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We have heteroepitaxially deposited compositionally graded (B, ) TiO5 (BST) thin films with
increasingx from 0.0 to 0.25 or{100-oriented MgO substrates using pulsed-laser deposition. The
compositional gradients along the depth in the graded films were characterized by Rutherford
backscattering spectroscopy. By using surface interdigital electrodes, the planar dielectric response
of epitaxial graded BST films was measured as a function of frequency, temperature, and dc applied
voltage. At room temperature, the dielectric constant of the graded BST film was about 450 with a
dielectric loss, ta@ of 0.007 at 100 kHz. Measurements varying the dc bias voltage showed
hysteresis of the dielectric response and a tunability of 25% at an applied electric field of 80 kV/cm.
The graded BST films undergo a diffuse phase transition with a broad and flat profile of the
capacitance versus temperature. Such behavior of the dielectric response in graded BST films is
attributed to the presence of the compositional and/or residual strain gradients in the epitaxial graded
films. With such a graded structure, it is possible to a build a dielectric thin-film capacitor with a
low-temperature dependence of the capacitor over a broad temperature regird@02@merican
Institute of Physics.[DOI: 10.1063/1.1475367

(Ba, _,Sr)TiO5 (BST) ferroelectric thin films exhibit a ents to meet the requirements of low TCK value and high
larger electric field dependent dielectric constant, and havdielectric. Such graded materials are highly preferred in the
attracted considerable attention for applications in active miapplications where the capacitance of a device should only
crowave electronics such as microwave phase shifters, fra&se weakly dependent on temperature. Furthermore, for the
quency agile filters, and tunable highresonators® Pres- microwave dielectric applications, oriented grain or epitaxi-
ently, for tunable device applications, coplanar electrodeally grown films are also highly required. In this work, we
configurations are frequently used in tunable microwave dereport on the epitaxial growth of compositionally graded
vices that utilize ferroelectric films. The coplanar tuning con-BST films with increasingk from 0.0 to 0.25, which were
figurations are more compatible with planar microwave cir-deposited directly on Mg@100) single-crystal substrates by
cuitry because they are readily designed to have capacitangellsed-laser ablation. The planar dielectric properties of ep-
values that provide good impedance matching to the rest dgfaxial graded BST films were also measured through surface
the circuit® However, there is a concern in the practical ap-interdigital electrodes(IDEs) as a function of frequency,
plications of tunable microwave resonators based on a singkemperature, and applied dc bias.
composition of BST films that the resonant frequency de- The compositionally graded BST thin films were grown
pends strongly on the temperature changes because the tyer by layer on MgO (100 single-crystal substrates
electric constant ;) of a single compositional BST film by pulsed-laser depositioPLD). The PLD system used
(e.g. BasSIysTiO3) is highly temperature dependent. Suchto grow graded BST films has been described previously
poor temperature stability of the resonant frequency wouldn more detaif The stoichiometric sintered ceramic targets
result in the carrier signal drifting in and out of resonance orof BaTiO;, Bay¢Sry(TiO3, BaygShh,Ti03, and Ba s
hot and cold day3.It would therefore be important to com- Sl 2sTiO3 were used in this work for the film deposition. The
pensate its temperature coefficient of dielectric constangraded BST films with a bottom layer of pure Bagi@nd a
(TCK) without decreasing its higle,. To do so, we have surface layer of BgysSI, ,5TiO5 were grown on MgQ(100)
developed compositionally graded BST thin films, in whichsingle crystals at 700 °C in an oxygen ambient pressure of

the Curie temperature is tailored by the compositional gradi200 mTorr to a total film thickness of 450 nm. After deposi-
tion, the graded BST films wera situ annealed at 700 °C

dAlso at: National Laboratory of Solid State Microstructures, Department offor 30 min, and then cooled down to room temperature.

Physics, Nanjing University, Nanjing 210093, P. R. China; electronic mail: X-ray diffraction indicated that only thenQ0) peaks of
xhzhu@publicl.ptt.js.cn graded BST films were observed, suggesting(1®0)-
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preferred growth orientation. Rocking curve agdscans = [ : 1
were also used to examine the misalignment of the lattice s 7000 | Experimentai RBs | _ [increasing
and epitaxial growth of BST graded thin films. The results § 00 [ 5 o Mev He I : /| Basignal
showed that the full width half maximum of BSZ00) rock- = 1 decreasing | @
. L. E 5000 Sr-signal 8
ing curve was 0.41°, and the requisite four-fold symmetry 8, -t ° o
was also observed in the scans of the off-dR20) planes in ;} 1000 : f
the graded BST crystal lattice, indicating that the graded-§ : T
films were grown epitaxially on MgO(100) substrates. £ 2000 g °
Atomic force microscopy was also used to analyze the sur-S 1000 3

. . w2
face morphology of the graded films. A columnar grain struc- op ‘—
ture was observed. The mean size of the grains was 100 nrr 0500 1000 1500 2000 . 2500 3000 3500

and the root-mean-square surface roughness was in 3—8 ni
range. The compositional gradients in the film thickness di- Energy (keV)
rection were examined by Rutherford backscattering speg:; 5 ; ras spectrum of graded BST thin film deposited on a My@D)
troscopy(RBS). substrate. The composition of the bottom layer is pure BgTiO

The planar dielectric properties of the graded films were
measured by using IDEs technique. The IDEs were patternesken that the measured capacitance exhibited minimal disper-
by conventional photolithography. A 100 nm-thick Cr/Au bi- sjon as a function of the frequency. Using the conformal
layer was deposited on the surface of the graded BST filmgmapping technique, the dielectric constaat)(at 100 kHz
by magnetron sputtering. The IDEs were formed after stanof the graded films was calculated to about 450. The dielec-
dard lift-off techniques. The coplanar capacitor consists of 8Qric loss (tans) showed no noticeable dispersion at frequen-
pairs fingers that are 1.5 mm long, 1@n wide, and space 5 cies up to 1 MHz. The loss tangent at 100 kHz was about
um apart. Electrical connection to a Hewlett Packard HP0D.007. The temperature dependence of the dielectric constant
4194A test fixture was made by using coaxial tables. Thef the graded BST film is shown in Fig. 3. A broadening
frequency response of the graded BST films was charactetransition peak at about 90 °C was observed, that corresponds
ized at room temperature, in the frequency range oto the tetragonal-cubic phase transition. The maximum tem-
10°— 10 Hz by a HP 4194A impedance analyzer by applyingperature, where the value is frequency dependent in the fre-
a small signal of 100 mV amplitude. The dielectric constantquency range of £8-1¢° Hz, shifts toward higher tempera-
of the graded films was extracted from the capacitance usintyre with increasing frequency. The broadening and
the conformal mapping technig@emperature dependence flattening of the peak is typical of diffuse transitions as ob-
of the planar dielectric properties was measured by placingerved in some polycrystalline BST and BaJi®in films &2
samples in a closed-cycle refrigerator. The measurements addition, the profile of the dielectric constant versus tem-
were carried out on automated system, whereby a HP 4194perature for the graded BST film experienced linear charac-
impedance analyzer and the temperature-control box weregristics with a slope of 1.57/K in the temperature range from
controlled by a computer. The experimental data were col—20 °C to 90 °C. Furthermore, the slope value could be tai-
lected continuously at frequency betweer? Hhd 16 Hz. lored by changing the volume fraction of each layer. The
The temperature range was betwee20 °C and 130 °C, and inset in Fig. 3 is the corresponding relative changes of
the maximum rate of cooling the samples was less than 1 °G¥ith respect to temperature of the graded thin film. As can be
min. The capacitance—voltagE€ {V) measurement was per- S€en in Fig. 3 with such a graded structure, it is possible to
formed at room temperature by applying a small signal ofouild a dielectric thin-film capacitor with a low-temperature
100 mV and 1 MHz frequency across the sample while thelependence of the capacitor over a broad temperature re-
dc bias voltage was swept from a negative bias to positiv@ime. The feature of the flat profile of the dielectric constant
bias. The dielectric tunability was deduced from theV

characteristics. 80 prvewy VT v T v T ] 0.8
The compositional gradient in the graded BST thin film _ 7o} —O— capacitance 17 =
characterized by RBS is shown in Fig. 1. The RBS spectrum\“é ok @ diclectric loss Jos g
shown in Fig. 1 was measured with a 2.9 MeV Hin P los &
beam at a tilt of 5° and a scattering angle of 170°. As shown % SoF 1. 2
in Fig. 1, the RBS data clearly confirmed the expected in--5 Sl S _-0'3 ;
creasing Ba content and the decreasing Sr content toward th&, ;5[ T B
bottom of the graded film, which in the graded structure is S q 102 %
pure BaTiQ. The measured compositional gradients of Ba or 101 A
and Sr elements in the graded films along the thickness di- IOF— seeeees*oo
rection were consistent with that of stoichiometric ceramic 0 Lasaat Al a4 aasaaa L 0.1
targets during laser ablation. The thickness of the graded thir 10° 10° 10’ 10°
film determined by RBS data was also in agreement with that Frequency (Hz)
obtained from cross sectional scanning electron microscopy

images. FIG. 2. Variation of the coplanar capacitance and dielectric loss tangent of
. graded BST thin film deposited on a Mg@O00) substrate as a function of
The frequency response of the gradEd BST films depos[he measured frequency. The measurement was performed on 80 pairs fin-
ited on a MgO(100 substrate is shown in Fig. 2. It can be gers of IDEs.
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800 the film. The present data are only from the preliminary test
~ TOF for the graded films. Improvements in the film quality by
- 700k optimizing the PLD processing parameters are expected to
‘é ssok increase the dielectric properties, and the design of the
*é; sookb . ':ﬁ:%' . gradeq film with layers of high Sr contents v_vould gxhlblt an
o b Tl _--.-ﬂuqhdgg essentially broader plateau region of the dielectric constant
o T . ::E::A::v"*i";'"'v% maximum than the isotropic thin films. Impedance-bias mea-
% S0op .:::E::::v"' . surements also show hysteresis indicating that the graded
2 4o} ::!%k\:ﬁvv' ) = lkH films are ferroelectric.
2 s00f AtV Lol In conclusion, compositionally graded BST films were
I ::;ii‘:zyg v IMH epitaxially deposited layer by layer on a Md@00) substrate
BT | P U R S ST R S S S T by PLD. The compositional gradients in the graded BST thin
40 20 0 20 40 60 80 100 120 140 160 films along the depth were examined by RBS. The dielectric

response of the epitaxial graded BST films was characterized
by surface IDEs as a function of frequency, temperature, and
FIG. 3. Temperature dependence of the coplanar dielectric constaot, ~ applied dc bias. The dielectric constant at room temperature
graded BST films meast_Jred a_t different frequencies. Inset is the corresponqvas about 450 with a dielectric loss, tdnof 0.007 at 100
gwrgdrzlt?ttlr\:ﬁ] %rlwr?qr?ge of dielectric constant with respect to temperature of th?(Hz. An applied electric field of 80 kV/cm resulted in a 25%
modulation of the dielectric constant. A broad and flat profile
of dielectric constant versus temperature was observed in
versus temperature for graded BST thin films may be exgraded BST films. Such dielectric behavior can be attributed
plained by the presence of the compositional and/or residuab the presence of the compositional and/or strain gradients
strain gradients in the epitaxial film as a result of the partiain the epitaxial graded films.
coherence of the film with the substraferigure 4 shows the
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