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ABSTRACT

DyScO; (DSO) is an attractive substrate on which to grow epitaxial thin films with extraordinary materials physics. However, its highly
anisotropic permittivity makes some measurements exceedingly difficult: For instance, its permittivity tensor has not yet been fully
characterized at millimeter-wave frequencies. While there are methods to characterize anisotropic permittivity at millimeter-wave frequen-
cies, there are very few methods those are suitable for the small lateral dimensions that DyScO; can be grown in. To overcome this lack in
the material characterization, we tested an on-wafer method based on coplanar waveguides to measure the full anisotropic permittivity tensor
from 0.1 to 110 GHz. We characterized two orthogonal sets of coplanar waveguides fabricated on each of two substrates with (001) and (110)
crystallographic orientations to resolve the full permittivity tensor. To validate our measurements, we compared our results to data from dc
parallel plate capacitors and THz time-domain spectroscopy. Our measurements fill the need for measurements of the permittivity of
DyScOj3, while the methodology, more generally, enables quantitative characterization of anisotropic dielectrics.

Published by AIP Publishing. https://doi.org/10.1063/5.0160460

DyScO; (DSO) is a common perovskite substrate used to grow
epitaxial thin films. Many materials systems grown on DSO show
extraordinary materials physics. ® For instance, recent dielectric—
ferroelectric superlattices grown on DSO exhibit polar vortices, sky-
rmions, and other extraordinary materials states.”'' These materials
states are possible because DSO induces a biaxial in-plane strain on
epitaxially grown perovskite films due to a lattice mismatch on the
order of 1%."'” However, DSO has an anisotropic permittivity' *'*
that restricts the available methods to characterize its dielectric proper-
ties in the millimeter-wave frequency range. Yet, it is the high fre-
quency range that is of high interest for perovskite epitaxial films.”"”

In the low GHz range (~0.3 to 30 GHz), anisotropic dielectrics
have been characterized as inserts in rectangular waveguides,'® with
dual-mode strip line'” resonators and cavity resonators.® In the
millimeter-wave range (~30 to 300 GHz, “mmWaves”), there are only
a handful of techniques those can access the complete complex per-
mittivity tensor for anisotropic dielectrics. For example, between 10
and 110 GHz, metrologists can use balanced circular disk resonators to

measure out-of-plane permittivity'’ and Fabry—Pérot open resonators
for in-plane permittivity”’ of disk-shaped samples. However, both
techniques require sample sizes those are larger than the commonly
available geometry (10 x 10 mm?) of substrates those are difficult to
grow, including DSO. For DSO, the literature contains data from par-
allel plate capacitor measurements of the permittivity at 10 kHz,"
microwave resonator measurements at 10 GHZ,ZI and in-plane time-
domain transmission experiments at 200GHz™* and above.”
Nevertheless, both microwave resonator and time-domain transmis-
sion measurements do not access the full permittivity tensor. These
frequency gaps in the literature provide an opportunity to develop a
broadband measurement method for anisotropic permittivity at
mmWave frequencies.

Even though there are relatively few methods to measure the
anisotropic permittivity tensor, there are many techniques to measure
permittivity of isotropic dielectrics. Most broadband methods for mea-
suring the permittivity of isotropic materials use on-wafer devices,
such as interdigitated capacitors and transmission lines, such as
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coplanar waveguides (CPWs).”" CPWs enable broadband measure-
ments because they support a single, quasi-transverse electromagnetic
(TEM) mode. Our hypothesis is that we can engineer CPWs to inter-
act with different elements of the permittivity tensor and then resolve
the individual components with multiple CPW orientations relative to
the crystal.

In the following, we report an experiment in which we measured
two sets of CPWs oriented orthogonal to each other on (001)- and
(110)-oriented DSO substrates to measure the full anisotropic permit-
tivity tensor of DSO up to 110 GHz. We discuss the design and fabri-
cation of the CPWs, the scattering (S-) parameter measurements,
finite-element field simulations, and the data analysis to extract the
complex permittivity. We compare our full anisotropic permittivity
tensor to values reported at both lower and higher frequencies. Finally,
we address how our measurements could be extended to thin films
and what considerations must be made for highly anisotropic
materials.

CPWs are a type of planar transmission line. They consist of a
center conductor electrode separated from two ground plane electro-
des by a gap [Figs. 1(a) and 1(b)]. Transmission lines are typically rep-
resented as distributed circuits that consist of a distributed resistance
R, inductance L, capacitance C, and conductance G» [Fig. 1(c)]. These
circuit parameters describe how current and voltage propagate along
the transmission line. Applying Kirchhoff’s laws, we can derive a char-
acteristic impedance Z and a propagation constant 7y that describe the
distributed attenuation and phase shift,

7 = VR + iowL x /G + iwC, (1)
Z =R+ ioL/VG + ioC. )

For better readability, Eqs. (1) and (2) omit the explicit frequency
dependence of each circuit parameter. CPWs support a quasi-TEM-
mode [Fig. 1(d)]. In this quasi-TEM approximation, R and L depend
on the shape of the electrodes, the conductor properties of the electro-
des, and the magnetic properties of the substrate. On the other hand,
C and G depend on the shape of the electrodes and the dielectric prop-
erties of the substrate. Furthermore, in the quasi-TEM approximation,
C is only sensitive to permittivity tensor elements those are

a) CPW top view b) CPW side view
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FIG. 1. Schematic of a CPW. (a) top view, (b) side view with dimensions, (c) repre-
sentation of the CPW as transmission line with distributed resistance R, inductance
L, capacitance C, and conductance G, and (d) side view with sketched electric field
pattern of the quasi-TEM CPW mode.
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perpendicular to the Poynting vector. Strictly speaking, anisotropy has
the potential to invalidate the quasi-TEM approximation. We will
address this issue below. Our hypothesis is that orienting the CPW
along at least three different crystallographic directions can perturb
the distributed circuit parameters of the CPWs in such a way that we
gain access to the full permittivity tensor. The permittivity tensor is
diagonal in the principal coordinate system of the crystal, &4, and is
symmetric in the measurement coordinate system of the CPW, ecpy:

& 0 0 G Gy Ex
Edia = 0 ¢ O and Ecpw = Exy &y &y |, (3)
0 0 & &xz &z &z

where ¢, &, and &, are parallel to DSO’s respective lattice vectors with
lengths a=54 A, b=57 A, and c=7.9A."> We chose the ortho-
rhombic notation rather than the pseudo-cubic notation that is also
present in the literature.””°

We fabricated CPW transmission lines on (001)- and (110)-
oriented 10 x 10 mm?® DSO chips with conventional lithographic tech-
niques and electron-beam deposition. The electrodes were nominally
500 nm thick gold with a 10 nm titanium adhesion layer. Our chip lay-
out included a short-circuit reflect and a set of CPW transmission lines
with lengths ¢ = 0.420, 0.720, 1.040, 2.30, 3.060, and 4.000 mm. These
devices are the necessary standards to perform the multiline thru-
reflect-line (mTRL) algorithm.”” We arranged the CPWs such that the
Poynting vectors were oriented along the [100], [010], [001], and [110]
crystal planes (Fig. 2). The alignment of the substrate is delivered by
the manufacturer with a 0.5° tolerance, and the alignment uncertainty

a) (001) DSO chip

1 1 1
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b) (110) DSO chip
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FIG. 2. Top view optical microscope image of the (a) (001)-oriented and the (b)
(110)-oriented DyScO5 chip. Each image has a schematic of CPWs attached, com-
paring the relative orientation of the crystal's coordinate system (a-b-c) and the
CPW's coordinate system (x-y-z).
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of our lithography is within 1°. By evaluating changes in the permittiv-
ity tensor under small rotations, we estimate the impact of a misalign-
ment within that tolerance on the extracted permittivity ¢, to give an
error less than Ag, < 0.05.

We checked the lateral dimensions of the center conductor, gaps,
and ground plane widths with an optical microscope, which we cali-
brated using a known-length standard. This measurement confirmed
the nominal lateral geometry within a standard uncertainty of 1 um.
We determined the conductor thicknesses with stylus profilometry.
Our conductors were (470 = 10) nm thick. We measured a single pair
of dc currents and voltages with a source-measure unit to extract the
center conductor dc resistance of each CPW. We fit the resistance of
all the lines vs length to extract the distributed dc resistance.

We contacted each CPW device with ground-signal-ground
probes and measured S-parameters with a vector network analyzer.
Our experimental design used a two-tier calibration approach.”® The
first-tier used CPW standards patterned on a (001)-oriented
(LaAlO5)o5(Sr,TaAlOg)o 7 (LSAT)™ substrate with nominally identical
cross section geometries to the devices on the DSO chips.
Additionally, the larger 2-in. LSAT wafer allowed us to include longer
lines (/ =5.660, 7.180, and 9.580 mm). We chose LSAT (¢, &~ 23)
because it has a permittivity that is comparable to DSO, which
improved the accuracy of the first-tier calibration by reducing system-
atic errors due to the probe contact.” For the first-tier calibration, we
used the mTRL algorithm”” and a series resistor calibration™”"" to set
the reference impedance. This first tier corrects the S-parameters of
the devices on DSO to 50 Q at the reference planes of the probe tips.
The second-tier calibration consists of a second application of the
mTRL algorithm on the corrected S-parameters of the devices for each
CPW orientation. These second-tier calibrations produced a separate
1. and Zrgy, for the [100], [010], [001], and [1T0] orientations.””*

We compared two different techniques for extracting the distrib-
uted circuit parameters. The first technique assumed that the substrate
was nondispersive, which allowed us to set G(w) = 0 and C(w) = C,.
This technique lost information about the material’s dielectric loss but
provided a low-noise R and L that can be precisely compared against
those from finite-element simulations. We computed C as

C = Im(yrp,/Zrns) /- @)

Next, we averaged C in the optimal decade for impedance extraction
from 1 GHz to 10 GHz to get C, and used the standard deviation of C
as the uncertainty. We use this C, to get Rg—¢ and Lg—o from y;,

Re—o + iwLg_g = Vg, /(iwCy). (5)

We compared Rg—g and Lg—g to those from finite-element field simu-
lations, Ry, and Lg,. In these simulations, we implemented the mea-
sured conductor thickness from stylus profilometry. Next, we assumed
that our lithography process gives the nominal lateral geometry plus
or minus a length ¢ due to a consistent over- or underdevelopment of
the photoresist over the whole chip. This assumption leaves a single fit
parameter (the length 6) to adjust Ly, to Lg—o. We obtained values in
the range 6 = +0.3 um. By varying o, we also computed the uncer-
tainty AL, from values that still agree with the measured Ls—( within
the uncertainty ALg—y. Through this fit, we extracted the actual
electromagnetically relevant lateral dimensions of the electrodes.
These J-corrected dimensions agree with the values from the optical
microscopy but offer a higher precision by one order of magnitude
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(0.1 vs 1 um). From dc resistance and the J-corrected conductor
dimensions, we calculated a resistivity of (2.820.1)u€ cm, which is
comparable to other reports of electron-beam-deposited gold.”” We
used the d-corrected dimensions to extract the permittivity &, from the
distributed capacitance C. Because this technique made several
assumptions, we compared it to an independent second technique.
The second technique directly fits the distributed circuit elements
R, L, C, and G to the corrected S-parameters using a mismatched
transmission line model.”® The latter technique made the fewest
assumptions about the material but resulted in larger uncertainties.

To complete our analysis, we performed finite-element field sim-
ulations to map the distributed capacitance C to the permittivity &,.
The C of a CPW depends on the in-plane &,,, the out-of plane ¢,,, and
the off diagonal &y, C = C(&x, &y, &4 )- In our mapping simulations,
we varied each relevant element of the permittivity tensor (exy, &y, and
&xy) independently and computed C for that combination of values.
We implemented a set of CPWs in 3D simulations for a mTRL cali-
bration and extracted the propagation constant ;5. We then used the
distributed inductance L,p and resistance R,p from 2D simulations of
the CPW’s cross section to get the distributed capacitance C,

2
C=1Im (%7’3) . 6)
Rop +iwLyp

In the mapping function C(éx, &y, &), the convolution of &y, &,
and &y, is generally nonlinear. Here, we present locally linear sections
of the function that we obtained from our simulations,

Clio0)[pF/cm] = (11.0+0.3) 1072 4 (7.86+0.01) X 10 2¢,
+(4.67%0.04) x 10 %¢,

Cio0)[pF/cm] = (10.6+0.8) x 1072 + (7.81%0.04) X 10 2¢,
+(4.65%0.01) x 102,

Cioor][PF/cm] = (12.8%0.3)x10% + (4.22+0.02) x 10 %¢,
+(8.16£0.05) x 10~ 2¢,,

and

Cii)[pF/em] = (12%3)x107% + (3.93£0.01) x 1072 (&, + &)
+(4.77%0.05) x 10 2¢,.

The first term in all these equations relate to the contribution of air to
C. They differ because of the differences in the d-corrected conductor
geometry in each orientation. The equations Ciio9, Cio10}> and Cjgoy]
describe a set of planes with large angles between pairs of them:
4((;[100]7 C[ow] ) =75 Z<r(c[100]7 C[om] ) =40°, and xr(c[ow],
Coo1) ) = 67°. This geometry offers precise determination of the per-
mittivity. Together with C;;7,;, we obtain a set of four equations that
contain three unknowns ¢&,,¢,, and ¢. We used the relation
tand = &’ /¢’ = G/wC to extract the dielectric loss tangent. We also
simulated an isotropic substrate of comparable permittivity and veri-
fied our 2D and 3D simulations against results from the high and low
frequency limit of analytic conformal mapping.”” We found a maxi-
mum deviation of 0.02%, which is more than one order of magnitude
below the measurement uncertainly.

We compared our results from the different analysis techniques
in terms of the distributed inductance L, distributed resistance R, per-
mittivity €,, and dielectric loss tan ¢ (Fig. 3). L and R from our differ-
ent analysis techniques agreed within their respective uncertainties up
to 30 GHz [Figs. 3(a) and 3(b)]. The general frequency trend of L and
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FIG. 3. Extracted circuit parameters. (a) Distributed inductance L, (b) distributed
resistance R, (c) permittivity ¢, derived from the distributed capacitance C, and (d)
dielectric loss tand derived from the distributed conductivity G. All subfigures show
the extracted parameters for the nondispersive substrate assumption Rg—g, Lg—0,
and Cg_o, for the fitted R;,, and Lg;,, from finite element simulations, and for the
mismatched transmission line model. Shaded areas are the 1-sigma uncertainty.

R is due to the skin effect.”® At frequencies above 30 GHz, we found
that the simulation underestimated L and R when compared to the
measurement values. While the discrepancy in R is clearly visible [Fig.
3(b)], the discrepancy in L is more apparent in the upturn of the per-
mittivity derived from the simulated Ry, and L, [Fig. 3(c)]. We cur-
rently do not understand the source of the additional R and deviating
L. We are aware that for our geometry, the critical frequency of the
dielectric slab mode is around 40 GHz. Nevertheless, we excluded
higher order modes and conductor roughness being responsible for
the deviations in R and L.’ We conclude that even if higher order
modes are present, they have a negligible effect on our measurements.
The uncertainty in L is large at low frequencies because the phase dif-
ference accumulated over the CPW length is small, leading to a large
relative uncertainty of the phase. It is mainly the phase that influences
the extraction of L. On the other hand, the uncertainty of the extracted
R using the mismatched line fit is large at high frequencies due the fit-
ting algorithm, which gives rise to large relative uncertainties at low
transmission.

We observed a small peak in all elements of the permittivity and
an increased dielectric loss at around 1.3 GHz. We also do not under-
stand the source of this peak. However, we encountered it in many on-
wafer measurements at a similar frequency, independent of the
substrate material."” Hence, we do not expect that this peak is due to
the specific material properties of DSO, rather it is likely due to a sys-
tematic error in the measurement. The agreement between the applied
analysis techniques confirmed that the extracted tan 0 was negligible
compared to our measurement uncertainties. We note there are fre-
quencies where the loss tangent is negative. At these frequencies, the
loss tangent is below our measurement sensitivity. While longer lines
could improve the measurement sensitivity, the 10 x 10 mm? of DSO
substrates limited the maximum length of the line we could fabricate.

This result implies that, for most on-wafer applications, DSO can
be approximated as a lossless and therefore nondispersive material.

ARTICLE pubs.aip.org/aip/apl

For this approximation, we extracted Cjjoo) = 3.17%0.02 pF/cm,
Cio10) = 3.4670.02 pF/cm, Cgoy] = 2.71%0.02 pF/cm, and C[lw]
= 3.32+0.02 pF/cm. We summarized our results on the permittivity
of DSO in Table I and compared them against the literature. The
uncertainty in the extracted permittivity is dominated by the uncer-
tainty in determination of the CPW gap width and the random varia-
tion of the extracted distributed capacitance over the frequency range
1-10 GHz. The denoted uncertainty in the extracted permittivity does
not include any possible systematic errors done in the first-tier calibra-
tion. We also applied our techniques to the LSAT wafer that we used
as a first-tier calibration. We obtained ¢, = 23.4 = 0.1, which is com-
parable to prior reports of & =23.1*03 up to 40GHz'' and
& =22.5at 10GHz.”

We acknowledge some additional considerations and limitations
of our approach. We initially considered varying the gap width of the
CPW to access the anisotropic permittivity. However, our simulations
showed that the sensitivity of C to differentiate between in-plane and
out-of-plane permittivity in large vs small gap width configurations is
small compared to our typical measurement uncertainty in C. This
would result in larger than desired uncertainties in the permittivity e,.
Fundamentally, our analysis techniques make two assumptions that
may not be true for all systems. First, we assumed that DSO is non-
magnetic, which is reasonable at room temperature but not at very
low temperatures.% Second, we assumed the mode in the CPW as
quasi-TEM. The non-zero &, element of the permittivity in the [110]
configuration (Fig. 2) strictly breaks this assumption. However, we
estimated the induced displacement current to be about six orders of
magnitude below the charge current in the conductor and therefore
neglected it. Still, for highly anisotropic substrates or thin films, we
expect that it is necessary to take this displacement current into
account.

In conclusion, the objective of this work was to test a methodol-
ogy for measuring the anisotropic permittivity tensor of substrates. To
test our methodology, we chose DyScO; because it is an important
substrate for materials discovery and its anisotropic permittivity has
not been fully characterized above 10kHz, but there are values in the
literature for its permittivity at discrete frequencies for comparison.
We used two orthogonal CPW-based materials characterization kits
patterned on (001)- and (110)-oriented 10 x 10 mm? DyScOj; chips.
These orthogonal kits allowed us to obtain the anisotropic permittivity
tensor by extracting the distributed capacitances in four different crys-
tallographic orientations. For DyScOs, we obtained values and stan-
dard uncertainties of €, = 22.0%+0.3, ¢, = 18.5%0.3, and ¢, = 34.4
+0.5 for the three elements of the permittivity tensor from 0.1 to
110 GHz. We also obtained a dielectric loss tangent tan ¢ below 0.01
for each element of the tensor. Our permittivity values are consistent
with previously reported findings at 10kHz and 200 GHz. More

TABLE I. Comparison of the anisotropic permittivity of DSO extracted in different fre-
quency ranges at room temperature.

10 kHz'* 100 MHz-110 GHz (this work) 200 GHz>
ta 21.9 22.0 £ 0.3 (tan d < 0.01) e110) =21
& 18.9 18.5+ 0.3 (tan d < 0.01) (tan 0 = 0.005)
& 33.8 344+ 0.5 (tand < 0.01) 34 (tan 0 = 0.02)
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broadly, this methodology highlights an approach for quantitative
dielectric characterization of anisotropic substrates. Extensions of this
work could be applied to in-plane permittivity characterization of
anisotropic thin films, which may be limited to in-plane measure-
ments only depending on film’s thickness. At present, there is industry
demand to revisit out-of-plane permittivity characterization and
extend or redevelop existing methodologies to millimeter-waves.

In summary, before this work there were few methodologies for
characterizing the anisotropic permittivity tensor up to 110 GHz and
there was no microwave- or millimeter-wave characterization of the
complete anisotropic permittivity tensor of DyScO; reported in the
literature. After this work, there is an approach for characterizing
anisotropic substrates that may have significant impacts in semicon-
ductor manufacturing of next-generation communications
technology.
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