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Abstract

Effective use of electromagnetic simulation software for evaluation of the microwave properties of dielectric thin films was demonstrated. The
reliability of the high-frequency dielectric properties extracted from the measured S;; reflection coefficients with the aid of the electromagnetic
simulation software is mainly limited by how accurately the measured parasitics are simulated. The need to correct the parasitic differences between
the simulation and measurement was shown by the significant dependence of probe contact position on the obtained dielectric properties. The
parasitic differences were represented by series and parallel correction admittances connected to the measured admittance and were effectively
eliminated. The high-frequency dielectric properties of a highly crystalline SrTiO; (STO) thin film were investigated up to 40 GHz by using the
measurement techniques developed. The permittivity (relative dielectric constant) of the STO thin film remained substantially constant at 265 up

to 40 GHz, and the dielectric loss value was about 0.03 at 40 GHz.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Ferroelectric thin films show strong electric field-dependent
nonlinear permittivity (relative dielectric constant) and are being
extensively studied for applications in voltage-controlled tun-
able microwave devices, such as phase shifters,!=3 resonators,>
and tunable filters.* In particular, strontium titanate (SrTiO3 or
STO) and barium strontium titanate (Ba,Sri_,TiO3 or BST)
thin films are promising candidates for these applications. These
BST thin films are generally used above the Curie temper-
ature (7,), in the paraelectric phase region, because of the
need for low dielectric loss and sufficient tunability. Accord-
ingly, Ba,Sr1_,TiO3 is typically used with x smaller than
0.7'=3 for room temperature applications, while STO (x equals
0) is employed for cryogenic-temperature devices with high-
T super<:0nduct0rs.3’5 Metal-insulator—metal (MIM), that is,
parallel-plate, tunable capacitors require relatively low control
voltage, for example, below 10V, for their operation compared
to conventional planar-electrode tunable devices, which require
hundreds of volts.'* Moreover, the integration of tunable com-
ponents on industrially important Si substrates can be easily
achieved with MIM capacitors.®® These properties make the
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MIM capacitor attractive for applications in consumer products.
Several high-frequency characterization techniques of thin-film
dielectrics in the MIM form have been proposed.!%!3 The main
purpose of these measurement techniques is the removal of
parasitics, such as parasitic inductance and resistance gener-
ated by the electrodes. However, there is little reliable data on
the high-frequency dielectric properties of these tunable dielec-
tric thin films, due to the difficulty of completely removing
the parasitics.3%121415 Therefore, the development of accu-
rate evaluation techniques for microwave dielectric properties
is indispensable for optimizing tunable thin-film materials.

The aim of this study is to establish a reliable microwave
measurement method for high-permittivity thin films by using
electromagnetic simulation software and a vector network ana-
lyzer (VNA). With the techniques we developed, we accurately
measured the high-frequency dielectric properties of highly
crystalline STO thin films in a wide frequency range up to
40 GHz.

2. Experimental

STO thin films were deposited to a thickness of 120nm
at 650 °C in 2.7 Pa oxygen partial pressure, using ArF pulsed
laser deposition (PLD). Thermally oxidized (SiO»/1 pm) n-
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Fig. 1. Cross-sectional TEM image of STO thin film on Pt/TiO,/SiO,/Si
substrate.

Si (100) (p~6.7KQ2cm) with a sputtered TiO, adhesive
layer (2nm) and a Pt electrode layer (250 nm) was used as
the substrate. Electron beam-evaporated Pt was used for the
top electrode. The dielectric and metal layers were etched
with conventional photolithography to form the test structures.
The film morphology and crystallinity were also evaluated by
high-resolution transmission electron microscopy (HR-TEM).
Fig. 1 shows a cross-sectional HR-TEM image of the STO
thin film, indicating the well-crystallized columnar growth of
the film on the Pt/TiO,/Si0,/Si substrate. A VNA with a
ground—signal-ground (GSG) probe calibrated with a standard
calibration wafer was used to measure the one-port reflection
coefficients S1; of the test structures at frequencies from 500
to 40 GHz. Care was paid for the probe contact condition on
the electrode, such as probe contact position and contact pres-
sure, and the enough measurement repeatability for the follow-
ing analysis was confirmed. Electromagnetic field simulation
software, which solves Maxwell’s equations by a numeric sim-
ulation based on a finite element method, was used for simulating
phase shifts and the magnitudes of the S;; parameters. Special
care was paid to the mesh size of the finite element models to
obtain fully converged data as far as possible.

3. Results and discussion

Fig. 2(a) schematically shows the device under test (DUT)
structure containing an MIM capacitor of size 15 wm? defined by
the top electrode area. The shape was almost identical with the
previously reported test structure.!%-!! This structure was exper-
imentally fabricated and was also modeled in the simulation
software. The thin-film dielectric properties can be determined
by matching the phase shift and the magnitude of the simulated
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Fig. 2. Fabricated test structure shapes: (a) DUT, (b) SHORT and (c) OPEN.

S11 parameters with the measured ones.!3 However, their direct
comparison inevitably leads to errors in the obtained dielectric
properties due to some discrepancy in parasitics. One of the ori-
gins of the discrepancy is the measured parasitic inductance and
resistance, which change depending on the measurement probe
contact position. The generation of contact resistance between
the probe and electrode metal is another source of discrepancy.
These complicated additional parasitics make it difficult to cre-
ate a reliable simulation model that correctly and completely
simulates the measured parasitics. Therefore, some kind of cor-
rection is needed.

Correction of the parasitic differences is carried out using
an admittance equivalent circuit shown in Fig. 3(a), where Yy
and Y}, represent the measured and simulated admittances, and
ys and yp represent series and parallel correction admittances,

respectively. Ygut is the measured admittance of the DUT struc-
ture after correction. The parasitic differences were compensated
for by the two correction admittances, ys and y,,. Additional mea-
surements and simulations were done for two different types of
test structure, namely, the SHORT and OPEN structures shown
in Fig. 2(b) and (c), respectively, to obtain the values of ys and
Yp- These results were used in the equivalent circuits shown in
Fig. 3(b) and (c), where Yop, Y, C/)P’ Y, and Y, , respectively, rep-
resent the measured and simulated admittances for the OPEN
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Fig. 3. Equivalent circuits used to correct the parasitic differences between the
measurements and the simulations.
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Fig. 4. Phase shifts and magnitudes of measured Sj; parameters before and after correction at different probe contact positions.

and SHORT structures. From the equivalent circuits in Fig. 3(b)
and (c), the following two equations were obtained:

Ys(¥p + Yop) _ Y(; (1
Ys + yp + Y, op P

Ys(¥p + Ysh) _ Ys/h )
Ys+¥p + Yan

The correction admittances ys and y, as a function of fre-

quency can be obtained by solving the simultaneous Eqgs. (1)
and (2) at each frequency. The OPEN and SHORT structures
do not contain high-permittivity dielectric thin films, so the val-
ues of the correction admittances can be determined without
considering the effects of such dielectric thin films, of which
properties are unknown. The measured admittance Yqy is cor-
rected by using ys and y;, as follows:

v 3sOpF Yaw

= 3
dut Yp + ¥s + Yau

Fig. 4(a) and (b) show the corrected and uncorrected mag-
nitudes and phase shifts of the measured S1; parameters of the
DUT structure at different probe contact positions labeled “Posi-
tion 17 and “Position 2” shown in Fig. 2(a). The distance between
the two positions was 27 wm. The uncorrected magnitude values
at Position 1 in Fig. 4(a) are smaller than the corrected values
because of the effect of the parasitic series resistance, which does
not exist in the model, such as the contact resistance between the
probe and the electrode. On the other hand, the uncorrected mag-
nitude values at Position 2 are larger than the corrected values
because the shorter measured effective length of the electrode
makes the actual parasitic series resistance smaller than that used
in the model. The uncorrected absolute values of the phase shift
in Fig. 4(b), especially at Position 2, are smaller than the cor-
rected values because of the reduced parasitic series inductance
in the measurement. These differences are mainly corrected by
the series admittance ys. At Position 1, the estimated resistance
value of ys is —0.13 €2, and the estimated inductance is 4.2 pH; at

Position 2, the estimated values are 0.15 €2 and 19.5 pH, respec-
tively.

The simulated S1; parameters were compared to the measured
ones obtained after correcting for the parasitics to determine the
thin-film dielectric properties. In the electromagnetic simula-
tions, the simulated dielectric thin-film permittivity was varied
from 160 to 280, and the dielectric loss was varied from O to
0.05 at each permittivity to match the simulated results with
the measured ones. Fig. 5(a) and (b), respectively, show the fre-
quency dispersion curves of the permittivity and the dielectric
loss based on the optimized dielectric models at each frequency
up to 40 GHz. The dotted lines and open marks in each fig-
ure show the results for the uncorrected measurements at the
probe contact Positions 1 and 2. The dielectric properties with-
out parasitic correction lie in the shaded areas in both the figures,
depending on the probe contact position. The obtained frequency
dispersion curves after correction are shown by the solid lines
and the filled marks; these values converge into almost a sin-
gle curve independent of the probe position, demonstrating the
effectiveness of the correction of the generated parasitics due
to the probe conditions and the ability to evaluate the thin-
film dielectric properties over a wide frequency range. The
measured permittivity of the STO thin film remained almost con-
stant at about 265, and the dielectric loss gradually increased
to about 0.03 as the frequency was increased to 40 GHz. The
accuracy of these results depends on the measurement repeata-
bility, the structural uniformity of the measured and simulated
structures, and the simulation accuracy of the models. In partic-
ular, the simulation results contain inevitable errors as a result
of the finite number of mesh elements in the model. These
errors are estimated as ASy, (error in the absolute value of
the S11 parameter) of £0.003-0.005 at 40 GHz, corresponding
to a dielectric loss error A tan§ of £0.01-0.016 and a permit-
tivity error Ae; of £1.2-2.0. The obtained results inevitably
contain some errors, but this kind of simulation error will be
eliminated in the near future as computer processing power
advances.



1844
290f
270
2501
2
£ 20
R=
§ 210
(=9
______ Position 1 Uncorrected
190}~ O N
—@— Position 1 Corrected
170} - - -2\ - - Position 2 Uncorrected
—&— Position 2 Corrected
150 - : ‘
0 10 20 30 40
(@) Frequency (GHz)

Dielectric Loss

(b)

Y. Iwazaki et al. / Journal of the European Ceramic Society 26 (2006) 1841—-1844

0.08
--O- - - Position 1 Uncorrected
—@— Position 1 Corrected
0.06 -+/\- - - Position 2 Uncorrected
—&— Position 2 Corrected
0.04}
0.02
Noise
0 L T L L IIS
0 10 20 30 40
Frequency (GHz)

Fig. 5. Permittivities and dielectric losses of the STO thin film as a function of frequency before and after correction.

4. Conclusions

In conclusion, we have shown reliable measurement tech-
niques for the evaluation of the microwave properties of dielec-
tric thin films with the aid of electromagnetic simulation soft-
ware. The importance of correcting the parasitic difference
between the measured and simulated results was demonstrated
by showing the dependence of probe contact position on the
obtained dielectric properties. The parasitic differences were
effectively corrected by introducing correction admittances and
equivalent circuits. The permittivity of the highly crystalline
STO thin film remained almost constant at 265 (£2) up to
40 GHz, and the dielectric loss was about 0.03 (+0.016) at
40 GHz. As far as we know, the varying parasitics due to the mea-
surement conditions were not treated properly in previous stud-
ies. In this report, we have shown an effective correction method
by which these parasitic effects can be effectively removed in
evaluating the thin-film dielectric properties.
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