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ABSTRACT

The effects of anisotropic dielectric properties of ferroelectric Bap_,Sr.TiO 3 (BST) films on the
characteristics of phase shifter have been studied in microwave regions at room temperature.
Ferroelectric BST films with (001) and (011) orientation were epitaxially grown on (001) and
(011) MgO substrates, respectively, by pulsed laser deposition method. The structures of BST
films were investigated using x-ray diffraction measurement. The microwave properties of
orientation engineered BST films were investigated using coplanar waveguide transmission lines
that were fabricated on BST films using a thick metal layer by photolithography and etching
process. The measured differential phase shift and insertion loss (S21) for (011) BST films are
larger than those for (001) BST films. Dielectric constants of the ferroelectric BST films are
calculated from the measured S21 using a modified conformal-mapping model.

INTRODUCTION

Tunable microwave devices using ferroelectric thin films has been proposed for long time to
take advantage of the electric field dependent dielectric constant of the ferrolectricity, which may
have advantages over other materials, such as semiconductors and ferrites[i]. Ferroelectric thin
films, especially (Ba1_,Sr,)TiO 3 (BST), have been extensively investigated to explore the
possibility of the microwave tunable devices. Nevertheless such a great effort, realization of the
device is not achieved yet. To realize this feature, we need that ferroelectrics exhibit with a large
dielectric constant change with a relatively low external bias field, and a low microwave loss.

The dielectric properties measured at microwave frequencies for BST films deposited by
various deposition method have been reported to be affected by many factors, such as oxygen
vacancies, strain and stress between films and substrates (due to lattice mismatch and the thermal
expansion difference between the films and the substrates), film thickness, grain size, dopant
type, Ba/Sr ratio. To attain these goals, several topics have been studying by many groups such
as multi-layers, doping, making composite, high temperature annealing, compensating Ba/Sr
deficiencies etc[2-12].

Thin film cubic perovskites have been known to be under stressed status because of lattice
mismatch between film and substrate[ 13]. Furthermore, dielectric properties of distorted film are
expected to be anisotropic, since polarizations in the cubic and non-cubic is different. To
understand more for ferroelectricity, orientation dependent dielectric properties of the
ferroelectric thin film is very important[14].

In this paper, we present studies of the effect of the film orientation on the microwave dielectric
properties of epitaxially grown BST films on MgO (001) and (011) single crystals by pulsed
laser deposition (PLD), respectively.
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EXPERIMENTAL DETAILS

Epitaxial (001) and (011) BST films were deposited onto (001) and (011) MgO single
crystals by PLD, respectively. A focused pulse laser from a Kr:F eximer gas laser (-2J/mm 2)
transfer the materials of stoichiometric (Ba. 6Sr0.4)TiO 3 to the heated substrate attached on heater.
The oxygen pressure in the deposition chamber was fixed at 200 mTorr, while the substrate
temperature was maintained at 825 "C. The structural properties of BST films were characterized
by x-ray diffraction (XRD) measurement using a Rigaku x-ray diffractometer equipped with Cu
KD, radiator source and a 4-circle X-ray diffractometer. The thickness of the deposited BST films
was about 420 rnm, which was confirmed by a cross sectional scanning electron microscope
(SEM). Microwave dielectric properties of the BST films were measured by a HP 8510C
network analyzer at frequency range of 0.05-20 GHz using coplanar waveguide (CPW) type
phase shifters fabricated from a thick Au electrode (about 2 pm) with a thin Cr adhesion layer.
The gap width between center and ground electrodes is 7 pm, while the center conductor width is
fixed at 20 gin. The physical length of the BST CPW device is 3 trm. A DC bias field between
center and ground electrodes to control the dielectric constant of BST film is applied through
bias tees to protect the HP 8510C network analyzer. Coaxial cables and equipment were
calibrated up to the microwave picoprobes to minimize measurement uncertainty using a
commercial standard kit. Dielectric constants were extracted using a modified conformal-
mapping model from the measured S21 and dimension of the CPW[15,16].

DISCUSSION

Though the structural properties of the BST thin films are strongly dependent on the
direction of the substrate, growth condition of the fihns are critical to get epitaxial film without
secondary orientations. Epitaxial BST film growth on (001) MgO were achieved in broad
deposition conditions; heater temperature higher than 650 'C, and oxygen pressure between 50 to
500 mTorr. The higher heater temperature leads the better thin film quality and epitaxiality.
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Figure 1. X-ray 0-20 diffraction scan patterns of (a) (001) and (b) (011) BST/MgO,
respectively. The insets show the XRD o-rocking curve from the BST (002) and BST (022)
of (001) and (011) BST films, respectively.

80



BST 4 pole BST 2 pole

0 0o a (0)
13() 90

60
"30

90 270 go . 270 0

92. .*j /" t30

S. ..... 60

90

180 \_BST 8pole 180 BST4pole

(a) (b)

Figure 2. X-ray diffraction pole figure plots of the (112} reflections for (a) (001) and (b)
(011) BST film deposited on (001) and (011) MgO substrate, respectively.

Furthermore oxygen pressure higher than 500 mTorr lead nucleation of the secondary
orientations, such as (011), and (111). BST films grown on (011) MgO exhibit a narrower
deposition conditions than those on (001) MgO. Deposition temperature higher than 800 'C
shows a negligible intensity of (001) orientation. At 825 'C, epitaxial (011) BST film with 200
mTorr of oxygen pressure was grown successfully without other intensities. Epitaxial growth of
each BST films on (001) and (011) MgO single crystals were confirmed by 4-circle
diffractometer before fabricating devices. The XRD patterns of (001) and (011) oriented BST
films on (001) and (011) MgO substrates, respectively, are shown in fig. 1. Secondary
orientations are not shown in both XRD patterns, which suggest that each BST film is oriented
along one direction and single phase. The insets in fig. 1 show the XRD o-rocking curves from
the BST (002) and BST (022) of (001) and (011) BST films, respectively. The full width half
maximum (FWHM) values for (001) and (011) BST films are 0.54 and 0.510, respectively,
suggesting that the structures of films are reasonably good.

X-ray pole figure analysis was used to determine the orientation relationship between the
films and the MgO substrates. The XRD pole figure plots of the 11121 reflections for both the
BST films and MgO substrates are shown in fig. 2. For (001) BST films, two sets of peaks are
expected to be seen in XRD pole figure by interplanar angles calculation. One set is 4 poles, cc =
35.3°, P3 = 90' ((112),(i12),(1T2),(T12)), another set is 8 poles, cX = 65.90, J0 = 36.9' and

53.10 ((121), (T21), (121), (121), (211), (211), (211), (2T 1) ), coinciding with the experimental
results and indicating alignment of the BST <001> and <100> parallel with the <001> and
<100> of the substrate, respectively. For (011) BST films, two sets of peaks are expected to be
seen in XRD pole figure by interplanar angles calculation. One set is 4 poles, cx = 30', J3 = 70.5'
and 109.5' ((121),(121),(211),(211)), Another set is 2 poles, ax = 54.7', P3 = 180'

((112), (112)), coinciding with the experimental results and indicating alignment of the BST
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Figure 3. The measured microwave properties of the CPW device based on (001) and (011)
BST films. (a) The losses as a function of frequency, (b) reflection loss (SlI), and (c)
insertion loss (S21) as a function of DC bias at 10 GHz for (001) and (011) BST films,
respectively.

<011> parallel with the <011> of the substrate, which is equivalent with <100>Bsw//<IOO>Mgo
and <001 > BST //<001 > MgO.

Figure 3 shows the measured microwave properties of the CPW device based on (001) and
(011) BST films. Frequency dependant return loss (S11) and insertion loss (S 2 1) of the CPW for

(001) and (0 11) BST films at 0 V, respectively, are plotted in fig. 3 (a). The losses decrease with
increasing applied DC bias field. The characteristic impedance of the CPW is not matched to that

of the probes (50 K) resulting high return losses (S11). Furthermore insertion loss (S 2 1) ranges -

9.4 ~ -3.8 dB and -11.2 - -5.2 dB for (001) and (011) BST films, respectively, at 10 GHz with
DC bias of 0 - 40 V, shown in fig. 3 (b) and (c). The values can be improved further by using a
matched design.

The differential phase shift from OV bias is shown in fig. 4 (a). As applied bias voltage and
frequency increase, the differential phase shift also increase continuously. At the proposed
operating frequency ranges (10 - 20 GHz), 63 - 1220 and 94 - 183' of differential phase shift of
S21 are observed with 40 V of a maximum applied DC bias voltage for (001) and (011) BST
films, respectively. The applied DC bias voltage was limited by the commercial DC bias tees.
However, the differential phase shift observed in the device is not saturated yet, which suggests
that the differential phase shift will be increased further with a higher DC bias field.

Dielectric constants of the ferroelectric BST films are calculated from the phase value of S21.
First, phase length (0) of the CPW can be expressed as following,

021 = 2f, •.-ff xIx 180/c .....---. ()

where fo is the operating frequency, &,g[] and I p.,f are the effective dielectric constant and
magnetic permeability of CPW, respectively, 1 is the physical length of the CPW, and c is the
light velocity in the air. Figure 4 (b) and (c) show total phase of S21 for the CPW and fitted

results using eq. (1) when p,ffll = I for (001) and (011) BST films on MgO substrates,
respectively. To extract the dielectric constant of ferroelectric film, a modified conformal
mapping technique has been used. Dielectric constant of substrate, film, and air has the following
relation,
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Figure 4. (a) Differential phase shift for (001) and (011) BST films at 10 GHz as a function
of DC bias voltage, respectively. Total phase of S21 for (b) (001) BST films and (c) (011)
BST films as a function of frequency with DC bias 0 and 40 V and linear fitting to extract
effective dielectric constant of CPW. The open symbols indicate the measured data, the lines
indicate the fitting results.

Eeff = ks.bo.,,b + kfiI.m-flm + ki,.ir,--........-(2)

where ki corresponds to the filling factors for the substrate, film and air, respectively. The
calculated film dielectric constant decreases from 1400 and 2000 at 0 V to 750 and 900 at 40 V
for (001) and (011) BST, respectively. This is corresponding to 46 % and 55 % of dielectric
constant tunability with less than 70 kV/cm for (001) and (011) BST, respectively, which is
comparable with those of the reported BST films. This suggest that the dielectric constant
tunability of (011) BST films is larger than that of (001) BST films. Furthermore, to achieve
larger differential phase angle, CPW on (011) BST might have advantage over that on (001),
since BST on (011) has larger dielectric constant and larger tunability at the same time than that
on (001). More test results with matched CPW will be studied in a future.

CONCLUSIONS

In summary, coplanar waveguide-type phase shifters were fabricated on (001) and (011)
BST films. Under DC bias field, the measured differential phase shift and insertion loss (S21) in
the device on (011) BST films are larger than those in the device on (001) BST films. The
calculated film dielectric constants and dielectric constant tunability for (011) BST films are also
larger than those for (001) BST films.
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