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Scaling effects were investigated in tetragonal {001} textured Pb(Zr0$3Ti0.7)O3 thin films doped with
2mol% Nb over a thickness range of 0.27 mme1.11 mm. Scaling effects refer to the size-induced degra-
dation of properties at length scales exceeding those associated with the ferroelectric stability limit. The
irreversible Rayleigh coefficient was found to be thickness-dependent, indicating suppression of the
extrinsic contributions to the relative permittivity for all clamped films. Both defects in the seed layer
and substrate clamping contributed to the observed thickness dependence. The influence of the seed
layer on dielectric properties was accounted for using a capacitor in series model. After the films were
partially declamped from the substrate, the irreversible contributions increased up to 23% in Nb-doped
films and became more frequency dependent (by up to 29%). The suppressed frequency dependence in
the clamped films was attributed to the pinning of irreversible domain walls active at lower frequencies.
Both the seed layer and substrate clamping contributed to the pinning of irreversible domain walls.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Ferroelectric thin films such as Pb(ZrxTi1-x)O3 (PZT) have high
dielectric and piezoelectric properties which can be utilized in ac-
tuators, sensors, transducers, and energy harvesters in micro-
electromechanical systems (MEMS) [1,2] A small film thickness is
necessary when high capacitance density (including thin film
multilayer ceramic capacitors) or low voltage operation is required
[3e5] However, thickness-dependent property degradation limits
the extent that the film thickness can be reducedwhilemaintaining
the performance of such devices [6,7].

Scaling effects are the size-induced degradation of piezoelectric,
ferroelectric and dielectric properties at length scales (typically
between 10 nm and 1 mm) exceeding those associated with the
thermodynamic stability limits for a ferroelectric phase (~1 nm)
[7,8] Scaling effects in ferroelectric films are caused by: substrate
clamping, residual stresses, dislocations, interfacial passive layers,
electrode screening, depolarization fields, changes in grain size, a
niversity, N-256 Millennium
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higher concentration of defects at the film-substrate interface, or
thickness-dependent changes in the domain wall population and/
or changes in the domainwall mobility [9e15] Additionally, scaling
effects can be exacerbated by processing. Conversely, size effects
are caused by the suppression of the intrinsic contribution to the
material response as length scales approach the limits of thermo-
dynamic stability for a ferroelectric phase (~1 nm). Examples of
suppressed intrinsic contribution include the reduction of ferro-
electric distortions, polarization, piezoelectric coefficients, and
permittivity.

Scaling effects are manifested in the degradation of the longi-
tudinal piezoelectric coefficient and relative permittivity as a
function of film thickness. This phenomenon is evident for both
epitaxial and polycrystalline ferroelectric films of various compo-
sitions [7]. In most Pb-based perovskites, the relative permittivity
(εr;33) starts to decay significantly below a film thickness of
~100 nm; however, in some cases, gradual decreases in the
permittivity start in films as thick as ~1 mm [16]. Since the degra-
dation of εr;33 occurs at film thicknesses much greater than the
ferroelectric stability limit, the property degradation at these
lengths scales is attributed to extrinsic scaling effects [17,18] In
particular, it is observed that ferroelastic non-180� domain wall
motion is suppressed as thickness decreases.
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The nonlinearity in the relative permittivity along with the
hysteresis in the polarization can be quantified at sub-coercive,
alternating current (ac) electric fields using the Rayleigh law,
Eqns. (1) and (2) [19,20].

PðEÞ ¼ ðεinitial þ aεE0ÞE±
aε
2

�
E20 � E2

�
(1)

εr ¼ εinitial þ aεE0 (2)

Equation (1) describes the nonlinear dependence of the polari-
zation ðPÞ on the driving field ðEÞ, where E ¼ E0 sinðutÞ, E0is the
driving field amplitude, εinitial is the reversible dielectric Rayleigh
coefficient and aε is the irreversible Rayleigh coefficient. εinitial
arises from the reversible extrinsic contributions as well as the
intrinsic contributions to the permittivity. aε is associated with the
irreversible movement of interfaces, i.e. domain walls or phase
boundaries over a potential energy barrier within a random po-
tential energy landscape [20].

Numerous reports on PZT 52/48 [21e26] and PZT 30/70 [27]
demonstrate that the aε decreases in films of thicknesses below
~1 mm, indicating that the irreversible domain wall motion contri-
bution to the permittivity is suppressed. These prior results were
obtained for continuous films on rigid substrates. However, inmany
MEMS devices, the film is at least partially released. The release
state may change the thickness dependence of aε and associated
scaling effects, since substrate clamping is known to suppress the
extent of non-180� domain wall motion in ferroelectric thin films
[28,29] Therefore, there is a need to investigate the influence of
substrate clamping on the thickness-dependent extrinsic contri-
bution to the relative permittivity.

For a fixed film thickness, the clamping of the film can be alle-
viated in several ways. First, island structures with high aspect
ratios allow the structures to be partially declamped, thus,
increasing 90� domain wall mobility and doubling the remanent
polarization of PZT at high applied electric fields [28,30] Addi-
tionally, piezoelectrically-active, ferroelectric nanotubes with high
aspect ratios have been created via vacuum infiltration of macro-
porous Si templates (aspect ratio of >10:1) [31] or a bottom-up
nanomanufacturing method (aspect ratio of 5:1) [32]. The high
aspect ratios in these studies were chosen such that substrate
clamping effects could be minimized. Declamping can also be
achieved by releasing diaphragm structures from the underlying
substrate [33,34] The resulting increase in dielectric properties
were attributed to lower potential energy barriers which allowed
enhanced irreversible domainwall motion and an increase in aε for
the released film. Synchrotron diffraction of films >1 mm in thick-
ness demonstrate that released films show higher levels of non-
180� domain reorientation under field [29]. However, released
cantilevers still demonstrate thickness dependent remanent po-
larization and piezoelectric properties attributed to residual
stresses. These residual stresses are commonly associated with the
thermal expansion coefficient mismatch between the film and the
substrate and/or the presence of a thin layer at the film-substrate
interface with a low dielectric constant [35]. In this work, scaling
effects have been investigated in PZT films< 1 mm thick in both
clamped and partially released states relevant to MEMS devices.
2. Experimental procedure

2.1. Film synthesis and nanofabrication

Tetragonal, {001} textured polycrystalline Pb(Zr0$3Ti0.7)O3 (PZT
30/70) thin films doped with 2% Nb were fabricated via chemical
solution deposition (CSD) as described elsewhere [36,37] The
solutionwas deposited onto a Pt/TiO2/SiO2/Si stack to produce films
with thickness ranging from 0.27 to 1.11 mm. Prior to the deposition
of the film, a 0.08M PbO layer was spin coated onto the Pt then
dried (1min. at 150 �C and 2min. at 250 �C) and pyrolyzed
(10min. at 400 �C). This PbO layer was not crystallized. The un-
derlying layer of PbO provided excess lead at the film-substrate
interface which minimized lead loss to the substrate during crys-
tallization. A commercial PZT-E1 sol-gel solution (Mitsubishi Ma-
terials Corporation, Tokyo, Japan) of composition Pb(Zr0$3Ti0.7)O3
with 10mol% lead excess, doped with 1mol% Mn and a concen-
tration of 10wt% PZT was used to promote {001} texturing. This
solution was deposited onto the PbO layer at 2000 rpm, dried
(2min. at 150 �C), pyrolyzed (5min. at 300 �C), and crystallized in a
rapid thermal annealer (RTA) (1min. at 700 �C in flowing O2 gas at
2 SLPM and a ramp rate of 10 �C/s). As shown in Supplemental Fig.1,
a spin speed of 2000 rpm produced the best {001} texturing of the
seed layer; this corresponds to a seed layer thickness of ~60 nm.
Above this critical thickness, {111} texture developed; below this
critical thickness, {110} texture was observed. Similar results have
been obtained for seeding of undoped PZT 52/48 films from Mit-
subishi Materials solutions [38,39].

After the crystallization of the seed layer, 0.4M PZT 30/70 sol-gel
with 12mol% lead excess and doped with 2mol% Nb was spin
coated at either 3000 rpm or 1500 rpm, dried (2min. at 250 �C),
pyrolyzed (5min. at 400 �C), crystallized in the RTA (1min. at
700 �C in flowing O2 gas at 2 SLPM and a ramp rate of 10 �C/s) and
repeated until the desired overall film thickness was obtained. To
obtain high quality films with similar grain size distributions, the
processing conditions were optimized for the desired film thick-
ness as needed. As the overall film thickness decreases, the number
of deposited layers must be decreased to keep the spin speed and
layer thickness constant. However, as the number of deposited
layers decreases, there is an increased probability of forming a pin
hole in the film which will result in a decreased electrode yield. To
combat this, the number of deposited layers was increased in
thinner films (<0.56 mm thick). Increasing the spin speed from
1500 rpm to 3000 rpm decreased the thickness of each deposited
layer and allow more layers to be deposited for a given film thick-
ness. This methodwas also employed by Bastani et al. to obtain thin
insulating PZT films [11]. Supplemental Fig. 2 shows a schematic of
the thickness series. The long pyrolysis step enabled the growth of
high-density films with lateral grain sizes of 50e150 nm, as shown
in Supplemental Fig. 3 which includes field emission scanning
electron microscopy (FESEM) images for each film thickness in the
series.

To provide excess lead to the surface of the film, after every 5
crystallized layers of PZT 30/70, 0.08M PbO layer was spin coated at
6000 rpm, dried (1min. at 150 �C and 2min. at 250 �C) and crys-
tallized in the RTA (1min. at 700 �C in flowing O2 gas at 2 SLPM and
a ramp rate of 10 �C/s). The PbO crystallization steps are also shown
in Supplemental Fig. 2, labeled as ‘PbO cap’. This converted lead-
deficient surface pyrochlore (or fluorite) phases to the desired
perovskite phase [40], and improved {001} texturing for both series
of samples.

Large area platinum top electrodes (3.5mm� 0.7mm) were
defined photolithographically and sputtered onto the PZT using RF
magnetron sputtering. Part of the electroded area of the films was
released from the substrate by dry etching 600 mm� 146 mm pits
through the Pt/PZT/Pt/TiO2/SiO2 stack using an Ulvac NE-550
inductively coupled high-density plasma etch tool. The exposed
Si substrate was then etched via an isotropic Xactic XeF2 e1 vapor
etch tool until a 100 mm diameter trench was formed, as discussed
elsewhere [29,33] The conditions of the etch recipes for these two
steps are listed in Table 1. The sample was annealed at 400 �C for
30min before and after the XeF2 etch step to remove residual



Table 1
Etch conditions for released structures.

Material Chamber Pressure Gas Chemistry Forward Power Etch Rate

Pt/PZT/Pt/TiO2 5 mTorr 30 sccm Cl2 300W at MHz Pt: 1500 s/mm
40 sccm Ar 0W at MHz PZT: 300 s/mm

SiO2 5 mTorr 50 sccm CF4 300W at MHz 240 s/mm
Si 2 mTorr XeF2 e 6 s/mm
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moisture and reduce etch damage. The density of the etch pits
within one electroded area dictated the percent of electroded area
that was released from the substrate (fully clamped or 0% released,
25% released, 50% released and 75% released), as illustrated in Fig. 1
(a). The suspended electroded area above the trench represents a
declamped region of the film, shown in Fig. 1 (b). An optical mi-
croscope image of the top down view of a released electrode and a
cross-sectional FESEM micrograph of the released Pt/PZT/Pt/TiO2/
SiO2 stack suspended above the etch trench are shown in Fig. 1 (c)
and (d), respectively.
2.2. Characterization

The orientation and phase of the film was determined from X-
ray diffraction (XRD) patterns taken using a lab source diffrac-
tometer (PANalytical Empyrean), as shown in Fig. 2 (a, b). Lotgering
factors ranged from 90% to 100% depending on the film thickness,
with Lotgering factors closer to 100% for films below ~0.5 mm. The
volume fraction of c-domains (n002) of a sample in the as-processed
state was calculated from the integrated intensities of the 002 and
200 XRD peaks using LIPRAS (Line-Profile Analysis Software) [41]. An
Fig. 1. (a) A top down view of the Pt electrode for each release state: clamped or 0% releas
achieved by varying the density of the etch pits within one electroded region. (b) 3-D cross-
through the Pt/PZT/Pt/TiO2/SiO2 stack and the 100 mm diameter etch trench that was unde
croscope image of the top down view of part of a released electrode and (d) a cross-sectional
example of the peak fitting for the 1.1 mm film is shown in Fig. 2 (c)
and the corresponding n002 values are shown in Fig. 2 (d). The peaks
were fit using an asymmetric Pearson VII function which takes into
account the peak asymmetry and approximates the diffuse scat-
tering [42]. n002 was calculated using Equation (3), as described
elsewhere [43,44].

n002 ¼
I002
I0002

I002
I0002

þ 2 I200
I0200

(3)

The term Ihkl represents the integrated intensity of the hkl
reflection determined from the peak fit. I

0
hkl represents the refer-

ence intensity from the powder diffraction file (I
0
002¼109 and

I
0
200 ¼ 249) [45]. By using the ratio of integrated intensities over a
reference intensity, the structure factors for the 002 and 200 re-
flections in a tetragonal system are accounted for. Error of n002 was
calculated using an error propagation method that accounts for the
integrated intensity error generated from peak fitting using LIPRAS.

Polarization vs. electric field (PeE) hysteresis loops were
measured at a frequency of 10 Hz using a Radiant Precision
ed, 25% released, 50% released and 75% released. The different degrees of release were
sectional schematics of the release structures including the etch pits that run vertically
rcut into the Si substrate below each etch pit region (not to scale). (c) An optical mi-
micrograph of the released Pt/PZT/Pt/TiO2/SiO2 stack suspended above the etch trench.



Fig. 2. Phase pure X-ray diffraction patterns of tetragonal {001} textured PZT 30/70 thin films doped with 2% Nb and thicknesses ranging from 0.27 mm to 1.1 mm (a, b). The peak
fitting of the 002/200 peaks for the 1.1 mm film is shown (c). The change in the volume fraction of c-domains (n002) is also shown as a function of film thickness (d). Note: error bars
are smaller than the symbol size.
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Ferroelectric Tester for both clamped films and 75% released films.
Further electrical characterization in the form of Rayleigh analysis
was conducted on both clamped and released films at frequencies
ranging from 50 Hz to 4 kHz with applied AC electric fields up to
0.5*Ec (where Ec is the coercive field). These measurements were
taken using a Hewlett Packard 4284A LCR meter. The samples were
subject to an anneal at 400 �C for 30min. and an aging time of 24 h
prior to the Rayleigh measurements. The aging process was
consistent across all samples prior to Rayleigh analysis. Error was
calculated using an error propagation method that accounts for the
error associated with a 95% confidence interval of the linear fit of
the Rayleigh parameter as a function of applied AC electric field.
2.3. Capacitor in series model

To minimize the influence that the seed layer has on the Ray-
leigh analysis, a capacitor in series model was applied to the
permittivity data, as shown in Equation (4) in terms of capacitance
(C) and Equation (5) in terms of the dielectric constant (k).

1
C
¼ 1

Cf
þ 1
Cs

(4)

k
t
¼ kf

tf
þ ks

ts
(5)

where C represents the measured capacitance, Cs is the measured
capacitance of the seed layer, Cf is the capacitance of the balance of
the ferroelectric film and t is the total thickness [11,46e49] Cs was
not extracted from a linear relationship between C�1 vs. film
thickness at zero thickness. Since the volume fraction of c-domains
is not constant as a function of film thickness, the standard
extrapolation will not accurately predict the interface capacitance,
since it does not account for the thickness-dependent change of
domain state. Rather, Cs is the capacitance of the seed layer,
measured as a function of ac electric field for frequencies ranging
from 50 to 4000Hz, as shown in Supplemental Fig. 4 (a). Dispersion
curves of the Rayleigh parameters for the seed layer are also re-
ported in Supplemental Fig. 4 (b). The seed layer has a measured
dielectric constant of 510 (measured at 1 kHz and 30mV), which is
~25% less than that of the 0.35 mmPZT film of the same composition
andmeasurement conditions. To check the quality of theMitsubishi
Materials solution used for the seed layer, a 0.38 mm thick film was
grown using this solution. The measured Rayleigh parameters of
the Mitsubishi Materials 0.38 mm film were comparable to that of a
2-MOE-based sol gel film of thickness 0.38 mm, shown in
Supplemental Fig. 5, for the same composition and a common seed
layer. This comparison indicates that the suppressed properties of
the 0.06 mm seed layer, shown in Supplemental Fig. 4 (b), are due to
scaling effects.

3. Results

3.1. Thickness dependence of polarization hysteresis in declamped
films

Fig. 3 shows the P-E loops for the 2% Nb-doped PZT 30/70



Fig. 3. Polarization vs. electric field hysteresis loops of clamped 2% Nb-doped PZT 30/
70 thin films of varying thickness ranging from 0.27 mm to 1.1 mm.

Fig. 4. The change in PeE hysteresis loops of 2% Nb-doped PZT 30/70 thin films be-
tween the clamped and 75% released states for (a) 1.11 mm, (b) 0.38 mm, and (c) 0.27 mm
thick films. The evolution of the PeE loop for the 0.38 mm thick film is also shown for
clamped, 25%, 50% and 75% released states.
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thickness series. The coercive field (Ec) ranges from 54 to 63 kV/cm.
The films exhibited remanent polarization (Pr) values ranging from
11 to 18 mC=cm2. Pr is defined here to be the polarization remaining
in the material when the electric field is reduced to zero after
applying a maximum electric field of 400 kV/cm in the electric field
direction positive direction. The relatively small polarizations are a
result, in part, of the largely a-domain state of the films resulting
from the thermally induced tensile stress state of the PZT film
grown on a Si substrate [50]. In general, as film thickness increases,
the maximum polarization (Pmax) and Pr increase, characteristic of
the scaling effect. Upon release, Pr and Pmax both increase for a
given thicknesses, as shown in Fig. 4 for (a) 1.11, (b) 0.38 and (c)
0.27 mm 2% Nb-doped films. This is most clearly seen in Fig. 4 (b),
which shows the changes in the PeE loop of 0.38 mm film for each
release state (0%, 25%, 50% and 75%). Interestingly, the thinnest film
(0.27 mm) shows the smallest increase in Pr after being 75% released
from the substrate. This suggests that other mechanisms are
involved in pinning domains in the film (e.g., potentially higher
defect concentrations, higher grain boundary concentrations, or
higher residual stresses in the film that are not relieved upon
release).

3.2. Irreversible contributions to permittivity

3.2.1. Thickness dependence in clamped films
Rayleigh analysis was used to characterize extrinsic contribu-

tions to the relative permittivity in the form of irreversible domain
wall motion. For clamped Nb-doped films, the irreversible contri-
bution to the permittivity, aε, decreases as film thickness decreases
with thickness ranging from 1.11 mm to 0.27 mm. This thickness
dependence of aε is shown in Fig. 5 (a).

Rayleigh parameters of the PZT film, after application of the
capacitor-in-series model, were calculated for each film thickness.
For simplicity, the Rayleigh parameters prior to applying the
capacitor in series model are labeled as ‘Seed þ Film’ in Fig. 5 (a),
and the data after applying the capacitor in series model are labeled
as ‘Film’ in Fig. 5 (b). For the Nb-doped films, the seed layer has a
large effect on the irreversible Rayleigh coefficient. The aε for the
PZT film alone is 51% larger than the aε measured for the film in
series with the seed layer. The difference in aε occurs over the
entire frequency range for each film thickness.

Without the influence of the seed layer, aε values for the 1.11 and
0.56 mm films converge, which suggests that these films have
comparable domain wall pinning effects. However, the thickness
dependence of aε is still present in thicknesses below 0.56 mm.
Additionally, the aε values for the 1.11 and 0.56 mm films are lower
than those for 0.38 and 0.27 mm films at low frequencies. The origin
of this difference is unknown but could be related to a difference in
stress level associated with the domain state.
3.2.2. Thickness dependence in released films
To assess whether the suppression of aε is influenced by sub-

strate clamping, Rayleigh parameters were obtained for films that
were partially released from the substrate. Prior to the Rayleigh
measurements, the films were subject to high applied electric fields
(up to 3*Ec) to induce tearing of the diaphragms and create globally
released regions [29]. All films exhibited tearing of the diaphragms
with variations in the number of tears and the angle of the tear with
respect to the horizontal length of the etch pits. However, most



Fig. 5. Frequency dispersion of the Rayleigh parameter aε as a function of film thickness ranging from 0.27 mm to 1.1 mm for PZT 30/70 thin films doped with 2% Nb in the clamped
state before applying the capacitor in series model (Seed þ Film) (a), in the clamped state after applying the model (Film) (b) and in the 75% released state after applying the model
(c).
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electrodes have one tear at each end of the diaphragm regardless of
film thickness. The tear typically occurs at the curved ends of the
rounded, beam-like etch pits and propagates horizontally towards
the electrode edges, shown in the FESEM micrographs of
Supplemental Fig. 6. In situ synchrotron XRD measurements
confirm that, upon global release, enhanced ferroelastic reor-
ientation occurs in PZT 30/70 thin films compared to either local
released or clamped states. The enhanced properties in a globally
released film are due to the reduction in the average, global tensile
stress of the film [29]. After global release, all samples were
annealed at 400 �C for 30min. and aged for 24 h prior to Rayleigh
analysis.

To isolate the influence of substrate clamping on the thickness
dependence, the trends in aε were analyzed for a 75% released film
after applying the capacitor in series model. Upon 75% release, aε
increases by up to 23%, with larger changes for the thinner films,
shown in Fig. 5 (c) for Nb-doped films. Additionally, the evolution of
aε with increasing release state is shown for 0.27 mm 2% Nb-doped
film in Fig. 6.
3.3. Frequency dependence of aε

After applying the capacitor in series model to a clamped Nb-
doped film, the greatest increase in aε occurs at low frequencies,
shown in Fig. 7. This indicates that changes in aε are also frequency-
dependent as well as thickness-dependent. The frequency
Fig. 6. Frequency dispersion of the Rayleigh parameter aε as a function of release state
including clamped or 0% released, 25% released, 50% released and 75% released from
the substrate for 0.27 mm thick PZT 30/70 thin film doped with 2% Nb.
dependence (Ba
ε
) of the Rayleigh coefficient aε was extracted from

fits to Equation (6).

aε ¼ a
ε;i � Ba

ε
log f for frequencies in Hz (6)

After applying the capacitor in series model, Ba
ε
increases,

shown in Fig. 7 (a) for Nb-doped films. Additionally, larger changes
in Ba

ε
are observed for films below 0.5 mm in thickness. This is

highlighted in the comparison between the 0.27 mm and 0.54 mm
films, shown in Fig. 7 (bec). A ~69% increase in the frequency
dependence of aε occurs for a 0.27 mmNb-doped film (b) compared
to a ~8% increase for 0.56 mm Nb-doped film (c).

Upon 75% release from the substrate, Ba
ε
increases further for all

film thicknesses, as shown in Fig. 7 (a) for Nb-doped films. Upon
release, a greater increase in aε occurs at low frequencies, resulting
in an increase in Baε

. However, the change in Baε
upon release does

not vary greatly with film thickness.
3.4. Intrinsic and reversible contributions to permittivity

3.4.1. Thickness dependence in clamped films
The thickness dependence in the intrinsic response and the

reversible contributions to the dielectric response is represented in
the Rayleigh parameter εinitial. For clamped Nb-doped PZT films,
εinitial varies non-monotonically as a function of film thickness,
shown in Fig. 8 (a), presumably because of differences in the film
domain state. The volume fraction of c-domains (n002) increases
from 0.11 to 0.23 as film thickness increases from 0.27 to 1.11 mm for
2% Nb-doped films, as shown in Fig. 2 (c). This higher concentration
of c-domains in thicker films is consistent with findings from the
literature [51]. The resulting decrease in the intrinsic contribution
to the relative permittivity is reflected in the decrease in the εinitial
above 0.38 mm.

Rayleigh parameters for clamped, Nb-doped PZT films without
the influence of the seed layer are shown in Fig. 8 (b). εinitial in-
creases after the applying the capacitor in series model by up to
13%. εinitial values for the 0.56, 0.38 and 0.27 mm films approach
convergence, suggesting that the films have comparable domain
populations, as well as comparable reversible domain wall contri-
butions to εinitial. However, the 1.11 mm film maintains much lower
εinitial values due to the greater volume fraction of c-domains [52].
3.4.2. Thickness dependence of released films
Fig. 8 (c) shows the influence of 75% release on εinitial for the

thickness series of Nb-doped films. Upon release, εinitial decreases as



Fig. 7. Frequency dependence (B) of the Rayleigh parameter aε as a function of film thickness for PZT 30/70 thin films doped with 2% Nb (a) for the clamped state before applying
the capacitor in series model (Seed þ Film), the clamped state after applying the model (Film), and the 75% release state after applying the model. The dashed and dotted boxes
represent values of Ba

ε
for the 0.27 and 0.56 mm films, respectively. Complementary frequency dispersion of the Rayleigh parameter aε are also shown for thickness 0.27 mm (b) and

0.56 mm (c).

Fig. 8. Frequency dispersion of the Rayleigh parameter εinitial as a function of film thickness ranging from 0.27 mm to 1.1 mm for PZT 30/70 thin films doped with 2% Nb in the
clamped state before applying the capacitor in series model (Seed þ Film) (a), in the clamped state after applying the model (Film) (b) and in the 75% released state after applying
the model (c).
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film thickness increases from 0.27 to 1.11 mm. This thickness
dependence of εinitial for the 75% released film is influenced by
intrinsic contributions, i.e. the change in volume fraction of c-do-
mains as a function of thickness, since an increasing volume frac-
tion of c-domains will decrease the permittivity.

Interestingly, εinitial decreases with increasing release state for a
given film thickness, as shown in Fig. 9 for the 0.27 mm film doped
with 2% Nb. It has previously been reported that the release process
Fig. 9. Frequency dispersion of the Rayleigh parameter εinitial as a function of release
state including clamped or 0% released, 25% released, 50% released and 75% released
from the substrate for 0.27 mm thick PZT 30/70 thin film doped with 2% Nb.
itself does not change the volume fraction of c-domains at zero
applied electric field [29]. Therefore, the observed decrease in εinitial
upon release may suggest that there is a shift of at least some of the
domain walls from reversible motion in a clamped film to irre-
versible motion in a released film.
3.5. Frequency dependence of εinitial

Removing the influence of the seed layer by applying the
capacitor in series model produces little to no change in Bεinitial ,
regardless of film thickness, as shown in Supplemental Fig. 7. Upon
75% release from the substrate, there is little to no change in Bεinitial ,
regardless of film thickness, also shown in Supplemental Fig. 7.
Notably, the changes in Ba

ε
upon release exceed changes in Bεinitial .

The frequency dependence of nonlinearity for aε and εinitial are
listed in Tables II and III in the supplemental information, respec-
tively, for all film thicknesses in the clamped state before the
capacitor in series model was applied, the clamped state after the
model was applied and the 75% release state after the model was
applied.
4. Discussion

4.1. Capacitor-in-series model

The difference in aε (Daε) between the total measured response
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and the response after applying a capacitor in series model repre-
sents the decoupling of the film properties and the seed layer
properties, as shown in Fig. 10 (a). The increase in aε after applying
the model suggests that the seed layer contributes directly to the
pinning of irreversible domain walls and/or it reduces the field
across the balance of the film (which commensurately reduces the
domain wall contributions to the properties). Defect dipoles asso-
ciated with the Mn doping of the seed layer PZT solution, such as
Mn

00
Ti � V,,

O or Mn0Ti � V,,
O , are assumed to be present and create

internal electric fields that pin domain walls. Additionally, larger
increases in aε were observed for the thinner films which are more
influenced by the seed layer properties in which the seed layer
makes up a larger fraction of the total thickness.

For the 1.11 and 0.56 mm films, Daε is larger at lower frequencies
compared to higher frequencies, relating to an increase in Ba

ε
. A

larger Daε at lower frequencies indicates that the seed layer pref-
erentially influences the mobility or density of slower moving
irreversible domain walls that are active at lower frequencies. In
contrast, Dεinitial does not vary as a function of frequency, as shown
in Fig. 10 (c). DBεinitial are representative of changes in the reversible
domain wall contributions, as intrinsic contributions should be
constant in this frequency range. Therefore, the lack of change in
Bεinitial compared to that for Ba

ε
indicates that the seed layer has a

greater impact on irreversible domain wall motion compared to
reversible domain wall motion.

4.2. Substrate clamping effects

In general, aε increases upon 75% release from the substrate. It is
Fig. 10. The change in the Rayleigh parameters aε (aeb) and εinitial (ced) as a function of film
applying the capacitor in series model. (b, d) Represents the change upon release.
proposed that the potential energy barrier for irreversible domain
wall motion decreases upon release, the concentration of pinning
sites due to substrate clamping decreases upon release which al-
lows for an increase in domain wall motion, or the mobility of
existing domain walls increase. Daε upon release is greater for
thinner films compared to thicker films, as shown in Fig. 10 (b).
Strain relaxation upon release from the substrate could be a
possible explanation for this trend. Due to the thermal expansion
coefficient mismatch between the PZT film and the Si substrate, an
in-plane tensile strain in the PZT film develops upon cooling, with a
greater amount of thermally-induced strain reported in thinner
films compared to thicker films [15]. [53] Variations in the thermal
strain as a function of film thickness could also explain the
observed change in n002 of a clamped film as film thickness
increases.

Additionally, Daε is larger at lower frequencies compared to
higher frequencies, as reflected by an increase in Ba

ε
upon release.

This confirms that substrate clamping also preferentially influences
the mobility or density of slower moving irreversible domainwalls,
contributing to the suppression of Baε

. Upon release, either the
mobility of the existing domain walls active at lower frequencies
rises, or some of the slower moving domain walls are depinned.
This is not the case for reversible domain wall motion contribu-
tions. Upon release, Dεinitial does not vary as a function of frequency,
as shown in Fig. 10 (d). Since the changes in frequency dependence
are representative of changes in the reversible domain wall motion
contributions, substrate clamping also has a greater impact on
irreversible domain wall motion compared to reversible domain
wall motion.
thickness for PZT 30/70 thin films doped with 2% Nb. (a, c) Represents the change after
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5. Conclusions

Rayleigh analysis was used to investigate the influence of sub-
strate clamping on the extrinsic contribution to the relative
permittivity of PZT thin films doped with 2% Nb for a film thickness
range of 0.27 mme1.1 mm. These results indicate that both the seed
layer and substrate clamping accounted for a substantial apparent
suppression of the extrinsic contribution to the relative permit-
tivity. It was found that irreversible domain wall motion contri-
butions to the relative permittivity (aε) decrease as film thickness
decreases, consistent with findings in the literature. The suppres-
sion of aε is partially recoverable by (1) removing the influence of
the seed layer via a capacitor in series model and (2) reducing the
substrate clamping. The need for a capacitor in series model to
account for the seed layer properties will depend explicitly on
processing conditions and, therefore, should always be checked.
After removing the influence of a Mn-doped seed layer, the aε for
the PZT film alone is 51% larger than the aε measured for the film in
series with the seed layer; this is attributed to the film having a
higher irreversible domain wall motion contribution to the
permittivity compared to the seed layer. Upon 75% release from the
substrate, aε increased further by up to 23%. Finally, the frequency
dependence of aε increases upon release due to depinning of
slower moving irreversible domain walls.
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