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Abstract

The dielectric properties of BaixCaxTi1-xZrxO3 (BCTZ) thin films are explored by varying x
from 0 to 0.18 through an RF magnetron co-sputtering process. Thin films are analyzed by
Rutherford Backscattering Spectroscopy, X-Ray Diffraction and dielectric measurements on parallel
plate capacitors as a function of temperature (from 100 to 420K), frequency (from 100 Hz to 1 MHz)
and static electric field (from 0 to 250 kV/cm). The evolutions of their dielectric properties with
composition are systematically compared to bulk ceramic counterparts. In both cases, a continuous
crossover from classical-to-relaxor ferroelectric behavior along with a decrease of the temperature
of the permittivity maximum are observed as x increases. Besides, a phase convergence region
(PCR) between cubic, tetragonal, orthorhombic and rhombohedral symmetries is evidenced for
compositions close to x = 0.12. This is the first time that such a PCR is observed in thin films. At
this point in the phase diagram, all of the dielectric parameters undergo specific variations. In
particular, the enhanced permittivity dependence to external electric field for these Ca and Zr
contents is attributed to an emerging relaxor behavior together with its vicinity of the PCR. These

results make BCTZ thin films potential candidates to achieve electrically tunable devices.
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1. Introduction

Ferroelectric oxide thin films endowed by high tunability (ie high non-linear variation of
their dielectric permittivity €’ under an external electric field), low dielectric losses (tan &) and low
leakage current together with good thermal stability are attractive candidates to design miniaturized
and electrically reconfigurable devices. The integration of ferroelectric-based tunable devices, such
as capacitors, impedance matching systems, filters/resonators or phase shifters, enables to achieve
wireless telecommunication platforms that can cover more and more functions while keeping low

bulkiness and power consumption.[1-3]

Most of the researches are focused on derivative compounds from the archetypal ferroelectric
BaTiOs (BT), whose spontaneous/induced polarization mainly arises from the shift of Ti** ions from
the center of the BOe octahedral cage of the ABO3s perovskite structure. Hence, BT ferroelectric
properties strongly depend on its crystal symmetry, which varies from the high temperature cubic
(C) paraelectric phase to the tetragonal (T), orthorhombic (O) and rhombohedral (R) ferroelectric
phases as the temperature decreases. Besides, the polarizability dependencies to external stresses
(such as pressure or electric field) are enhanced in the vicinity of the structural transitions.

The BaTiOs-CaTiOs-BaZrOz ternary system (BCTZ) attracts a great attention since the BT
ferroelectric features can be tailored either with A- or B-site aliovalent substitutions in order to tune
the dielectric properties and to bring structural transitions close to a targeted operating temperature.
Bulk BCTZ ceramics show a complex structural phase diagram leading to rich varieties of dielectric
features including classical ferroelectric, incipient ferroelectric, diffuse or relaxor behaviors.[4]
Starting from BT, substitution with zirconium reduces the paraelectric-to-ferroelectric transition
temperature as well as the number of structural transition from 3 (R-O, O-T, and T-C) to 1 (R-C)

around 15% Zr with Tr-c = 280 K.[5-7] In addition, a gradual macroscopic crossover from classical



ferroelectric (up to 15% Zr) to an intermediate diffuse regime, and up to a relaxor behavior (above
26% Zr) was observed as the local B-site cationic disorder increases by substituting larger Zr** (0.72
A) for Ti** (0.605 A). In a different way, substitution of Ca®* (1.34 A) for Ba®* (1.61 A) in the large
A-site of BT structure is likely to preserve the ferroelectricity as it stabilizes the tetragonal distortion
through chemical pressure effect. Indeed, substitution with calcium promotes slight increase of Tt-c
along with decreases of To.t and Tr-o until they completely disappeared for 23% Ca.[8,9]
Interestingly, investigations of bulk ceramics in the pseudo-binary system (1-
y)BaTio.8Zro203 — yBao.7Cao3TiO3 have revealed for y = 0.32 a Phase Convergence Region (PCR)
at 340 K, ie presence of a quadruple point between R, O, T and C phases.[10,11] Compositions
around PCR have demonstrated very large piezoelectric coefficients thanks to the reduction of
energy barrier for lattice distortion leading to high flexibility for polarization rotation under
moderate external stress.[12,13] These high performances make BCTZ a relevant lead-free
alternative to the harmful PbTi1-xZrkO3 (PZT) compound for electromechanical technologies.
BCTZ thin films have also been considered to achieve ferroelectric-based tunable devices
with attractive properties in comparison with the industrially processed Bai-xSrxTiOsz (BST)
compounds.[14-21] Nonetheless, few reports were devoted to the evolution of dielectric properties
as a function of temperature and/or frequency over large range of composition.[16,21-24] In
particular, none of them evidence an evolution of the dielectric behavior of thin films as it is observed
in the complex bulk BCTZ phase diagram. In this context, this report is focused on the exploration
of dielectric and tunable properties of Ba1.xCaxTi1xZrkO3 (0 < x < 0.18) thin films starting from the
well-behave BaTiOsz and increasing the Ca and Zr contents. First, the chemical and structural features
of BCTZ thin films obtained through a co-sputtering process are introduced. Second, the attention

is focused on the dielectric behavior of thin films as a function of temperature, frequency and electric



field. Finally, the role of composition on the dielectric and tunable performances of thin films are
discussed by relying on a systematic comparison with bulk ceramics counterparts (whom
experimental results are detailed in Supporting Information) aiming at providing a comprehensive

picture of relation between composition and dielectric behavior in the BCTZ system.

2. Experimental Section

BCTZ thin films were deposited by RF magnetron co-sputtering starting with two 3 inch
homemade ceramic targets of compositions: BaTiOs (named hereafter target 1) and
Bao.sCao.2Tio.g3Zro.1703 targets (named hereafter target 2). Films were deposited on two different
substrates: Si(100) and Pt(111)/TiOx/SiO2/Si(100) substrates. Prior each deposition, the substrates
(20x20 mm?) were thoroughly cleaned in liquid acetone and isopropanol vapor, and subsequently
placed in the deposition chamber (Plassys MP700) pumped down to a base pressure of 5.10 Pa.
The depositions were performed in Ar/Oz plasma (P =5 Pa, 1% O), with the substrate holder at the
floating potential, maintained at 650°C and at distance of 10 cm from both ceramic targets. The
composition of thin films have been tailored by changing Psctz (%) from 0 to 100%, which
corresponds to the percent of RF power applied to target 2 according the total power applied on both
targets upon deposition.

A first set of thin layers (thicknesses of ~80 nm) were deposited on Si(100) substrates to
determine their chemical composition and deposition rate by Rutherford Backscattering
Spectroscopy (RBS) and X-Ray Reflectometry (XRR), respectively. RBS analyses were carried out
using 4He* ion beams (2 MeV) with a scattering angle of 160°. The spectra were fitted using
SIMNRA software. XRR analysis were performed with a Bruker D8 Advance 4-circle

diffractometer equipped with a Gobel mirror, using a CuKal monochromatic source powered at 40



kV and 40 mA. In view of dielectric measurements, a second set of thicker films were deposited on
Pt(111)/TiO«/Si02/Si(100) substrates with thicknesses of 300+10 nm, checked with a dektak 6m
Veeco profilometer. The structural characteristics were assessed by X-Ray Diffraction (XRD)
analyses, using the same set up as for XRR.

The dielectric characterizations were performed on MIM capacitors, obtained by the
deposition of top Pt electrodes (& = 600 wm) by magnetron sputtering through a shadow mask over
the BCTZ films (300 nm thick). First, the dielectric characteristics (in air and at Tamb = 300 K) of all
samples were rapidly assessed using a probe station (Karl Siss) to confirm the reproducibility over
at least six capacitors. Subsequently, samples were mounted in a home-made cryogenic cell to
measure the dielectric properties of selected capacitors as a function of temperature (100 to 420 K)
under He atmosphere. In both cases, measurements were conducted by HP A 4194 impedance

spectrometer, operating from 100 Hz to 1 MHz with an AC voltage of 0.1 V.

3. Results

The chemical composition of thin films on Si substrates have been determined by Rutherford
Backscattering Spectroscopy (RBS). In the hypothesis that all the elements occupied the ABOs3
perovskite structure, atomic ratios of B/A = 1.00 are recorded for all the samples within experimental
uncertainties. The atomic ratios Ca/(Ba+Ca) and Zr/(Ti+Zr) are presented in Fig. 1 as a function of
Pectz (for definition of Pectz see section 5. Experimental). It can be noticed that, Ca and mainly Zr
contents, are higher than the expected values for a linear evolution of composition from BaTiO3
(target 1) to BaosCao2Tio.s3Zro.1703 (target 2) as Pecrz increases. The compositional deviations
between films and targets are hardly interpretable in complex multi-elements system deposited by

sputtering techniques. Indeed, it can be attributed to numerous phenomena such as difference of



(re-)sputtering yields, of angular spreads or of re-evaporation between elements. However, it is
worth noticing that an over-stoichiometry in zirconium has been reported for sputtered BTZ films
and for BCTZ single crystal obtained by Top-Seeded Solution Growth method.[25,26] In the latter
case, zirconium over-stoichiometry originates from difference in Zr and Ti effective segregation
coefficients. These results suggest that a potential out diffusion of Ti upon BCTZ growth may led to
its preferential re-sputtering/evaporation, explaining the abnormally high Zr content in thin films. In
the range 0% < Pgctz < 63%, a linear increase of Ca and Zr concentrations with Pgctz is observed,
with equal Ca and Zr content in the resolution limit of RBS technique. This equality while the
sputtered target includes more Ca than Zr may be ascribed to a preferential segregation of the latter.
Hence, in the following of the paper, the attention will be focused on samples obtained with 0 <
Pectz < 63% and they will be denominated by the corresponding value x (0 < x < 0.18) in Bai-
xCaxTi1-xZrxOs formula. Note that similar compositions for samples obtained with Pgctz = 50 %,
deposited at the beginning and at the end of the second set samples, have highlighted the
reproducibility of the process.

The structural features of thin films have been systematically analyzed by X-Ray Diffraction
(XRD). A representative pattern is presented in Fig. 2. All the samples present a preferentially 111
orientated perovskite structure without secondary phase, in the detection limit of the probing
technique. No significant peak shift and peak splitting were observed with the variation of the
substitution rate. This effect can be related to chemical fluctuation in BCTZ together with
inhomogeneous strain for thin films. All the films were assigned as pseudo-cubic with apc = 4.077
+0.005 A. Nevertheless, short-range order structure with various symmetries cannot be ruled out in

spite of the average pseudo-cubic structure observed by XRD.[27]



The room temperature dielectric properties (¢’ and tan 8) of BCTZ thin films are presented
in Fig. 3a-b as a function x. The permittivity remains in the range 378-444 for x <0.12, while it falls
down to 235 when x is further increased up to 0.18. The dielectric losses slowly increase from 1.6%
to 2.0% when x varies from 0 to 0.12. Beyond this substitution rate, tan 6 decreases down to 1.0%
for x = 0.18.

The temperature dependence of the dielectric permittivity for all the compositions (x = 0,
0.04, 0.06, 0.08, 0.10, 0.12, 0.15 and 0.18) and three frequencies (1, 10 and 100 kHz) are presented
in Fig. 4a-h. All the samples display only one dielectric anomaly with a maximum in permittivity at
a temperature noted Tm, which is attributed to the transition between macroscopic polar to non-polar
phases. For low substitution rates (x = 0, 0.04, 0.06 and 0.08), dielectric anomalies are observed on
broad temperature ranges, with a gradual reduction of their Tm as the substitution rate increase (from
370 K, 335 K, 325 K to 295 K at 100 kHz, respectively). For all these compositions, the evolutions
of the dielectric permittivity with temperature remain frequency independent. For higher substitution
rates (x = 0.10, 0.12, 0.15 and 0.18), a continuous decrease of T is still observed (from 230 K, 205
K, 172 K to 154 K at 100 kHz, respectively). As a counter-intuitive result, the dielectric anomalies
for these substitution rates appear sharper than for the lower ones; in the same time, a more and more

pronounced frequency dispersion is observed. These two issues are addressed below.

The broadness of the dielectric anomalies in temperature (ATgnomary) IS quantified for a
frequency of 100 kHz using the following formula:
ATgnomaty = To.ose,, (above Ty;) — To.985m(b910W Tm) (1)
where T} og¢,, Values correspond to the temperatures at which 98% of the maximum of permittivity

em is measured, below and above Tm. A continuous reduction of AT, maiy IS Observed when 0 < x



< 0.10 (Fig. 5) down to minimum values when the composition reaches the range 0.10 < x < 0.18,
highlighting that dielectric anomalies become sharper with the increase of Ca and Zr contents for
the range of studied compositions. Nonetheless, in every cases, broad anomalies observed for thin
films suggest that local polar region may subsist even above Tnm.

For high substitution rates (x = 0.10, 0.12, 0.15 and 0.18), &’(T) curves reveal a shift of T
toward higher temperatures as the frequency increases, which is typical to a relaxor behavior. The
frequency dispersion (AT,,) is characterized using the following formula:

AT, = m(1MHz) — Im@kHz) 2
where Ty, (1muz) and Try 1z COrrespond to T, at 1 MHz and 1 kHz respectively. In agreement with
the classical ferroelectric behavior reported on bulk samples for compositions close to BaTiOs3,[4]
AT, values remain equal to O for 0 < x < 0.08 (Fig. 6). Above this substitution rate, AT,,, rises with
x from 13, 15, 25, to 28 + 3 K for x = 0.10, 0.12, 0.15 and 0.18, respectively. This evolution
underlines the appearance from x = 0.10 and the strengthening of the relaxor behavior with higher
Ca/Zr contents.

The tunability of thin films at 100 kHz was calculated using the following formula:

tunability (%) = Emax ~&(E(ermax) + E(bias)) x 100 (3)

7
Emax

Where &ax and €( (cimax) + Eviasyy (With E(bias) =+ 250 kV.cm™) were used to take into

consideration the slight shift of &'(E) curves (E(¢'max) # 0 kV.cm™) due to some asymmetric
behaviors at bottom and top electrodes/BCTZ interfaces. Fig. 7 presents, for each BCTZ film, the
tunabilities measured at room temperature (300 K) and at its Tm. At room temperature, the tunability
remarkably presents a non-monotonous evolution with x. It is improved from 25% to 40% when x

varies from 0 to 0.12, and rapidly decreases down to 15% when x is further increased. This peculiar



trend is even enhanced for tunability measured at Tm. As an example, a maximum of 49% is obtained

for x = 0.12 when its tunability is measured at its Tm = 205 K.

4. Discussion

In order to get a deeper insight in the evolution of the dielectric behavior with composition,
a comparison between BCTZ thin films and bulk ceramic counterparts is presented. The transition
temperatures for bulk ceramics (Tr-o, To-t and Tr-c or Tr-c where applicable) and for thin films (Tm)
are plotted in Fig. 8 as a function of x along with the corresponding classical ferroelectric, diffuse or
relaxor behavior. Note that the dielectric measurements of ceramic samples are presented in Fig. S1
in Supporting Information.

For bulk samples, three transitions (R-O, O-T and T-C) are detectable for 0 <x <0.12. The
transition temperatures (Tr-o, To-t and Tr.c) are far from each other for x = 0 and tend to come
together in the PCR as x increases up to 0.12. For 0.15 < x < 0.18, the transition R-C is solely
detected. The dielectric behavior changes from classical ferroelectric (0 < x < 0.12), to an
intermediate diffuse behavior (x = 0.15), and finally to relaxor regime (x = 0.18), in agreement with
the published data. [4] The transition temperatures between low temperature polar phase to high
temperature non-polar phase are noted T, both for T1.c (0 <x <0.12) and for Tr-c (0.15<x <0.18).
On the whole composition range, a continuous decrease of Twm with increasing X is observed. For
thin films, only one broad anomaly is detected in all the €’(T) curves (Fig. 4a-h). The maximain ¢’,
at the temperatures noted Tm, correspond to the transition between macroscopic low temperature
polar phase to high temperature non-polar phase. As for bulk ceramics, a monotonous decrease of

Tm with x is observed. Nevertheless, Tm values are downshifted in comparison with Tm values
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considering equivalent compositions. In addition, the relaxor regime is observed for substitution rate
as low as x = 0.10 for thin films, while it is observed for x = 0.18 in the case of bulk ceramics.

The macroscopic relaxor behavior for BCTZ is ascribed to the formation of polar nano-
clusters (Ti-rich ordered regions) in a less-polar host (containing disordered Ti and Zr).[28,29] The
elementary units that lead to the observed dielectric properties are thus assigned to local electric
dipoles resulting from the correlated off-centering of Ti*" within clusters of temperature dependent
sizes. Chemical heterogeneity and lower polarizability of Zr as compared to Ti are the main
ingredients for this model. For both bulk and thin film specimens, continuous crossover from
classical ferroelectric to relaxor behavior along with a decrease of Ty and T are directly linked to
the increase of Zr content in a disordered B-site cationic network in the case of BCTZ solid-solution.
It is worth noticing that the decrease of Ty in BCTZ is moderated by the presence of small Ca* in
the A-site cationic network, in comparison with similar Zr contents in the Ca-free BaTixZ1.xO3
system.[5-7] The discrepancies between films and ceramics are related to extrinsic contributions for
thin layers such as reduction of grain size below polar domain size, inhomogeneous residual stress,
higher compositional fluctuations, interface contributions.[30-35] These effects promote higher
dispersion of polar-region size and correlation length that lead, ultimately, to a broadening of
temperature-induced transitions along with a reduction of the stability for macroscopic polar phases
versus temperature (Tm > Tm). Consequently, the broad anomalies in &’(T) curves for 0 < x <0.08
(see large values for AT 4,,omatie 1N Fig. 5) can result from the overlap of the three expected dielectric
anomalies for such compositions (for the sequences R-O, O-T and T-C). Furthermore, the sharper
anomalies when 0.10 < x < 0.18 (see reduction of AT ,omaiie N Fig. 5) reflect that these
compositions meet a PCR similarly to bulk counterparts, with transition temperatures downshifted

of about 100 K for thin films. Remarkably, these results show that the convergence of transition
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temperatures is determined by the chemical composition in BCTZ system (PCR around x = 0.12 for
BaixCaxTi1xZrxOs whatever the processing condition for sample preparation) and that the
temperature of convergence can be adjusted by microstructural contributions (grain size, strain...),
as highlighted by the extended PCR represented by a grey rectangle in Fig. 8.

The highest tunability is obtained for thin films with x = 0.12, a composition close to PCR
(Fig. 7). It is worth recalling that this composition is equivalent to y = 0.4 in the pseudo-binary (1-
y)BaTiosZro203 — yBao7Cao3TiOs system and has displayed among the highest piezoelectric
response for BCTZ bulk ceramics.[12] Therefore, the high tunability can be partially explained by
an enhanced polarization flexibility to moderate external stresses (either pressure or electric field)
thanks to a reduction of the difference of free energy between the polar phases in competition at the
vicinity of PCR.[12,13,36] Coexistence of the different polar phases and the instability of the
polarization orientations have also been reported to play a major role in the enhancement of the
tunability in other systems.[37] On the other hand, the tunability should reach a maximum close to
the ferroelectric-to-paralelectric transition temperature, named Curie temperature T¢ for a classical
ferroelectric (named in this work Tm or Twm for thin film and bulk ceramic samples, respectively, to
take into consideration that the dielectric behavior varies from classical ferroelectric to relaxor
regime).[38,39] This is experimentally evidenced by comparing the two curves in Fig. 7 and in other
systems like the well-known BaixSrxTiOz, for which Tc can be tailored by A-site substitution
without breaking down the classical ferroelectric behavior.[1] Thus, in the present study, it can be
surprising that the highest room temperature tunability is not obtained for thin films with x = 0.06
(Tm = 295 K) but for thin films with x = 0.12 (Tm = 205 K). These results suggest that the local
chemical disorder in BCTZ system still play a major macroscopic contribution, even far above Tn.

As mentioned earlier, the increase of Ca and Zr contents leads to a crossover from classical

12



ferroelectric to relaxor behavior due to a more disordered cationic arrangement. In complex
perovskite system, this effect is generally accompanied with an increase of the diffuse character of
the temperature-induced transitions. The diffuseness of the transitions at 100 kHz can be assessed

through the determination of the critical parameters y in a modified Curie-Weis law:[40,41]

1 1 (T-Ty)Y

PR e R (4)

£ Em
. . 1 1
where C and y are constant values extracted from the linear fits of Ln(; — E,—) Versus
m

Ln(T — T,,) plots in the paraelectric regime above Tr in the range +30 to +55 K (Fig. S2). Since the
onset of permanent dipoles in an ideal ferroelectric follows the classical Curie-Weiss law, the critical
parameter y provides some information on the deviation to long-range ordered system. It varies from
y = 1 for classical ferroelectric phase transition to y = 2 for diffuse phase transition with highly
disordered configuration. For bulk ceramics, a monotonous variation of y from 1.0 to 1.9 is observed
as x is raised from 0 to 0.18 (Fig. 9), in line with the continuous crossover from ferroelectric to
relaxor. Astonishingly, the evolution of y for thin film samples displays a different trend. The critical
parameter rises from y = 1.42 for x = 0 to a maximum value of y = 1.99 for x = 0.12. Beyond this
substitution rate, a decrease of y is observed despite a strengthening of the relaxor behavior (see
increase of AT, in Fig. 6). The higher values of y for thin films compared to ceramics can be mainly
traced back, as discussed before, to discrepancies in (micro)structural features leading to higher
concentrations of defects for sputtered layers.[30—35] Note that similar trends have been reported
for BCTZ ceramics densified by conventional sintering and spark plasma sintering processes.[42]
The highest value of y for BCTZ thin films with x = 0.12 results from a highly disordered system
due to the competition between long range and short range order. This configuration is promoted by
the presence of polar clusters having various correlation length in a non-polar host, which is

evidenced by an emerging relaxor behavior for these Ca and Zr contents. In addition, the local
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disorder may be strengthened with the coexistence of T, O and R polar phases due to the vicinity of
the PCR for x = 0.12. Regarding the latter point, structural instabilities around PCR should provide
an easier accommodation of residual stress for thin films through phase transitions upon cooling.
Such relaxation process may lead to a higher distribution of polar cluster of different phases along
with a reduction of their size responsible for an increase of y parameter. This issue deserves further
characterizations addressed in future works.

In summary, the improved tunability for BCTZ thin films with x = 0.12 can be explained by
the concomitance of two phenomena (note that a summary of the collected dielectric data on thin
films is presented in Table S1). First, the highest non-linear dependence of dielectric permittivity to
electric field originates from an optimized number and size of polar-cluster in the non-polar matrix.
As evidenced on other systems,[38,39] the best properties arise from the best compromise between
high concentrations of polar clusters but sufficiently diluted in the non-polar host to enable their
extension under moderate external electric field. This is evidenced for films with x = 0.12 by an
emerging relaxor behavior (see AT, in Fig. 6) in highly disordered configuration (see the highest y
of 1.99 in Fig. 9) together with a dielectric permittivity remaining high (see &’ = 443 in Fig. 3).
Second, the presence of structural flexibility due to degeneracy of T, O and R polar phases around
the PCR for films with x = 0.12 further improve the dielectric properties (see the low ATg0mary IN
Fig. 5). This configuration may promotes a high distribution of phases in polar clusters even far
above Tm along with their easy extension upon poling due to instability of the polarization

orientations in the vicinity of the PCR.[43]
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5. Conclusions

The dielectric properties of Bai-xCaxTi1-xZrxOs thin films and bulk ceramics (0 < x < 0.18)
are presented as a function of temperature and frequency. In both cases, the following features are
observed: i) a gradual crossover from classical ferroelectric-to-relaxor behavior together with a
decrease of the transition temperature between macroscopic polar to non-polar phases as the
compositions vary from BaTiOs down to BaZrO3-CaTiOs; ii) a phase convergence region (PCR) for
x close to 0.12.

The room temperature tunability of thin films present an optimal value of 40% for the same
composition x = 0.12, despite its transition temperature is as low as 205 K. This shows that this
composition range which leads to exceptional piezoelectric properties is also the most non-linear
even far from the transition temperature. These unusual features are ascribed to an optimized number
and size of polar clusters resulting from an emerging relaxor behavior for these Ca and Zr contents
along with their easy coarsening due to the vicinity of the PCR.

As a whole, comparison between thin films and ceramics highlights that the occurrence of
PCR is intrinsically governed by the chemical composition of BCTZ (with x close to 0.12 in
Bai-xCaxTi1-xZrxO3) and the temperature of convergence can be shifted by extrinsic contributions
(grain size, strain) within an extended PCR. These results pave the way to further improvements for

BCTZ functional performances through tailoring of their microstructural properties.
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Fig. 1. Atomic ratios Ca/(Ba+Ca) and Zr/(Ti+Zr) as a function of Pscrz extracted from RBS
measurements. Dashed lines correspond to linear ratios vs Pectz.
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