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bstract

few measurement techniques are presented for characterization of thin and thick ferroelectric films at microwave frequencies. Broadband reflection
ype measurements using a probe station are considered for on wafer characterization of thin films. The accuracy of the method is analyzed with
espect to measurement residual systematic errors. A test structure is introduced allowing quick and accurate extraction of the film parameters

ased on the rigorous full-wave model. Two measurement techniques are reported for electrode-less characterization of thick ferroelectric films.
he first method (X-band) is based on the reflection type measurement of a resonator established by a layered alumina/ferroelectric sample loaded

n a cut-off waveguide. The second method (B-band) utilizes an open resonator (OR) technique. Theoretical and experimental results are presented.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Even though ferroelectric films have been the subject of
ntensive study during the last three decades, there still are
ssues to be solved concerning their accurate characterization at

icrowave frequencies. An accurate characterization technique
as recently elaborated using split post dielectric resonator.1

owever, this approach requires a separate test sample and,
herefore, cannot be used to characterize thin film locally. Addi-
ionally, split post resonator does not support characterization of
hin ferroelectric films deposited on top of an electrode, which
s often required in practice. Therefore, one often prefers less
ccurate characterization technique, which use a probe station
o measure an impedance of especially designed test structures
varactors) in broad frequency range. The reliability of such an
pproach is often questionable2 because of the measurement
ncertainties and accuracy of the test structure modeling. The
rst section of this paper addresses both these issues. A mea-
urement routine is proposed that substantially improves the
easurement accuracy. A test structure is introduced allowing

he use of a multilayered substrate. This is equipped with a rig-

rous, although a simple full-wave model. It is shown that the
mpedance method using the above test structure is an accurate
nd reliable tool to characterize ferroelectric thin films.

∗ Tel.: +46 31 7723605; fax: +46 31 164513.
E-mail address: anatoli.deleniv@mc2.chalmers.se.
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Following this, two resonance techniques for electrode-less
haracterization of thick ferroelectric films are then discussed.
he partially filled waveguide technique3 is utilized for mea-
urement of thick films in X-band, while the open resonator
echnique4 is employed in B-band. The above resonance mea-
urements are important to distinguish intrinsic losses of
erroelectric films, which is difficult or even impossible with
echniques utilizing electrodes. This is mainly due to interfacial
ayers with high losses that often accompany interfaces with
lectrodes.

. Thin film characterization using impedance
easurements

Broadband reflection type measurements are widely used
oday to characterize thin ferroelectric films (dielectric per-

ittivity and losses), which are comprised of two essentially
ifferent stages. The first stage involves a probe station for
easuring the impedance of especially designed test structure

hereafter DUT) and is associated with the measurement uncer-
ainties. These are translated through the retrieval procedure (this
omprises the second stage of the film characterization) into
ncertainties of the film parameters and, therefore, should be
arefully examined.
In general, any DUT (capacitor/varactor) use a layered
ubstrate stack (thin ferroelectric film may be one of many
ayers) with metal electrodes on the top of it. Irrespective of
he specific substrate structure and design of the electrodes, the
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dx.doi.org/10.1016/j.jeurceramsoc.2006.11.051


2 n Ceramic Society 27 (2007) 2759–2764

t
D

C

t

k

C
r
w
t
p
u
p
d
f

(
“
e
r
m
t
s
E
m
D
v
a
a
�

o
a
(
o∣∣∣∣

ξ

H
D
u
−
ρ

w
i
W
a
t
r
o
a
c

w
r
b
T
a
t
t
i
T
S
h
s
c
b

(
quency of the best accuracy (B̄DUT = 1);
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otal capacitance, CDUT, and the loss tangent, tan δDUT, of any
UT can be defined as below:

DUT =
N∑

i=1

Ci, (1)

an δDUT = 1

Qelectr.
+

N∑
i=1

(ki tan δi), (2)

i = Ci

CDUT
. (3)

i and ki are defined for each layer, i = 1, 2 . . . N, corresponding,
espectively, to the partial capacitance and the inclusion rate,
hile Qelectr. is the Q-factor of the electrodes. The purpose of

he measurements is to accurately characterize the complex
ermittivity ε̃m of the mth layer, which is the only one with
nknown parameters. Assuming that the retrieval procedure
rovides an absolute accuracy (this will be discussed in more
etail later), the following two identities define the final errors
or the parameters of the mth layer:

�εm

εm

≡ �Cm

Cm

= 1

km

�CDUT

CDUT
(4)

� tan δm

tan δm

=
⎛
⎝1− 1

tan δDUT

⎛
⎝ 1

Qelectr.
−

N∑
i=1;i�=m

ki tan δi

⎞
⎠
⎞
⎠

−1

× � tan δDUT

tan δDUT
(5)

4) and (5) indicate that even small measurement errors can be
amplified” by an improper design of the DUT—the size of the
lectrodes and choice of the layers directly affect the inclusion
ate ki of each layer. As a first step we discuss the impact of the
easurement uncertainty on the capacitance and Q-factor of

he DUT. When using a VNA we are subjected to the residual
ystematic errors established during the calibration process.
ffective directivity and source match—these are the two
ost important error contributors when dealing with one-port
UT. Considering the high quality of the modern VNAs, the
alues of the above residuals are mostly due to calibration type
nd accuracy of the utilized standards. The joint effect of the
bove errors is represented by an equivalent parasitic vector,
S̃ = ρunc ejφ, interfering with the useful signal. The effect

f the measurement uncertainties on the measured capacitance
nd Q-factor is thoroughly analyzed5 for reactors with high-Q
QDUT > 50). The following formulas for the errors were
btained:

�B̄

B̄DUT

∣∣∣∣ = |� tan δDUT|
∣ ⎡ ⎤∣
=
∣∣∣∣∣ρunc cos(ξ)⎣1 +

(
1 − B̄2

DUT

2B̄DUT

)2⎦∣∣∣∣∣ , (6)
(

Fig. 1. Measurement uncertainties for a high-Q DUT.

= a tan

(
1 − B̄2

DUT

2B̄DUT

)
. (7)

ere, B̄DUT = ωCDUT50 is a normalized admittance of the
UT. The expressions (6) and (7) were used to obtain the
ncertainty curves shown in Fig. 1. The effective directivity
42 dB and source match −38 dB were used here to define

unc. These data are defined for the full two-port calibration
ith sliding loads using 85056A 2.4 mm calibration kit.6 It

s noted that the smallest errors are expected for B̄DUT = 1.
hile the capacitance CDUT can be measured with ∼2%

ccuracy, an unacceptable error is obtained for the effective loss
angent. The obtained results agree well with those recently
eported2 and seem discouraging, since even high precision
n-wafer calibration standards do not provide better calibration
ccuracy7—the effective directivity and the source match are
ompatible with those mentioned above.

At this point it is important to be reminiscent that we deal
ith systematic residuals errors—these are unique and perfectly

epeatable for any separately taken DUT (measurement repeata-
ility using 67A probe model from “Picoprobe” is −80 dB).
herefore, the uncertainty can be efficiently eliminated if an
dditional standard is available with the reactance identical to
hat of DUT and high Q-factor. It can be shown that the error of
he measurement in that case is reduced by a factor ∼QDUT—this
s far better accuracy prediction as compared to that in Fig. 1.
he required standards are easily realized using high-Q MgO,
i or LaAl2O3 substrates. Typically, one should prefer LaAl2O3
aving the highest dielectric permittivity, εr ≈ 23.7—the test
tructures using thin ferroelectric films may have rather high
apacitances. The proposed procedure is then summarized as
elow:

1) DUT is measured (S̃DUT
11 ) and CDUT is defined at the fre-
2) an additional standard having CSTD = CDUT and
QSTD � QDUT is measured so that the equivalent parasitic
vector, �S̃, can be defined;
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Fig. 3. Measured capacitance for the structure with corresponding cross-
sectional view.

l

t

T
t
u
u
t
b

3
p

i
a

Fig. 2. Layout (a) and cross-section (b) of the test-structure.

3) the film parameters are then retrieved using S̃11 = S̃DUT
11 −

�S̃.

The retrieval routine typically employs a root searching algo-
ithm in conjunction with a model of the test structure. It is clear
hat the accuracy of the model is defining that of the retrieval
outine. Conformal mapping is a popular technique often used
o build such models providing useful analytic approximations.
owever, use of rigorous numerical techniques provides much
etter accuracy. Whereas commercial software usually provides
reat flexibility, there are few situations making their use quite
ifficult or even impossible. This is the case when considering
n electrically thin layer with high dielectric permittivity, which
s adjacent to the electrodes. The problem is resolved with the

odel addressing specifics of the mentioned above structures.8

he layout and the cross-section of the proposed test structure
re shown in Fig. 2a and b, respectively. This comprises circu-
arly shaped electrodes on the top of the multilayered substrate
haracterized by ε̃i and hi, i = 1, 2 . . . N.

The model is based on the stationary formula for admittance
olved in the Hankel transform domain (HTD) via Galerkin’s
echnique. The electrically small size of the test structure and its
ymmetry greatly simplifies modeling—it is reduced to tackling
few path integrals using a set of predefined expansion functions
ith correct edge behaviour. The latter is chosen specifically so

hat in combination with known asymptotic forms of the Green’s
unction, all scalar products can be obtained analytically. There-
ore, any kind of numerical problems is avoided.

The cross-section of a test structure substrate and the mea-
ured capacitance, CDUT, are shown in Fig. 3. The test structure
s used here to measure the properties of thin STO layer—the
nly layer with unknown parameters. Three different electrode
ptions were used in the measurements with a fixed outer radius,
= 100 �m. The capacitances were simulated for these test

tructures assuming εSTO
r = 115. Simulated data are marked

y small crosses (Fig. 3) at ∼22.5 GHz—this is the frequency
ptimal for the measurement of the test structure with 7.5 �m
perture. While perfect agreement is observed for 7.5 �m and
2.5 �m wide apertures, nearly 8% mismatch is indicated for the
ne with 5 �m. A possible reason can be a slight deviation in
he aperture size—using 4.5 �m instead provides perfect match

f simulation and the experiment.

At frequencies above 3 GHz, the contribution of the STO
ayer is dominating the total DUT loss.8 Therefore, the loss of
he STO layer, can be directly related to that of DUT using the

c
d
p
u

Fig. 4. Measured tan δSTO of the STO layer.

ayer inclusion rate, kSTO:

an δSTO ≈ tan δDUT

kSTO
(8)

he latter is found8 to be kSTO = 0.37 for the test structure with
he aperture size 7.5 �m. The measurement data are corrected
sing a measurement of an additional standard, which is then
sed to define tan δSTO (Fig. 4). It is interesting to note that
he measurement is in good agreement with the predicted linear
ehaviour.9

. X-band characterization of thick films using a
artially filled waveguide

The longitudinal section of the measurement set-up is shown
n Fig. 5. It consists of two bolted parts—standard WG to SMA
dapter and resonator. The resonator is comprised of a section of

ut-off WG loaded by a two-layered sample. The cross-sectional
imensions of the WG are chosen so that no higher order modes
ropagate in the frequency band of the used adapter. The
nloaded section of the cut off WG is open ended with sufficient
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Table 1
Details of measurements and retrieved film parameters

fres (GHz) Q 103 tan δ εr

�l = 0 mm �l = 1.65 mm �l = 0 mm �l = 1.65 mm

8.875 81 ∼31 ± 1 ∼39 ± 1 270 ± 17 231 ± 15
10.160 77 ∼30 ± 1 ∼40 ± 1 283 ± 17 231 ± 15
11.590 72 ∼31 ± 1 ∼42 ± 1 281 ± 17 225 ± 15
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Fig. 5. A longitudinal section of the measurement set-up.

ength of empty section to ensure that no radiation occurs. The
hoto of the WG assembly and cross-section of the sample are
hown in Fig. 6 and inset, respectively. The two-layered slab
s clamped between two teflon holders to ensure a correct and
ontrollable distance l from the sample to the sidewalls of the

G. In Fig. 6, hA denotes the thickness of the alumina substrate
nd hF is the thickness of the film. Assuming that there are no
aps between the sample and WG such configuration supports
M-to-x and TE-to-x modes making the problem perfectly
uited for transverse resonance method (TRM).

There are two main error sources to be dealt with considering
he application of this method. The first error source is due to the
ncertainty of the size of the air gap, which unavoidably exists
etween the sample and WG walls. This uncertainty is tracked
hrough the entire retrieval procedure leading to uncertainty in
he finally obtained film parameters. Taking the presence of
n air-gap as a fact, one may try to reduce its effect by fill-
ng it with a properly chosen dielectric. We propose to use
aseline, which has dielectric properties quite similar to teflon
εVas.

r = 2.16; tan δ ≈ 0.01 at 10 GHz). It is verified3 that by
oing so the accuracy of the measurements is improved by a
actor of two. The second source of errors is due to reactance’s

ppearing between the empty and filled sections of the cut off

G. Strictly speaking, this is not a problem if a rigorous soft-
are tool (HFSS, Microwave Studio, etc.) is used to analyze the

esonator. However, using computationally complex techniques

m
t
I
t

Fig. 6. A measurement assembly with the u
8.705 79 ∼31 ± 1 ∼40 ± 1 298 ± 18 231 ± 15
0.480 72 ∼29 ± 1 ∼41 ± 1 333 ± 20 240 ± 15

akes the retrieving procedure more cumbersome and time con-
uming. The problem is avoided by measuring two samples with
ifferent lengths. Then, the length of each ideally terminated
ample is assumed to be:

ass.
1(2) = L1(2) + 2 �l, (9)

here �l is the sample extension due to junction reactance.
he latter is used as a variable when retrieving the complex
ielectric constant of the thick film with TRM. The value of
l is optimized until good agreement in the film parameters

btained for the above two samples is achieved.
The data of two measurements using 30 mm and 20 mm long

amples are collected in Table 1. The thickness of the alumina
ubstrate is 1.02 mm (εr = 9.16), while the thick film thickness
s 30 ± 2 �m. The first three rows of Table 1 contain data for a
0 mm long sample—the others are reserved for a 20 mm long
ne. According to Table 1, an accuracy within 5% is observed
or thick film parameters for all experimentally obtained reso-
ances using �l = 1.65 mm. The residual uncertainty of the film
arameters is due to a ±2 �m deviation in the film thickness and
ncertainty of the size of the vaseline-filled gap.

The introduced resonator can be scaled to make measure-

ents at other frequencies. However, at higher frequencies the

est sample becomes impractically small and difficult to handle.
n such cases an open resonator technique provides a solution
o the thick film characterization problem.

pper half of the cut-off WG removed.
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Fig. 7. An open resonator apparatus.

. B-band characterization of thick films using open
esonator

The application of open resonators (OR) for characterization
f dielectrics at microwave is a well established technique and
as a number of advantages over closed cavities:

OR is more accessible than closed cavities and does not
require dismounting for sample insertion;
the mode spectrum of OR is sparser, this reduces the likeli-
hood of errors due to mode coincidences;
their Q-factors are higher than cavities of similar volume;
only the cross-section of the dielectric specimen is critical,
provided its radius is greater than that of the beam.

Until recently the OR technique was mostly restricted to mea-
urements of one-layer dielectrics with relatively low dielectric
onstants. The first experimental results on the measurement of
erroelectric films are reported in.10 There, the authors used a
ransverse resonance technique with a TEM approximation of
he field in the layered sample. More rigorous vector field theory
f the open resonator11 is extended to cover multilayered dielec-
ric plates4 and verified via measurement of thick ferroelectric
lms. The latter is usually fabricated on dielectric (alumina or

gO) plates and can be directly used as a test structure provided

hat their size is sufficient to intercept the beam.
An open resonator is schematically shown in Fig. 7.

he measurement procedure comprises of two steps. First,

S
d
p
a

able 2
etails of measurements on alumina/ferroelectric samples at 35 GHz and 39 GHz

hickness of Al2O3/BSTO layers (�m) �l (�m)/Ql, 35 GHz Extract

ample A1 1020/22 3091/4000 194 ± 2
ample A2 1019/30 3129/3880 201 ± 2
ample A3 1010/43 3163/4800 189 ± 1
Fig. 8. Typical resonance curves using OR.

he empty resonator is characterized at a fixed frequency,
hich in theory is an arbitrary frequency in the WG adapter
and. This step is used to set the length D of the resonator
nd measure its quality factor Q for the utilized TEM0,0,q
ode (the typical value is Q > 105). Next, the sample is

oaded in the OR thereby shifting the resonance down in
requency (the resonator becomes electrically longer). The
ower plate mirror of the OR is moved up (�l mm), until the
esonance is re-established at the measurement frequency.
he quality factors Q and Ql and the lengths D and D − �l
f the empty and loaded resonators, respectively, provide all
ecessary input for the processing stage of the characterization
rocedure.

Typical resonance curves for the empty OR and the one
oaded with two different samples are shown in Fig. 8 along with
heir measured Q-factors. It is noted that for a two-layered alu-

ina/ferroelectric sample the measurement may be quite noisy
s it approaches the noise floor of the instrument. To reduce this
oise one typically should get the greatest dynamic range of the
NA. This can be achieved using as high as possible source out-
ut (this is limited by the maximum input of the receiver) and
lso high averaging factors.

Table 2 contains the measurement data and the retrieved
arameters for the three different Al2O3/BSTO two-layered
amples (5 cm × 5 cm) at 35 GHz and 39 GHz, respectively.

ample A1 from Table 2 is also measured using the above-
iscussed WG technique in X-band. Comparison of data
resented in both tables provides good evidence of their reli-
bility as the methods produce self-consistent data.

ed εr/tan δ �l (�m)/Ql, 39 GHz Extracted εr/tan δ

5/0.130 ± 0.004 2716/5600 203 ± 33/0.176 ± 0.007
2/0.142 ± 0.004 2736/5150 212 ± 31/0.192 ± 0.007
7/0.126 ± 0.004 2747/6300 181 ± 23/0.157 ± 0.005
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. Conclusion

Three different techniques for the characterization of thin and
hick ferroelectric films at microwave frequencies are introduced
n this paper. All methods are verified via practical examples
emonstrating their practical value and accuracy.
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