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Next-generation millimeter-wave (> 30 GHz) telecommunications electronics must be compact, energy
efficient, and have good thermal management. Tunable materials may play a role in meeting these require-
ments for millimeter-wave front-end devices, but there are few models or even measurements of tunable
dielectrics at these frequencies. Here, we report on the adaptation and development of high-frequency
dielectric spectroscopy techniques for composition-spread thin films from 100 MHz to 110 GHz. Our
comprehensive technique sequentially probes the composition, frequency, and electric field dependence of
the complex permittivity in a combinatorial thin film library, which provides a platform to rapidly explore
functional materials for emerging telecommunications electronics. This is achieved by modifying existing
on-wafer transmission line permittivity measurement techniques to obtain a compact set of test devices
that can be patterned to extract the complex permittivity in multiple regions of a thin film. We demonstrate
this technique by applying it to composition-spread Ba1-xSrxTiO3 thin films spanning compositions from
x = 0 to x = 1. The systematic approach to materials growth inherent in combinatorial synthesis allows for
a comprehensive picture of the Ba1-xSrxTiO3 system. Our continuous, quantitative measurements provide
an encompassing view of the composition- and voltage-dependent trends in the room temperature dielec-
tric properties at millimeter-wave frequencies—from strong, few-picosecond relaxations to no relaxation,
and from large relative tunability (nr > 50% at 75 kVcm−1) to zero tunability. Our work underscores both
the utility of our technique, and the need to discover lower-loss, highly tunable electronic materials for
next-generation telecommunications.
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I. INTRODUCTION

Tunable radio-frequency (rf) front-end devices will
likely play a notable role in next-generation microwave
and millimeter-wave telecommunications [1,2]. Adap-
tive devices, such as frequency-agile filters and oscilla-
tors, reconfigurable antennas, and tunable phase shifters,
present opportunities to reduce cost and boost perfor-
mance. One method to obtain tunable functionality is
to integrate ferroelectric materials into these devices.
When compared with competing technologies such as rf
micro-electromechanical systems or semiconductor var-
actor diodes, ferroelectric tunable devices can be more
robust, switch faster, and provide higher quality factors
[3–5]. While there are many demonstrations of tunable fer-
roelectric devices at microwave frequencies [6–8], there
are few examples at millimeter-wave frequencies above
approximately 30 GHz—the frontier for communications.

*nathan.orloff@nist.gov

The ferroelectric materials are themselves a limiting
factor, as they should ideally have a low loss tangent
for energy efficiency, high thermal conductivity for heat
management, and large relative tunability to maximize
the tunable bandwidth, among other key requirements
[9]. Unfortunately, optimizing these properties in a sin-
gle material requires compromise. For instance, tunability
often comes at the expense of dielectric loss [4]. With
ferroelectric materials, one can trade reduced tunability
for reduced dielectric loss by operating in the paraelec-
tric state where the operating temperature is greater than
the ferroelectric Curie temperature. Operating in the para-
electric state avoids lossy acoustic waves generated by
domain-wall and piezoelectric oscillations, but the rela-
tive tunability can be an order of magnitude less than it
might be in the ferroelectric state [10]. One recent report
on strained Ba0.8Sr0.2TiO3 films achieved enhanced per-
formance in the ferroelectric state by taking advantage of
resonant domain-wall motion, but the improvement used
a narrow-bandwidth resonance in the crystal lattice that
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was only prominent at frequencies below 10 GHz [11].
Further discovery of tunable thin films, bolstered by tech-
niques to grow and characterize them more rapidly, will
provide an opportunity to develop commercially relevant
millimeter-wave tunable ferroelectric devices.

Regardless of the material’s state, one prominent source
of high-frequency dielectric loss is charged point defects
[12–14]. Highly controlled epitaxial growth and careful
processing can improve the electrical properties by reduc-
ing the number of defects, or their ability to contribute to
losses [12,15]. For example, epitaxial Ruddlesden-Popper
superlattices accommodate nonstoichiometry by forming
planar stacking faults rather than point defects, resulting
in some of the best low-loss tunable dielectric proper-
ties at millimeter-wave frequencies [16]. While these and
other studies improved the tunable dielectric properties,
they also highlighted the sensitivity of these materials to
composition, structure, and processing. Even typical fluc-
tuations (e.g., chamber temperature or background pres-
sure) in the growth environment during deposition can
produce variation in the dielectric properties. This sensi-
tivity is a notable obstacle to developing predictive models
and algorithms, because one can convolve effects due
to growth and processing with intrinsic response [17].
Controlling growth and processing variables makes screen-
ing for higher-performing compounds easier and more
reliable.

Combinatorial libraries comprise a multitude of test
materials that are grown on a single substrate in a single
deposition process [18]. Combinatorial material synthesis
provides an opportunity for faster testing of compounds
and enables highly consistent growth and processing
conditions. High spatial-resolution characterization tech-
niques are then used to measure discrete materials in
the library and identify trends in the key material prop-
erties of interest. Examples of the application of com-
binatorial techniques to dielectric thin films for tunable
rf devices came in the early 2000s when composition-
spread Ba1-xSrxTiO3 films were grown on single-crystal
substrates via pulsed laser deposition (PLD) and subse-
quently characterized by scanning evanescent microwave
microscopy (SEMM) [19]. The high spatial resolution
of SEMM enables measurements of many discrete com-
positions in a composition-spread thin film, which is a
film with a continuous gradient in the chemical compo-
sition [20]. Unfortunately, quantitative SEMM measure-
ments at millimeter-wave frequencies are more limited
since the calibrations, which are based on lumped-element
and image-charge models, are less reliable at these fre-
quencies [21]. While others have proposed approaches to
model the SEMM tip-sample interactions for extending
this technique to higher frequencies, such high-frequency
measurements have not yet been demonstrated [22]. On the
other hand, on-wafer transmission line measurements are a
readily available, broadband, high-frequency alternative to

SEMM, but require several large test devices, which is an
obstacle to isolating discrete compositions in a combinato-
rial library.

Inspired by the advantages of both SEMM and transmis-
sion line measurements, this report discusses a modified
transmission line technique for characterizing the com-
plex permittivity of combinatorial thin films as a func-
tion of composition, applied field, and frequency. We
adapt existing coplanar transmission line techniques to
create a compact measurement device set that tests dis-
crete compositions on a composition-spread thin film. Our
technique takes advantage of well-established calibrations
and wide bandwidth spanning from 100 MHz to 110 GHz.
We demonstrate our technique by measuring 14 discrete
compositions on a single composition-spread thin film of
Ba1-xSrxTiO3 in which x ranges from x = 0 to x = 1.
Although not as fast as SEMM for combinatorial libraries,
our technique is notably faster than characterizing one
chip at a time and covers a broad and continuous fre-
quency range. We expect that our fast, comprehensive
technique will enable the materials discovery community
to gain insight into the relationships between composition,
structure, and broadband dielectric properties.

II. METHODS

We use the Ba1-xSrxTiO3 system to test our methodol-
ogy. Over the past two decades, this system has received
a great deal of focus owing to its promising tunable
dielectric properties. Many reports describe the proper-
ties of Ba1-xSrxTiO3 under different growth and measure-
ment conditions, including reports on composition-spread
Ba1-xSrxTiO3 thin films. [15,19]. Since our aim is to
improve dielectric property measurement techniques for
composition-spread thin films, this rich body of literature
provides a general baseline for our expected results. Addi-
tionally, the Ba1-xSrxTiO3 system displays a stark, easily
detected change in the complex permittivity and tunabil-
ity between x = 0 (BaTiO3, BTO) and x = 1 (SrTiO3,
STO) in our frequency range of interest. Finally, while
there have been interesting recent combinatorial studies
on heterostructurally alloyed compounds [23], the elegant
isostructural nature of the Ba1-xSrxTiO3 system simplifies
several synthesis and characterization aspects of our study.
All that said, this technique could be applied to a wide
variety of materials systems.

A. Thin film growth

We grow composition-spread thin films of Ba1-xSrxTiO3
via PLD on 10 mm × 10 mm square substrates of (001)-cut
(LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT). LSAT (a = 3.87 Å)

is well lattice matched with both BTO (lattice constant,
a = 4.03 Å) and STO (a = 3.91 Å). Furthermore, LSAT
does not contain the twin defects inherent in pure LaAlO3
single crystals that can present surface topography and
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hinder optimal device fabrication [24]. Our KrF excimer
laser (λ = 248 nm) pulsed at a rate of 2 Hz and ablated
material from a 2.5-cm-diameter sintered ceramic target.
The ablated material then condensed on the surface of the
LSAT substrate to grow the film.

We generate the composition gradient in the film by
alternating between ablation from a pure BTO target and
a pure STO target. An automated shadow mask controls
the area of the substrate exposed to the plume of ablated
material, thereby controlling the spatial distribution of Ba
and Sr in the film [Fig. 1(a)]. A program synchronizes the
mask movement to the laser pulses ablating the first target
(BTO) to grow a “thickness wedge” of BTO [Fig. 1(b)].
Then, the program selects the second target (STO) and per-
forms the opposite process to create an opposing thickness
wedge of STO to complete one full layer. Each full layer
is approximately 2Å thick, which encourages solutionlike

(a)

(b)

FIG. 1. Combinatorial synthesis techniques enable the growth
of composition-spread Ba1-xSrxTiO3 thin films. Schematic illus-
trations of (a) the combinatorial pulsed laser deposition cham-
ber configuration, and (b) the thickness-wedge process to grow
a composition-spread thin film from two single-composition
targets.

mixing of the Ba and Sr and prevents superlattice forma-
tion. The linear composition gradient spans compositions x
in Ba1-xSrxTiO3 from x = 0 to x = 1. The gradient region
is approximately 7 mm long, leaving a 1.5-mm region of
BTO on one side of the gradient, and a 1.5-mm region of
STO on the other side. The film is approximately 125 nm
thick. The surface temperature of the substrate is main-
tained at 750 °C, the background oxygen partial pressure is
4 Pa throughout the deposition, and we use an approximate
laser energy density of 1.0 J/cm2.

B. Structural and compositional characterization

We initially characterize the structure of the Ba1-xSrx
TiO3 film with X-ray diffraction (XRD). The XRD system
has an automated alignment protocol and a programmable
motion stage to scan multiple points along the composition
gradient. The diffractometer provides an approximately
1-mm-wide spot of Cu Kα1 radiation at the sample sur-
face. Both � − 2� and � scans measure the structure
of the film and epitaxy relative to the LSAT substrate.
Since BTO and STO form the isostructural solid solu-
tion Ba1-xSrxTiO3, we apply Vegard’s law to obtain a
rudimentary estimate of the composition gradient pro-
file [25]. While that estimate shows that we produce the
desired composition profile, the X-ray spot size is too large
to pinpoint the specific compositions x in Ba1-xSrxTiO3
where we would perform dielectric properties measure-
ments. Wavelength-dispersive X-ray spectroscopy (WDS)
is a high-resolution measurement of the composition pro-
file along the gradient that we use to augment this analysis.
We perform our WDS measurements with an electron-
probe microanalyzer (EPMA) at an accelerating voltage
of 7 kV, which provides an experimentally determined
uncertainty on the composition of less than ±3 at. % of the
constituent elements.

C. Combinatorial microwave dielectric spectroscopy
techniques

Following the structural and compositional character-
ization, we measure the complex permittivity, ε∗(ω) =
ε′(ω) + iε′′(ω), where ε′(ω) is the real part of the dielec-
tric permittivity and ε′′(ω) is the imaginary part of the
dielectric permittivity, sometimes referred to as the dielec-
tric loss. We also measure the relative tunability of the
combinatorial film. All measurements presented here are
performed at 298 K. While a number of lumped-element
circuit techniques exist to measure complex permittivity
at microwave frequencies [26,27], distributed transmission
lines provide more accurate broadband measurements at
millimeter-wave frequencies, because of their basis in cir-
cuit theory rather than approximations [28]. We begin with
coplanar waveguide (CPW) transmission lines [Fig. 2(a)],

064061-3



ERIC J. MARKSZ et al. PHYS. REV. APPLIED 15, 064061 (2021)

(a)

(b)

FIG. 2. Coplanar devices patterned on the sample surface
enable measurements of thin film dielectric properties. (a) Cross
section schematic of a CPW device, illustrating how the elec-
tric fields that are generated between the center conductor and
ground planes penetrate the thin film and probe the thin film
dielectric properties. (b) Top-down optical microscope image of
the composition-spread thin film chip with Au CPWs patterned
on the surface. Each vertical column of six CPWs is a complete
set which samples a single composition x in Ba1-xSrxTiO3 from
100 MHz to 110 GHz.

and use their measured scattering (S) parameters in con-
junction with the multiline-TRL (Thru-Reflect-Line) tech-
nique to determine the propagation constant γ (ω) [29].
The propagation constant is a key quantity that describes
the attenuation and phase shift of a rf signal as it is trans-
mitted across the CPW, and it is linked to the dielectric
properties of the materials comprising the CPW device.
The CPWs are also an ideal device for on-wafer measure-
ments of composition-spread thin films. This is because
they can be designed so that the electric fields, which are
localized in the gaps between the center conductor and
ground planes of the device [30], do not span a large
compositional region. In our devices, the 40-μm region
comprising the two 10-μm gaps and the 20-μm center
conductor of the CPW spans a compositional range of less

than 1%, isolating a relatively uniform composition region
in the composition-spread film when properly aligned.

The multiline-TRL algorithm also produces accurate
estimates for the propagation constant γ from calibrated
S parameter measurements of a set of CPWs with vary-
ing lengths. The calibrations are required to account for
the parasitic electrical effects of the measurement system,
such as attenuation and reflection of the test signals in the
cables and probes. For the measurements from 100 MHz
to 110 GHz described in this work, we use a combina-
tion of series resistor [31] and multiline-TRL calibrations
[32] with calibration standards fabricated on a custom ref-
erence wafer patterned on LaAlO3. To facilitate the use of
this technique, all CPWs in each set must have an identi-
cal cross section, including identical thin film permittivity.
The spatial composition (and permittivity) gradient in our
Ba1-xSrxTiO3 composition-spread thin film presents an
obstacle to a more traditional implementation of this tech-
nique [33], which can require large (> 50 mm2) uniform
regions on the thin film. Importantly, the CPW lengths are
not arbitrary, and must be optimized to provide an accurate
result with reasonable uncertainties across the frequency
range of interest.

To adapt this multiline-TRL technique to combinatorial
thin film measurements, we optimize our CPW devices
such that a full set of six CPW devices for multiline-
TRL fit in a single 8-mm-long region. Then we carefully
pattern the set perpendicular to the composition gradient
[Fig. 2(b)]. The complete pattern includes 14 such sets of
devices, allowing us to sample 14 discrete compositions of
Ba1-xSrxTiO3 spanning the full composition gradient.

We use a maskless aligner tool, which aligns and
exposes the desired patterns via a direct-write UV laser
instead of a physical mask, and standard lift-off techniques
to fabricate the Au test devices [34]. Each device set com-
prises a short-circuit reflect and five transmission lines of
length l = 0.42, 0.73, 0.93, 1.22, 1.90 mm. The trans-
mission lines consist of a 20-μm-wide center conductor,
separated from 200-μm-wide ground planes by 10-μm-
wide gaps in which the electric fields are localized as
illustrated in Fig. 2(a). The gold conductors are nominally
500 nm thick. We measure the in-plane dimensions and
metal thicknesses via optical microscopy and profilom-
etry, respectively, and use these dimensions to construct
the finite-element simulations (using ANSYS Q3D) required
to extract material properties from the electrical measure-
ments. We use two-dimensional models of the CPWs for
these simulations, because these devices have an invari-
ant cross section along their active lengths (i.e., the portion
of the device between the probe landing pads). When pro-
vided with the measured dimensions of the devices and
the material properties of the conductors and dielectric
layers, these simulations output values for the distributed
circuit characteristics of the devices, which we describe
in more detail in the following paragraph. By sweeping
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across a range of material properties in these simulations,
we obtain a means to map our measurements of the cir-
cuit characteristics of the devices to the material properties
of the thin films under test. We perform additional WDS
characterization after fabrication to verify the alignment
of the CPWs to the composition gradient. Compositional
variation within all sets of devices is always within the
uncertainty achievable by the EPMA, indicating the test
pattern is aligned as desired. Along with the composition-
spread thin film chip, we also cofabricate (with identical
patterning and simultaneous metal deposition) a compan-
ion substrate chip made of another single-crystal LSAT
substrate from the same batch used for the thin film deposi-
tion. The companion substrate serves three critical roles in
our analysis: (1) it provides a baseline measurement of the
substrate permittivity, (2) it allows us to characterize the
properties of the Au conductors, and (3) it provides a tool
to validate our finite element method (FEM) simulations.

We make electrical contact with the CPW devices by
contacting them with ground-signal-ground probes, and
then measure the S parameters from 100 MHz to 110 GHz
with a vector network analyzer after performing various
standard calibration procedures [29,31,32]. During this
process, the chips are placed on a temperature-controlled
stage that maintains a temperature of 298 K. Briefly, after
measuring and de-embedding the S parameters of the
transmission lines, we use the aforementioned multiline-
TRL algorithm to generate an estimate of the propagation
constant

γ (ω) =
√

R(ω) + iωL(ω)
√

G(ω) + iωC(ω), (1)

where R(ω), L(ω), G(ω), and C(ω) are the frequency-
dependent distributed resistance, inductance, conductance,
and capacitance, respectively, of the CPW devices. In our
experiment, the quantities R(ω) and L(ω) are primarily
dependent on the CPW geometry and the gold conduc-
tor properties, whereas C(ω) and G(ω) mostly depend on
the CPW geometry and the effective dielectric permittivity
[ε′(ω)] and dielectric loss [ε′′(ω)] of the constituent mate-
rials, respectively. The LSAT substrate is chosen due to
its negligible loss [G(ω) ≈ 0] and constant capacitance in
our measured frequency range, which allows us to isolate
R(ω) and L(ω) from the measured propagation constant of
our companion substrate. We use the measured dimensions
of the CPW devices to construct our FEM simulations and
validate these simulations by comparing the simulated and
measured R(ω) and L(ω) quantities. As the companion
substrate and thin film chip are cofabricated, these simu-
lations only require slight modification to model the CPW
devices with the thin film layer. Since R(ω) and L(ω) do
not depend strongly on the thin film permittivity, we use
the modified FEM simulations to provide the R(ω) and
L(ω) quantities for the thin film chip. Those values are then
used to isolate the quantities C(ω) and G(ω) from the thin

film measurements. Finally, we sweep the permittivity of
the thin film layer in the FEM simulations to obtain the
functional relationship between C(ω) and G(ω), and the
real and imaginary parts of the complex permittivity of the
thin film, respectively. Additional description of this cali-
bration, measurement, and analysis protocol can be found
in the methods of Ref. [33].

Finally, we measure the voltage tunability of the thin
film at 298 K by repeating the complex permittivity mea-
surements, but we use bias tees to combine the ac measure-
ment signal with a dc bias voltage. The dc bias voltage is
swept to generate dc electric fields from −75 kVcm−1 to
+75 kVcm−1 in the gaps of the CPW devices. The dc elec-
tric fields induce tuning of the thin film permittivity while
we measure the S parameters from 100 MHz to 40 GHz.
The frequency range is limited by the bias tees used to
apply the dc offset, and we choose the dc field magnitude
limit to avoid dielectric breakdown failures in our devices.

III. RESULTS AND DISCUSSION

A. Structural and compositional characterization

The � − 2� XRD patterns of the combinatorial
Ba1-xSrxTiO3 film clearly illustrate the presence of the
composition gradient [Fig. 3(a)]. For the narrow range
scans (2� = 44 ◦ to 2� = 48 ◦) shown in Fig. 3(a), the
(002)subs peak appears at a consistent position of 2� =
47.0 ◦ but the (002)film peak shifts from a position of 2� =
45.3 ◦ on the BTO side of the composition gradient to a
position of 2� = 46.1 ◦ on the STO side. The absence of
satellite reflections near the peaks in these scans indicate
that we have not made a superlattice of the two constituent
materials [35]. Additional scans performed after Au device
fabrication that covered a wider range from 2� = 10 ◦ to
2� = 90 ◦ reveal only (001), (002), and (003) film and
substrate peaks, as well as peaks from the polycrystalline
Au conductors, which we interpret as the epitaxial growth
of the Ba1-xSrxTiO3 combinatorial film on the single crys-
tal (001)-oriented LSAT substrate. Supplemental � scans
of the (202) film peaks also show four-fold symmetry in
the Ba1-xSrxTiO3 film and suggest an epitaxial cube-on-
cube relationship between the film and the substrate. The
composition gradient profiles observed by both WDS and
XRD are consistent with each other and show a linear pro-
file between the BTO (x = 0) and STO (x = 1) regions
[Fig. 3(b)].

B. Microwave dielectric spectroscopy

Our measurements of the complex permittivity at
room temperature (298 K) from 100 MHz to 110 GHz
reveal a large change in the real part of the frequency-
dependent dielectric permittivity [ε′(ω)] with composition
x in Ba1-xSrxTiO3 [Fig. 4(a)]. The dielectric permittivity
at 110 GHz first increases from 400 for x = 0 to a peak

064061-5



ERIC J. MARKSZ et al. PHYS. REV. APPLIED 15, 064061 (2021)

(a)

(b)

FIG. 3. Structural and compositional characterization provide
a picture of the composition profile in the composition-spread
thin films. (a) XRD measurements of the composition-spread
thin film near the (002)film and (002)subs peaks. The top portion
shows a � − 2� scan at the center of the composition gradi-
ent (x ≈ 0.5). The bottom portion is a heatmap of the diffracted
intensity in the same 2� range across the entire surface of the
composition-spread thin film sample, illustrating the shift in the
(002)film peak position as the composition changes. (b) Compo-
sition profile of the composition-spread thin film as estimated by
the application of Vegard’s law to the XRD measurements, and
as measured by WDS.

value of 650 for compositions from approximately x =
0.3 to x = 0.4 and finally decreases to approximately 100
for x = 1. The composition-dependent peak in the dielec-
tric permittivity [Fig. 4(b)] is consistent with established
reports for thin films of Ba1-xSrxTiO3 [19,36,37]. For
example, the peak in the permittivity tends to appear near
the ferroelectric Curie temperature, TC, which changes
with composition and is near room temperature for compo-
sitions of approximately x = 0.30 to x = 0.40 [19,38,39].
The high permittivity of these compositions at our mea-
surement temperature coincides with a decrease in the
soft-mode frequency near TC [40]. The sudden, strong
composition- or temperature-dependent transition often
seen in bulk ferroelectric single crystals is not evident

(a)

(b)

(c)

FIG. 4. The room-temperature (T = 298 K) dielectric proper-
ties of the Ba1-xSrxTiO3 composition-spread thin films are highly
composition and frequency dependent. (a) The real part of the
dielectric permittivity, ε′(ω), from 100 MHz to 110 GHz for
each of the 14 measured compositions of Ba1-xSrxTiO3 from
x = 0 (red) to x = 1 (dark blue) at room temperature. The col-
ored arrow corresponds with the color bar seen at top and
indicates the trend in the permittivity as Sr is added, and x in
Ba1-xSrxTiO3 increases. (b) The room-temperature dielectric per-
mittivity as a function of composition x in Ba1-xSrxTiO3 at 1,
10, and 110 GHz. (c) The loss tangent [tan δ = ε

′′
(ω)/ε′(ω)] of

the measured compositions x in Ba1-xSrxTiO3. The colored arrow
again indicates the trend in the loss tangent as x in Ba1-xSrxTiO3
increases.
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in our measured data. Rather, our thin film Ba1-xSrxTiO3
likely undergoes a diffuse phase transition (DPT) due to
local strain and size effects [41,42].

The DPT nature of these thin films is also manifest in
the broad relaxations with composition-dependent charac-
teristic relaxation times ranging from a few picoseconds
to subpicosecond. For compositions where x > 0.8, the
frequency dependence is effectively negligible. Broad dis-
persion behavior and other relaxorlike characteristics were
previously established in the Ba1-xSrxTiO3 system and
other DPT ferroelectrics and linked to nanoscale polar
regions with a finite distribution of sizes [40]. We explore
this composition-dependent relaxation behavior in further
detail as part of our discussion of the application of the
Cole-Cole model.

The measured loss tangent [tan δ = ε′′(ω)/ε′(ω)] of
the film also displays a strong composition-dependence
[Fig. 4(b)]. The loss tangent across the full frequency range
from 100 MHz to 110 GHz decreases monotonically as x
increases from x = 0 to x = 1. The losses for the Ba-rich
compositions in our composition-spread Ba1-xSrxTiO3 film
are large (tan δ > 0.2) and increase rapidly at millimeter-
wave frequencies above 30 GHz. In contrast, when x is
close to 1 (Sr-rich), the losses are low (tan δ ≈ 0.02), even
at 110 GHz.

(a)

(b) (c)

FIG. 5. Applying a dc electric field to the test devices tunes the permittivity of the thin film. (a) The room-temperature (T = 298 K)
tuning curves of select Ba1-xSrxTiO3 compositions at 40 GHz from a previously poled state to a maximum applied field of ±75 kV
cm−1. (b) The room-temperature (T = 298 K) relative tunability, nr, as a function of composition measured at 5, 20, and 40 GHz.
(c) The room-temperature (T = 298 K) tuning curves for the x = 0.68 thin film composition at 5, 20, and 40 GHz.

C. Voltage tunability measurements

Naturally, measuring the material’s response to an
applied electric field is important for studying tunable
dielectric materials. Figure 5(a) shows the real part of the
dielectric permittivity [ε′(ω)] with respect to the applied dc
electric field from a previously poled state to a maximum
applied field of ±75 kVcm−1 for five notable composi-
tions x in Ba1-xSrxTiO3 at 40 GHz. Here, the total relative
tunability (nr) of the thin film is

nr = ε′
film(E0) − ε′

film(Emax)

ε′
film(E0)

, (2)

where ε′
film(E0) is the dielectric permittivity of the film

without the dc bias field, and ε′
film(Emax) is the permittivity

of the film under the maximum dc bias field. The high-
est observed relative tunability is approximately 50% at
our maximum field of 75 kVcm−1, but this behavior per-
sists for compositions from x = 0.0 to x = 0.5 [Fig. 5(b)].
While we expect to see high relative tunability for the com-
positions with near-room-temperature TC [43], the broad
composition range with high tunability may be explained
by the DPT characteristic of these thin films. As we con-
tinue to add Sr (i.e., increase x in Ba1-xSrxTiO3), both the
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relative tunability [Fig. 5(b)] and the hysteresis [Fig. 5(a)]
in the tuning curves decrease. The reduction in hysteresis
is expected for these Sr-rich compositions that are deeper
in the paraelectric state. The more tunable Ba-rich compo-
sitions also exhibit frequency dependence of the tunability
[Figs. 5(b) and 5(c)]. For example, the general shape of the
tuning curves for the x = 0.32 composition is comparable
across frequencies [Fig. 5(c)], but the overall tunability is
about 10% less at 40 GHz than it is at 5 GHz. As we noted,
there is an intimate relationship between the electric-field
dependent dielectric behavior of these materials and the
distance between the measurement temperature and the TC
of the material under test.

D. Application of the Cole-Cole model

We apply the Cole-Cole model to our dielectric mea-
surement results [44,45]. The Cole-Cole model is a modi-
fication of the simpler Debye model, and accommodates a
distribution of relaxation times, which can be necessary for
DPT ferroelectrics. Such a distribution of relaxation times
may arise from a distribution of sizes of the defect-induced
nanopolar regions within our film [40,46]. Our selection of
the Cole-Cole model is in part due to the prevalence of
this model in reports on similar materials in the literature
(i.e., thin films of Ba1-xSrxTiO3 on crystalline substrates),
and due to our measurement bandwidth [14,46,47]. We
note that while our measurements reach higher frequen-
cies than most comparable reports, we do not capture the
descending slope of the peak in the dielectric loss. Such
measurements are key in applying the technique proposed
by Jonscher [48,49] to determine whether Cole-Davidson
[50] or Havriliak-Negami [51] models are more accurate
models at high frequency. The broadness of the relax-
ations we observe in our measurements, and the parameters
obtained preclude our use of the Cole-Davidson model.

We simultaneously fit the real and imaginary parts of
the complex permittivity ε∗(ω) for each composition x in
Ba1-xSrxTiO3 with x < 0.8 to the Cole-Cole model

ε∗(ω) = ε∞ + εs − ε∞
1 + (iωτ)β

, (3)

where εs is the static dielectric permittivity, ε∞ is the “infi-
nite frequency” permittivity, τ is a generalized relaxation
time, and β is a parameter describing the width of the dis-
tribution of relaxation times. With the focus of this work
being high-frequency dielectric behavior, and the fact that
our measurements do not extend below 100 MHz, we do
not include an additional parameter for the static electri-
cal conductivity in the modeling used in this work. We
do not apply the Cole-Cole model to compositions with
x > 0.8 because these compositions display virtually no
frequency dependence of the dielectric permittivity. That
is to say that the relaxations in these compositions occur

TABLE I. Cole-Cole model parameters and relative tunability
of Ba1−xSrxTiO3

x εs τ (ps) β nr

0.00 1122 ± 3.97 3.317 ± 0.463 0.50 ± 0.02 0.50
0.00 1157 ± 3.86 3.524 ± 0.401 0.49 ± 0.02 —
0.06 1170 ± 1.97 2.514 ± 0.254 0.51 ± 0.01 —
0.15 1177 ± 1.45 1.750 ± 0.137 0.53 ± 0.01 0.51
0.26 1212 ± 1.58 1.396 ± 0.097 0.51 ± 0.01 0.51
0.32 1147 ± 1.50 1.007 ± 0.062 0.50 ± 0.00 0.47
0.44 995 ± 1.33 0.643 ± 0.036 0.51 ± 0.00 0.50
0.52 803 ± 1.25 0.324 ± 0.019 0.53 ± 0.00 0.43
0.62 555 ± 1.14 0.115 ± 0.008 0.53 ± 0.01 0.31
0.71 388 ± 1.25 0.030 ± 0.005 0.50 ± 0.03 0.18
0.80 225 ± 15 — — 0.07
0.90 122 ± 13 — — 0.03
0.97 88 ± 12 — — 0.02
1.00 84 ± 20 — — —

ε∞ is given a fixed value of 5.8, the approximate permittivity at
optical frequencies.

outside our measurable frequency range. For these compo-
sitions, we simply provide the value εs as a constant value
for the real part of the complex permittivity, and note that
the measured loss tangent for these compositions is near
or below the detectable limit for typical transmission line
measurements of approximately 1% [28]. We determine
the fit parameters through nonlinear least squares fitting
and simultaneously provide the measurement frequencies,
the real part of the measured relative permittivity, and the
imaginary part of the measured relative permittivity so
that the fitting algorithm can converge with input from
these important factors. The best-fit parameters are pro-
vided in Table I along with uncertainties representing the
95% confidence interval derived from the calculated resid-
uals during fitting. Fixing some modeled parameters to
known values can improve modeling results. The infinite-
frequency dielectric permittivity, ε∞, is given a fixed value
of 5.8 based on measurements of the index of refraction of
similar materials at optical frequencies [52,53]. The static
dielectric permittivity, εs, is allowed to vary because a con-
stant value for this parameter is not apparent at 100 MHz
for many of the measured compositions. That is to say,
the permittivity is still changing at our lower-bound mea-
surement frequency. All other parameters are free to vary
within reasonable bounds. The Cole-Cole fits are also
included as the solid lines shown in Figs. 4(a) and 4(c).
While most of the models fit the data exceptionally well,
there are some small but noticeable differences in the loss
tangent curves for the most Ba-rich compositions above
60 GHz. This additional loss may be due to a secondary
loss mechanism in the material, radiation in the devices,
or some as-yet-unaccounted-for error in the metrology.
The ongoing development of on-wafer measurements to
220 GHz will further explore this behavior.
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(a) (b) (c)

FIG. 6. The composition-dependent Cole-Cole fit parameters provide a means to determine the dielectric properties of these
Ba1-xSrxTiO3 thin films at specific frequencies and compositions. These parameters are (a) the static-limit permittivity, εs, (b) the
characteristic relaxation time τ , and (c) the parameter β, which describes the width of the distribution of relaxation times. In all panels,
black points represent the parameters of the Cole-Cole fits to the complex permittivity for each of our measured compositions.

The Cole-Cole fit parameters are strongly composition
dependent (Fig. 6). The static-limit permittivity, εs, is large
for the Ba-rich compositions (x < 0.5) and mirrors the
composition-dependent trend illustrated by Fig. 4(b). The
critical relaxation time τ decreases monotonically as Sr is
added, or put another way, as x in Ba1-xSrxTiO3 increases.
This dependence indicates that the relaxation moves from
frequencies in the hundreds of gigahertz to frequencies
above 1 THz as x decreases. In the past, similar behavior
was linked to changes in the distribution of polar nanore-
gions [40]. As we previously noted, for compositions of x
in Ba1-xSrxTiO3 above x = 0.8, there is very little disper-
sion in the permittivity, which is consistent with previous
studies [19]. More sensitive measurements or measure-
ments to higher frequencies are likely to be needed to
reveal additional details of the dispersion behavior for
these Sr-rich compositions, especially measurements near
the soft-mode phonon frequencies expected between 2 and
3 THz [54]. Finally, the fit parameter representing the
width of the distribution of relaxation times, β, is approxi-
mately 0.5 for all measured compositions from x = 0.0 to
x = 0.8, deviating from the Debye-like value of β = 1.

IV. CONCLUSIONS

In conclusion, we develop a technique for extract-
ing the complex permittivity and relative tunability of
composition-spread thin films from 100 MHz to 110 GHz.
To demonstrate our technique, we explore PLD-grown
composition-spread Ba1-xSrxTiO3 thin films. Our investi-
gation reveals how the frequency- and voltage-dependent
dielectric properties of Ba1-xSrxTiO3 change with compo-
sition, while holding all other measurement, processing,
and growth variables constant. While many individual
Ba1-xSrxTiO3 compounds have been described elsewhere
in the literature, this report is a comprehensive study
of the complete Ba1-xSrxTiO3 system for application to
next-generation telecommunications, providing models for
key properties as a function of frequency, voltage, and
composition. Since TC changes with composition in the

Ba1-xSrxTiO3 system, our composition-dependent mea-
surements provide a window into the diffuse pretransi-
tional effects that can exist above TC in ferroelectric thin
films. Temperature-dependent measurements would pro-
vide an additional axis through which we can make an even
more comprehensive study of these effects. Future experi-
ments will include characterization of similar samples on
a probe station with heating and cryogenic capabilities to
fully explore the temperature-dependence of the dielectric
properties.

To summarize, we combine the highly controlled growth
and processing inherent to combinatorial synthesis with
broadband, quantitative, on-wafer permittivity measure-
ments. Our measurements and models provide fresh
insight into the tunability and dispersion characteristics
of Ba1-xSrxTiO3 for many combinations of composition
and frequency that have not yet been presented in the
literature, yet are highly pertinent to applied industrial
physicists working with tunable materials. We envision
this insight presenting theorists with the comprehensive
data needed to build more robust models of dielectric loss
and tunability, giving materials scientists a more complete
understanding of how this materials system behaves at
high frequencies and a target for further improvement, and
providing engineers with key property measurements rele-
vant to device performance in systems like beam-forming
antennas and tunable filters. Going forward, we hope to
incorporate our results with mesoscale modeling to bet-
ter understand how polar nanoregions and local ordering
affect relaxation behavior and apply this technique to study
multiferroic systems such as Bi1-xSmxFeO3. Like many
other fresh insights into applied physics and materials sci-
ence, we raise as many questions as we answer. How does
this relaxation change across the landscape of temperature,
field, and composition? These and other questions will fur-
ther our understanding of the relationships between struc-
ture, loss, and tunability in commercially relevant tunable
dielectrics for 5G and other uses. The comprehensive data
that can be quickly obtained by our technique provides an
ideal platform to study entire material systems and better
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inform computational models that play an increasing role
in high-frequency materials discovery and understanding
the materials genome.

Data from this article is available from the authors upon
reasonable request.
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