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The crystallinity dependence of the microwave dielectric losses in (Ba,Sr)TiO5 thin
films was investigated. The sputter-deposition temperatures were altered to vary the
level of thin-film crystallinity on a Pt/Si substrate. The dielectric losses (tan &) were
measured up to 6 GHz without parasitic (stray) effects by using a circular-patch
capacitor geometry and an equivalent-circuit model. The microwave dielectric losses
increased from 0.0024 + 0.0018 to 0.0102 + 0.0017 with increasing crystallinity. These
deteriorated dielectric losses showed a good correlation with the symmetry-breaking
defects, as confirmed by Raman spectra at approximately 760 cm™', inducing
microscopic polar regions above the Curie temperature of the bulk (Ba, 4351 57)TiO5.

. INTRODUCTION

(Ba,Sr)TiO5 (BST) thin films have been studied inten-
sively for use in microwave devices, such as phase
shifters, band-pass filters, and frequency triplers.'™ This
is due to its high-dielectric constant, relatively low
loss, and high dielectric nonlinearity (tunability) in the
microwave-frequency range.'® In particular, dielectric
loss is one of the most important factors for high-
frequency applications when considering the efficiency
of devices. Dielectric losses depend on the microstruc-
tures of the thin films, such as the phase, grain size,
composition, strain, defects, etc.'™ Generally, pure para-
electric thin films, for example ZrTiO,, show high qual-
ity factors (Q = 1/tan 8) in the crystalline phase, and Q
is low in the amorphous phase.” However, there are re-
ports showing that crystalline (Ba Sr;_,)TiO5 thin films
(paraelectric phase with 0 < x < 0.6 at room tempera-
ture®) have higher dielectric losses than the amorphous
phase. In contrast, the dielectric constants and tunabili-
ties show reverse behaviors (i.e., high in the crystalline
phase and low in the amorphous phase).”"' Despite these
reports, there have been few systematic studies on the cor-
relations between the microstructures and the dielectric-loss
behaviors of BST thin films.
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Since dielectric losses have frequency-dependent be-
havior, it is necessary to investigate the dielectric losses
in the GHz frequency range where the dielectric devices
are operated. However, in spite of the microwave appli-
cations, many studies have been performed around the
sub-MHz range.' -7 In this paper, the correlations be-
tween the order of crystallinity and the dielectric losses
of BST thin films were investigated systematically in the
microwave-frequency range.

Il. EXPERIMENTAL

Using radio frequency magnetron sputtering with a
(Ba, 51, 5)TiO5 target sintered at 1350 °C, BST thin
films (approximately 250-nm thick) were deposited on
100-nm-thick Pt as a bottom electrode (stable up to
800 °C) with a TiO,/Si0,/Si (100) substrate. The Ar
(99.999%) to O, (99.995%) flow-rate ratio was 5 to 1,
with an operating pressure of 1.3 Pa and an incident radio
frequency power of 100 W. To acquire different levels of
crystallinity, the deposition temperatures were varied
from room temperature (RT) to 750 °C. X-ray diffraction
(XRD) (M18XHF-SRA, MAC Science) with Cu K, ra-
diation was used to determine the degree of crystallinity
of the thin films in the 28 range of 20°-50°. (The dif-
fraction peaks above 50° were insignificant due to
their low intensities.) The Ba/Sr ratio was analyzed by
electron probe microanalysis (JXA-8900R, JEOL).
BaTiO; and SrTiO5 crystals were used as standard
samples for quantitative analysis of electron probe
microanalysis.
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The dielectric properties, such as the dielectric losses
and dielectric constants, of the BST films in the GHz
frequency range were measured with a circular-patch ca-
pacitor by a vector-network analyzer (HP 8510C). To
remove the parasitic (stray) effects resulting from resis-
tance in the bottom/top electrodes and contact with a
Be—Cu coplanar waveguide (CPW) tip at the high-
frequency range, an equivalent-circuit model with a par-
allel resistor/capacitor and a series resistor was applied.
The reflection coefficient (I') of the device under test
(DUT) was obtained by a one-port measurement tech-
nique and was converted to an impedance of the DUT.
Details of the measurement technique are described in
Refs. 9 and 11. The top electrode was an Au/Ag double
layer, and Au was deposited on top of the Ag to make a
reproducible contact with the CPW tip. Unpolarized Ra-
man spectra (T64000, Jobin Yvon) were used in the
right-angle scattering geometry with a 515-nm wave-
length from Ar* laser at room temperature, to investigate
the variation of the phonon modes in thin films.

lll. RESULTS AND DISCUSSION

The Ba/Sr composition ratio was 0.43/0.57, which is
similar to the value of the BST sputtering target. The
composition was measured at several different points in
the thin films and showed the same values with different
deposition temperatures. From the XRD data shown in
Fig. 1, a crystalline phase began to appear in the films
deposited at 500 °C, and the XRD peaks [(100), (110),
and (200)] became sharper overall as the deposition tem-
peratures increased. The averaged full width at half
maximum Ak [in scattering vector k = (4m/\) sin 0] was
estimated to be 0.86 + 0.11 nm™" at a deposition tem-
perature of 500 °C and decreased to 0.43 + 0.11 nm™" at
600 °C, 0.42 + 0.03 nm™" at 700 °C, and 0.26 * 0.01
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FIG. 1. XRD patterns of the (Ba 435t 57)TiO; thin films deposited at
temperatures ranging from RT to 750 °C.

nm™" at 750 °C. (The overall widths are rather wider than
some reported data, since thin films in this experiment
have smaller grains or larger local strain.'~ This may be
also caused by the excessive Ti atoms.") This means that
the overall crystallinity of the thin films was enhanced
with the increase in the deposition temperatures. Raman
spectroscopy also shows the enhancement of the struc-
tural perfection with the increase of deposition temper-
atures. The trend of crystallinity enhancement has been
confirmed in many reports.””” Some Au peaks were
found from the residue of the top electrode.

Figure 2 shows the dielectric losses for the BST thin
films as a function of the frequency with various depo-
sition temperatures. The frequency dependence of the
dielectric losses below 1 GHz and above 6 GHz and the
overall noise were caused by the instrumental sensitivity
and any uncompensated parasitic (stray) effects. There-
fore, the dielectric losses between 1 and 6 GHz were
averaged to visually express the dependence of the di-
electric losses on the deposition temperatures, as shown
in Fig. 3. The dielectric loss was 0.0024 + 0.0018 at RT
deposition and gradually increased to 0.0102 = 0.0017 at
750 °C deposition. This means that the dielectric losses
increased as the degree of crystallinity increased.

Raman spectroscopy was used to investigate the origin
of the (Ba, 4551, 57)TiO5 dielectric-loss behavior, since it
is sensitive to the changes in the crystallographic struc-
ture making appropriate phonon modes that affect the
dielectric properties of the materials. Figure 4 shows the
unpolarized Raman spectra of (Ba, 4351, 5,)TiO5 thin
films deposited at various temperatures. A broad peak
centered at approximately 270 cm™' [TO5: A,(TO)], a
diffuse band at approximately 520 cm™' [TO,: A,(TO),
E(TO)], and a relatively weak peak near approximately
760 cm™' [LO,: A,(LO), E(LO)] from the thin films
were observed. (Dashed lines indicate the nonlinear
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FIG. 2. Dielectric losses of the (Ba, 43St 57)TiO5 thin films as a func-
tion of the frequency. From the bottom, the deposition temperatures
increased from RT to 750 °C.
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background by polynomial curve fitting.) Although these
three modes are Raman inactive in cubic symmetry, the
TO; and TO, modes were detected due to the local dis-
order of Ti ions along the (111) axes in the cubic phase.'?
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FIG. 3. Dielectric losses (averaged between 1 and 6 GHz) of the
(Bag 435t 57)TiO5 thin films.
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FIG. 4. Raman spectra of the (Bag 4351 57)TiO; thin films deposited
at various temperatures and compared with the bulk (Ba, 5Sr,, 5)TiO5.

In addition, TO, and LO, result from the shift of Ti ions
along the ¢ axis or the formation of zigzag distortion of
Ti-O-Ti bonds.'*™'* Accordingly, only the LO, phonon
mode can reflect the remnant polarization.'>'> The thick
dotted curve in Fig. 4 is the Raman spectrum of bulk
(Bagy sSr,, 5)TiO4 (the sputtering target) as reference data.

The broad band at approximately 520 cm™" includes
the weak modes near 560 and 620 cm™', in addition
to the TO, [A,(TO), E(TO)]. These extra modes origi-
nated from the departure of the Ti ions from the regu-
lar sites in the BST lattice. The mode at approximately
560 cm™" is due to the disordered paraelectric phase, and
the approximately 620-cm™" peak is attributed to the in-
tergrain stresses that change the Ti—O bonds.'*'%"”

To obtain notable trends in the LO, (approximately
760 cm™") and TO, (approximately 520 cm™') modes as
a function of the deposition temperature or crystallinity,
the Raman spectra were fitted with four Lorentzian func-
tions. Figure 5 shows the Raman spectra of the thin films
deposited at 700 °C after background removal. Different
line shapes with more fitting parameters, such as Breit—
Wigner—Fano function considering the asymmetric prop-
erty of the peaks,'®'® did not alter the overall fitted
intensity notably. The integrated intensity of the TO,
mode at approximately 520 cm™" grows overall as the
deposition temperature increases, as shown in Fig. 6.
This phenomenon can be interpreted as an enhancement
of the order of the basic structural perfection making the
appropriate phonon modes. In addition, the growth of
the integrated intensity of the LO, mode at approximately
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FIG. 5. Raman spectra of the thin film deposited at 700 °C, after
background removal. Four peaks at ~520 (TO, mode), ~560, ~620,
and ~760 cm™! (LO, mode) were fitted by Lorentzian functions.
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FIG. 6. Integrated Raman-peak intensities from thin films deposited at

various temperatures. The LO, mode intensity at ~760 cm™" is a char-

acteristic feature of remnant polarization, and the TO, (~520 cm™)
and LO, modes represent the order of structural perfection.

760 cm™' means that the amount of remnant polarization
is increased.'*'* Two peaks near 560 and 620 cm™" also
show behavior similar to that of Fig. 6.

The P-V hysteresis curves were acquired under a vir-
tual ground mode at 1 kHz to investigate the properties of
the remnant polarization detected from the LO,-mode
peak. However, any vivid remnant polarization could not
be observed in all the thin films. Since the remnant po-
larization measured by the hysteresis curves originates
from the global long-range ferroelectric ordering,'*>? it
can be considered that the local short-range effects cause
the remnant polarization detected by Raman spectros-
copy. The defect-induced local remnant polarization, in-
troduced in many studies,'>'*'®?° was suggested as a
reliable candidate of the local short-range effects. Due to
a certain degree of orientational disorder, the P-V hys-
teresis curves can hardly detect them."® The local short-
range effects that induce the remnant polarization may
result from various defects, such as vacancies and sub-
stitutional/interstitial solutes. In particular, oxygen va-
cancies are known to be the most common defects in
titanate thin films for local remnant polarization.'®?' The
main point is that dilute symmetry-breaking defects
cause microscopic polar regions above the Curie tem-
perature. A local dipole moment induced by symmetry-
breaking defects polarizes the adjacent defect-free
(perfect) unit cells within a neighborhood whose size
depends on the dielectric constant of the host lat-
tice.'*'*?* Therefore, it is proposed that the increase in
the LO,-mode intensity originates from the growth of
microscopic polar regions in the BST thin films.

The growth of polar regions can be indirectly con-
firmed by an improvement in the dielectric constants,
since the sizes of the microscopic polar regions grow

with the increasing dielectric constants.'*'* Figure 7
shows that the dielectric constants increase from 10.29 +
0.02 at RT to 243 + 1 at 750 °C deposition. The relatively
low dielectric constants in comparison to the reported
data may originate from the excessive Ti atoms.' Despite
the many defects in the thin films with a lower level of
crystallinity, there is less remnant polarization, because
the symmetry-breaking defects cannot polarize the adja-
cent unit cells well, owing to the very low-dielectric con-
stant (polarizability) of the host lattice. It is clear that thin
films with poor crystallinity have low-dielectric con-
stants.”® Moreover, not all defects in thin films with
lower crystallinity are symmetry-breaking defects. There
are many non-symmetry-breaking defects, which will not
couple linearly with the remnant polarization and just
cause a static atomic displacement.'>?* In the bulk
samples, the LO,-mode Raman peak was not detected, as
shown in Fig. 4, despite the high-dielectric constants.
The difference between bulk and thin films may come
from the intrinsic and extrinsic strains, which enhance
the occurrence of local polar region, evolved during the
thin-film deposition.?***

For paraelectric BST thin films, the existence of local
ferroelectric regions has been observed with confocal
scanning optical microscopy and apertureless near-
field scanning optical microscopy by Hubert et al.***°
They reported that the sizes of the ferroelectric nanodo-
mains are <5 nm,>> which are similar to the sizes of the
defect-induced microscopic polar region (approximately
1 nm)."

Tagantsev showed theoretically that noncentrosym-
metric crystals have much higher dielectric losses than
centrosymmetric crystals,”® and Vendik et al. reported
that the electrostriction effects introduce high dielectric
losses in the microwave-frequency range.”?” Conse-
quently, the increase in the dielectric losses with the

rya

—* —— [iag b
2 g 2 g
1 1 T 1
L 1 1 1

Dielectric Constant ()

&

{ !’—‘-—'-fn’ 1 i 1 1 ]

i

RT 500 800 T00 800
Deposition Temperature {(°C}

FIG. 7. Dielectric constants (averaged between 1 and 6 GHz) of the
(Bag, 4351 57)TiO5 thin films deposited at various temperatures.
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enhancement of crystallinity may originate from
the growth in the microscopic polar regions, which cause
high dielectric losses.

IV. CONCLUSIONS

In summary, the correlation between the level of crys-
tallinity and the dielectric losses of BST thin films was
investigated. A circular-patch capacitor and an equivalent-
circuit model effectively measured the dielectric proper-
ties in the microwave-frequency range (1-6 GHz). As the
deposition temperatures increased, the degree of crystal-
linity increased, and the dielectric losses also increased.
From Raman-spectra analysis (especially the LO, mode),
it is proposed that the higher dielectric losses in good
crystalline BST thin films originate from the occurrence
of microscopic polar regions. The deterioration in the
quality factors with increasing crystallinity was corre-
lated with the enhanced dielectric constants.
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