grain growth at highdi results

provide a valuable guidance for future experimental efforts
to improve the performance of the material.

2. Experimental

BZT thin films were deposited on (1 0 0) MgO single crys-
tal substrates by RF magnetron sputtering, from a sintered
stoichiometric BaZg 3Tig.703 ceramic target with a diame-
ter of 200 mm. The sputtering conditions are listediable 1

BZT thin films were post-annealed in air for 5 h after de-
position. Three annealing temperaturg ) levels of 650, 900
and 1100 C were used, respectively. The heating and cooling
rate was fixed to 8C/min for all treatments.

The composition of the BZT thin films was determined
by Rutherford backscattering (RBS). The surface and cross-
section microstructures as well as the thickness of the thin
film were observed using scanning electron microscopy
(SEM) (LEO1530). The crystallographic structure and orien-
tation of BZT thin films were analyzed using X-ray diffrac-
tion (XRD) (Siemens D5000).

The dielectric properties (dielectric constaptand loss
tangent taf) were measured as a function of temperature
(—140to +160C) and bias electric field (0—7 kvV/mm) at low
frequencies£1 MHz), using an Alpha-H high-resolution di-
electric analyzer (Novocontrol). To obtain the valuesspf
and tad, capacitance and loss measurements of interdigital
capacitors (IDC) were carried out, as described in &&f.

At microwave frequencies, BZT thin films were charac-
terized by measuring coplanar waveguides (CPW) at room
temperature. The CPW with a strip widthwE 20pm and
a slot width ofs=10um was fabricated on thin film using
standard photolithography and plating technology. The scat- Ta=900°C
tering parameters of CPW on various thin films were mea- @ =22,2331"

FWHM = 0,24°

sured up to 26.5 GHz using a HP 8510B network analyzer ——— T T100°C
and an on-wafer probe station. Detailed descriptions refer 4000 o = 22,0086° N J s 22,32°
to Ref. 13, 1 FWHM = 0,34° FWHM = 0,23°
3000
3. Results and discussion £
3 2000
O
3.1. Characterization of BZT thin films
1000+
By RBS measurements (5-10% deviation of evalua-
tion), the composition of the thin films is determined as 020 wa T L _—
BaZrTiy03_5 (x=0.26-0.34y=0.72-0.74), which matches ®

well with the stoichiometry of the BaggTig.703 ceramic
target. Fig. 1. (002)»-Scan curves for BZT thin films annealed at differéat
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Fig. 2. SEM images for BZT thin films annealed at (a) 680 (b) 900°C and (c) 1100C.
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in a higher surface roughness, no crack can be observed irtunability of 76% at room temperature, which is much higher
Fig. 2(b) and (c). The reason of such abnormal grain growth than that of the sample annealed at 90Qabout 12%). The
upon annealing at high temperature is still not clear; one ten- sample annealed at 65G shows a little tunability close to
tative explanation may be the “preferred” re-growth of some zero, which is similar to that of the as-deposited sample.

crystallites along certain axes.

Correlating the crystal structure to the dielectric proper-

To answer the question whether there exists any interac-ties, the crystallinity of the thin film isimproved by increasing
tion between the BZT film material and the MgO substrate the annealing temperature up to 12@) as a consequence
during the annealing process, mixed-powder heating investi- the dielectric constantincreases. In addition, the as-deposited

gation was proceeded. BZT and MgO powders were mixed
with a weight ratio of 1:1 and calcined at 1100, 1300 and
1400°C, respectively. XRD measurements of the calcined

mixture show no new secondary-phase peak except the peaks

from BZT and MgO. This may provide a convincible evi-
dence for our assumption that the annealing only leads to
the re-growth of the BZT crystallite itself, but without any
reactive product arose. Further, TEM investigation is being
carried out to find new proof for supporting this presumed
explanation.

3.2. Dielectric properties at low frequencies

In Fig. 3, the low-frequency dielectric constant) and
loss tangent (taf) are plotted as a function of the temperature
for annealed BZT thin films. The sample annealed at 20
exhibits distinct dielectric properties. More pronounced tem-
perature dependence is observed in dielectric constant, which
is much higher than those of the samples annealed at 900 and
650°C. Furthermore, its temperature of maximum dielectric
constant {max) is shifted to around 233K, i.e. about 60 K
higher than that of the sample annealed at ‘900In ad-
dition, the loss tangent of the sample annealed at 1€C00
increases rapidly with decreasing temperature, while for the
other two samples the losses remain at a low level.

By measuring the bias dependence of the dielectric con-
stant, the tunability can be calculated and plotted as a function
of the temperature, as shownhig. 4. It is noteworthy that
the sample annealed at 110D shows a significant high
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Fig. 3. Temperature dependence of (a) dielectric constantand (b) loss
tangent (tad) of BZT thin films annealed at different temperatures, measured
at 1 kHz.



2292

J. Xu et al. / Journal of the European Ceramic Society 25 (2005) 2289-2293

: || | 240 T : : ; 0.35
01 _)--"‘"T" =~ - L,.owfm;m !
] A N i = e, 10kV/mm i
ek P it e A SalG R s 2201 5 0.30
® —a—1100°C ;
2 407 ——900°C . o
= w
T {| ——ss0C 2001 025¢
g 1 e e U RS, UPTPSL |) VP - . [ =
= o--lh—o—-i-?—._. ,a,! | ‘
04 ,AATHH—kH.HHA-M{ 1801 . %7 i 0.20
i t f T ; T T | i A [tang, 0 kVimm .
100 150 200 250 300 350 400 450 1 | & lans 10kWmm |
Temperature [K] 160 1— : ; —————— 0.15
8 12 16 20 24 28
F H
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The high-frequency performance of BZT thin films o D S T
annealed at 900C was gained from CPW measurements 3l ; ; ; ;
up to 26.5GHz and at room temperature. The results are 8 12 16 20 24 o8

given inFig. 5. A distinct decrease in; and int, whereas
a slight increase in ta@nwith increasing frequency can
be observed. A tunability of about 8.5 % is achieved Fig.5. Frequency dependence of (a) dielectric constgyud loss tangent
at 8.25GHz, based upon an applied E-field strength of (tar), and (b) tunability of BZT thin film annealed at 900, measured in
10kVv/mm. However, this value of tunability is not kept GHz-region, at room temperature.
as the frequency increasing. It decreases to 3-4% when
frequency reaching 26.5 GHz. In addition, in comparison 4. Summary
with the value at low frequencies, the loss tangent of BZT at
high frequencies is noticeably increased by a factor of about
100, i.e. higher than 20%. A similar level of such high&an
values was also found in HF measurements for BZT thic
films.10

In our recent work, the microwave measurements were

(b) Frequency [GHz]

The effects of post-annealing on the microstructure and
dielectric properties of RF sputtered BZT thin films were
K investigated. In low frequency region, tunability can be sig-
nificantly increased by increasing the annealing temperature.
A tunability of 76% atEmax=7 kV/mm and a loss tangent of

made for BST thin films prepared using the same proc:essingo'OO78 have been achieved for a sample annealed afC100

described in this paper. The results indicated that the BSTThe improvement of the crystallinity and the release of the

thin films possessed more stable dielectric constant of about>"eSS Eﬁir afrrmeaI;]ng dé.lrf de_e med to k_)e ths dc(:)gw\;\r;ant fac-
300, higher and stable tunability of about 14%, and lower tors, which affect the dielectric properties. By mea-

losses of <7%. Comparing with these values, the BZT thin surements, a tunability of 8.5% was achieved at 8.25 GHz

films prepared in current study do display the disadvantages;.orI dBZleBhli(r\]/;"m agf‘ef""e? aﬁ. 9;)0: . uplon anf appliedh E-
of dielectric properties in GHz-region. 1eld 0 mm. Distinctly high taf vajues of more than

By far, the dielectric properties of annealed BZT thin 20% were observed in the GHz-region. Further study has to

films have been characterized. At low frequencies, the be done to improve their HF performance.
thin films exhibit appropriates;, tans and ¢, which are
comparable with those of the BST thin filliddowever, at
high frequencies, the properties of BZT thin films is indeed
unsatisfactory, especially their high dielectric losses which  The authors would like to thank Prof. M. Siegel and Mr. A.
are not applicable for tunable microwave applications in Stassen at IMS, Universit Karlsruhe (TH), for their techni-
practice. Currently, work is in progress, which attempts to cal support. The HF measurement assistance offered by Prof.
improve the dielectric performance of BZT thin films athigh R. jJakoby and Mr. P. Scheele at IHF, University of Darm-
frequencies. stadt, is greatly acknowledged. Further thanks go to Dr. R.
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