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Abstract

In undoped lead zirconate-titanate (PZT) films 1-2 um thick, domain walls move in clusters with a
correlation length of approximately 0.5-2 um. Band excitation piezoresponse force microscopy (BE-PFM)
mapping of the piezoelectric nonlinearity revealed niobium (Nb) doping increases the average
concentration or mobility of domain walls without changing the cluster area of correlated domain wall
motion. In contrast, manganese (Mn) doping reduces the contribution of mobile domain walls to the
dielectric and piczoelectric responses without changing the cluster area for correlated motion. In both Nb
and Mn doped films, cluster area increases and cluster density drops as the film thickness rises from 250 to
1250 nm. This is evident in spatial maps generated from the analysis of irreversible to reversible ratios of

the Rayleigh coefficients.

Introduction

Lead zirconate titanate (PZT) with a composition at the morphotropic phase boundary is widely
utilized in sensing, actuating, and transducing applications due to its high piezoelectric coefficients, low
dissipation factor, comparatively temperature-stable performance, and facile ceramic processing capability.
PZT is modified for specific applications to control the relative amount of domain wall motion at electric
fields well below the coercive field 4. Donor doping of PZT ceramics, for example by substituting Nb>*
and Ta** on the (Zr/Ti)*" site, is charge compensated largely by lead-site vacancies in the crystal lattice,
along with a smaller population of ¢lectrons; donor doping produces “soft PZT”. Conversely, acceptor
additives such as Mn** and Fe?* on the (Zr/Ti)* site produce “hard PZT” by generating oxygen vacancies
in the lattice and a smaller population of holes.

Accompanying these changes in the defect chemistry are changes in the domain wall contributions
to the permittivity, piezoelectric coefficients, and elastic stiffness. In hard PZT, the domain walls are “hard”
to move, such that the extrinsic contribution to the macroscopic response is modest. In contrast, the domain
contributions to the functional propertics in soft PZT are more substantive 5121,

Despite the widely documented importance of domain wall motion, there are still numerous
unknowns about how to quantitatively describe the macroscopic response as a function of local microscopic
behavior. For instance, it is now well established that in both single crystal and polycrystalline samples,
domain walls move collectively during the switching process, such that motion of one domain wall often
triggers an avalanche of correlated motion. These avalanches have been reported to be favored at kinks or
junctions of different types of domain walls 3711 Correlated switching has also been linked to the existence

of a random distribution of defects with widely varying pinning potentials [*°). However, the link between



collective motion and correlative switching of domains to the macroscopic piezoelectric behavior is not
well known.

Boser demonstrated that a uniform distribution of restoring forces induces Rayleigh-like responses
of the domain walls at ficlds well below the coercive field 2!, Rayleigh behavior of the dielectric and
piezoelectric responses has been widely observed in macroscopic measurements of lead-based films
clamped to Si substrates [°-111[22-3%], Rayleigh behavior in the piezoclectric response even at very local scales
1s, in and of itself, an indication that domain wall motion must be correlated, such that a Gaussian
distribution of restoring forces can be sampled over the correlation volume. Bintachitt et al. experimentally
demonstrated collective motion of domain walls in ferroelectric films, as opposed to the motion of
noninteracting walls, via nonlinear band excitation piezoresponse force microscopy (BE-PFM)
measurements of undoped PZT films. It was found that the correlation length for motion of domain walls
was typically ~ 0.5-2 pum in films clamped to their underlying substrate, where this dimension was much
larger than either the grain size or the domain size [*!1. Marincel et al. found that individual microstructural
features (e.g. grain boundaries) produce pinning sites that also affect domain wall motion for length scales
up to ~800 nm [32-34],

Given this background, it is interesting to ask whether donor and acceptor doping of PZT films
influences not just the mobility of domain walls, but their correlation length over which clusters of domain

walls move cooperatively. That is the goal of this paper.

Experimental Procedure

Sample Fabrication

Two sets of samples were created to investigate the influence of thickness and dopants on the
domain clusters in PZT films on silicon substrates: (1) 2 mol% Nb doped Pb(Zrq 55 T145)O; (PNZT) films
with thicknesses from 288 nm to 1210 nm; (2) 2 mol% Mn doped Pb(Zr; 5, Tip45)0; (PMZT) films from
222 nm to 1265 nm. Table 1 shows each PNZT and PMZT film thickness. The commercial chemical
solution (PZT-E1, Mitsubishi Materials Corporation, Tokyo, Japan) used for the seed layer, bulk layer and
top layer are described in detail clsewhere 331, These average compositions are at the morphotropic phase
boundary for PZT. It is noted, though, that the films were prepared by chemical solution deposition, which

induces Zr/Ti gradients associated with each crystallization step, as reported previously 391,

500 um diameter, 100 nm thick platinum top electrodes were deposited by DC-sputtering and

patterned by a standard lift-off process for electrical characterization.



Table 1: PNZT and PMZT films.

. Thickness . Thickness
Film Film

(nm) (nm)

288 222

528 498

2mol% 775 2mol% 7
Nb-PZT 1023 Mn-PZT 1085
1210 1265

Piezoresponse Force Microscopy

The AFM used in this study was a commercial Cypher AFM (Asylum Research, Santa Barbara,
CA). All PFM measurements were taken with Pt-coated cantilevers (PPP-EFM) with a nominal spring
constant of ~3 N/m and resonance frequency of ~75 kHz. BE-PFM was performed using external data
acquisition electronics based on a NI-6115 fast DAQ card controlled by custom-built Labview software. A
voltage signal around the cantilever contact resonance frequency, which combined chirp and sync
waveforms, was applied to the AFM probe and clectrode capacitor. This enabled quantitative /ocal
measurements of piezoelectric nonlinearity while having a defined uniform electric field as previously
described B, Prior to PFM measurements, each capacitor was poled with a probe station at 150°C for 15
minutes at 3x the average coercive voltage (V). Table S1 (Supplemental Materials) shows the coercive
field and poling voltage for each PZT film. PFM measurements were initiated no sooner than 60 minutes
after the DC bias was removed to reduce artefacts from aging. The PFM experimental data was stored in

h5 files and post-processed using the python pycroscopy package 7).

Nonlinear BE-PFM experiments involved linearly increasing the bias voltage excitation amplitude
from 0 to ~1/2 V., where V,is the coercive voltage of the sample, in the frequency range of 325-360 kHz.
The conductive probe and top electrode were driven with the same excitation function while the bottom
electrode was grounded, which helped to minimize electrostatic contributions. To minimize potential
measurement artifacts due to nonlinear cantilever dynamics, resonance peak asymmetry was analyzed by
chirping up and down in frequency space as described previously B8 The phase of the chirp wave was
tuned closer to a sync, so that both chirp sweeps contained symmetric and overlapping resonance peaks.

Spectroscopic maps were collected on a two-dimensional grid on the electrode surface. The resultant



multidimensional dataset was a function of frequency, amplitude, excitation voltage, and two spatial

coordinates.

Data Analysis

A simple harmonic oscillator equation (SHO) was used to fit the cantilever response as a function
of frequency for each voltage step and position, obtaining the corresponding amplitude at resonance (4,,..),
resonant frequency (@,), and mechanical quality factor (Q). The nonlinear function of 4,,,. was described
by a second-order polynomial A, =A,+A4;*E, - +A,*E,7; differentiation with respect to the electric field
yielded the Rayleigh law 1. The ratio of the Rayleigh coefficients associated with irreversible (a;;5) and
reversible (ds;,.4,) contributions is given by 24,/4;, where A4, is the quadratic coefficient, A; is the linear
coefficient, and A, is the intercept of the second-order polynomial. As previously noted, Ao was assigned to
0 B, Excitation amplitudes below the detection range of BE-PFM were excluded from the quadratic fit
with a threshold being an SHO coefficient of determination (R?) greater than 0.5,

K-means clustering [*1 was performed on each 0.435/53,,:5.; Spatial map to group datapoints with
similar response into three clusters: low, medium, and high response. The k-means clustered spatial map
was binarized so that each pixel containing a Rayleigh ratio in the highest bin received a value of 1 and all
other pixels were 0. A median filter was applied to the binary image, and a python label “blobbing” function
(4] determined the number of clusters and the area of each cluster (in wm?). An identical analysis was

repeated for all ten PZT film nonlinear BE-PFM measurements.

Results & Discussion

All PZT films exhibited a <100> preferred orientation as confirmed by Bragg-Brentano x-ray
diffraction (XRD) patterns (see Supplemental Materials, Figure S1). Figure 1 shows the XRD pattern of
Mn-doped and Nb-doped PZT films, ~500 and ~1000 nm thick, around the 100 PZT peak. The Shannon-
Prewitt effective ionic radii of Nb>* and Mn?* in octahedral coordination are 64 pm and 58 pm, respectively
(411, The 100 XRD peak in both Nb-doped PZT films shifted to a lower 26 value, corresponding to a larger
out of plane unit cell lattice spacing. No thickness dependence on lattice parameter was observed for a given

dopant.
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Figure 1: Bragg-Brentano x-ray diffraction analysis of 500 nm and 1000 nm thick PZT 61ms doped with
Mn and Nb near the 100 PZT peak.

Figure 2a illustrates the experimental setup for nonlinear BE-PFM measurements. All
measurements were performed on capacitors, such that the probe acted as a strain sensor and the electric
field distribution across the film was homogeneous and quantifiable. The piezoresponse at each point was
captured across the frequency band centered on the resonant frequency ofthe cantilever (-345 kHz) for
both chirp directions, as shown in Figure 2b. The resultant SHO maximum amplitude (4max) is plotted as a
hinction of applied AC electric field in Figure 2¢ for a single pixel, which was fitted with the quadratic
polynomial 4 MV 4, *E4Cc+A2*Eac? represented as the blue curve. The black data point in Figure 2¢ represent
the excitation amplitudes below the detection range of BE-PFM; such points were excluded from the

quadratic fit.
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Figure 2: BE-PFM results ofthe Mn-doped 500 nm thick PZT film, (a) A schematic ofthe experimental
setup, (b) The phase ofthe chirp wave tuned closer to a sync value, producing overlapping resonance
peaks for both frequency chirp directions, (¢) An example ofthe resonance amplitude quadratic fit for a
single pixel, with the black data points excluded from the fit. (d) A map of4 2 (proportional to &33dnitial) (e)
Map ofthe A3 (proportional to ad33) (f) The ad33/ d33dnitiat ratio map.

The piezoelectric amplitude is directly proportional to sample displacement s, Amax=fih, where K is
cantilever sensitivity [31]. The Rayleigh law is extracted by the differentiation of Amax: f>d33j = pd33initia, +
2-)Ud33h ir. where d33/is the piezoelectric coefficient, A, oc d33dritial and 242 oc ad33. Evidence of domain wall
clustering is displayed in Figure 2d, which shows the spatial map ofRayleigh coefficient d33dnitial Similarly,
Figure 2e shows clusters with higher ad33, or irreversible domain wall contributions, compared to the lower

ad3’ matrix. The ad33/d33dnitisl map displayed in Figure 2falso shows clustering ofthe extrinsic response.

The d33dnitial map illustrates the presence of large-scale features, which range from hundreds of
nanometers to 2 micrometers. The ad3} map also illustrates micron-sized clusters. It is noted that the d33dritial
and ad3} cluster maps are largely decoupled from one another. This is visualized in Figure 2 (d-f), where
the solid black circles show regions ofhigh d33dnitisl and high ad33 coefficients while the dotted black circles
show regions of high d33dnitial but low ad33 coefficients. The white circles highlight regions where both

hs.mitiai and ad33 responses are low.
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Figure 3: Contact atomic force microscopy topography maps of 500 nm thick PZT films doped with Nb
(a) and Mn (b). Nonlinear Rayleigh ratio maps for 500 nm thick PZT film doped with Nb (c) and Mn (d).
Histograms ofnonlinear Rayleigh ratio maps (c/d) for Nb (e) and Mn (f) doped PZT films, with black
lines as Gaussian fits.

Figure 3 (a,b) show the topography of'the 500 nm thick Nb and Mn doped PZT film surfaces,
respectively, measured with contact mode AFM. The average in-plane grain area for the 500 nm thick Nb-
doped film was 33 x 103+ 7 x 103 pml and 20 x 103 £ 2 x 103 pm for the Mn-doped film. Grain area
analysis was performed with scanning electron microscopy and the line intercept method, which is shown
in Figure S2 of Supplemental Materials. The average surface roughness for both films does not exceed 1.3
nm. Additionally, it should be noted that there were small differences between the electrical conductivity
of the donor and acceptor doped films; as is typical in PZT, the majority of the doping was ionically
compensated, rather than electronically compensated [42-14] The conductivity between films of donor and

acceptor doping was not expected to differ significantly.

A comparison of spatially resolved nonlinear Rayleigh ratio maps from BE-PFM are presented in
Figure 3 (c,d) for Nb and Mn-doped films, respectively. High response clusters with areas 0.1 to | pm2,
much largerthan the average grain area in each film, can be observed. Histograms ofthe nonlinear Rayleigh

ratios for Nb and Mn doped films are shown in Figure 3 (e,f), respectively, with average ad33/d33iinitia, ratios



0of38.5x103 cm/kV and 21.2x103 cm/kV, respectively. The black lines in Figure 3 (e,f) are Gaussian fits
to the Rayleigh ratio histograms which do not fully fit the spatial distribution of ad33/d33dnitial ratios. There
is a slight skew ofthe histogram data to a smaller ratio in both films. The higher nonlinearities in the Nb
doped PZT film are related to reduced domain wall pinning, as is typical in bulk donor doped PZT ceramics

[ii].

Importantly, the cluster areas are similar between the two films even though the adi3/d33dnitiaj ratio
is very different. The adi3/d33dnitis, maps for Nb and Mn doped PZT films displayed in Figure 3 (c,d) were
processed to calculate individual high response cluster areas. The image processing was performed with
the scikit learn [39] and scikit image [40] analysis tools in Python, and the individual steps are shown in Figure

S3 in Supplemental Materials.

Nb-doped
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Nb grain area
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Number of clusters (normalized)

Figure 4: High mobility cluster areas in Nb-doped (blue) and Mn-doped (red) PZT films 500 nm thick.
The white regions (right-side cluster maps) are regions which had high ad33 d33jmnal responses.

A closer examination ofthe individual cluster areas for 500 nm thick Nb-doped (blue) and Mn-
doped (red) PZT films is given in Figure 4. The left-side plot displays the distribution of cluster areas, with
the horizontal dashed lines representing the average grain areas for the two films. The right-side images are
the binary spectroscopic maps ofhigh response Rayleigh clusters in white; both medium and low response
regions are shown in black. Ofthe twenty-five clusters larger than 0.01 pm2, 76% are bigger than the

average grain area in Nb-doped PZT and 77% are bigger than the grain area in Mn-doped PZT. More than



75% of the high Rayleigh response clusters in each film are larger than the average grain area,

demonstrating domain avalanche characteristics across grain boundaries.

Another recent report demonstrates the triggering ofcoupled motion offerroelastic twin boundaries
in SrTiCfi by weak mechanical vibrations [45] In SrTi03, this occurs dynamically at temperatures below
100K. Here, in PZT, the long range coupling for small signal excitations is shown to occur at room
temperature. Furthermore, clusters in the range of 0.01 pml to 2 pml are independent of dopant type,
demonstrated by the overlapping trend of cluster area versus the normalized cluster number. Thus, the
correlation length for the motion ofdomain walls is comparable for both donor and acceptor-doped films.
This suggests that the size of domain avalanches is unaffected by lead or oxygen vacancies at the 2% dopant
levels in 500 nm thick PZT films. The combination ofthe data in Figures 3 and 4 suggests that extrinsic
contributions are suppressed everywhere (e g. at very small volumes) in the Mn-doped films, and enhanced
at very small volumes in the Nb-doped films. That is, point defects do not govern the spatial extent of

correlated domain walls, just their local mobility.

An identical analysis ofthe spectroscopic ad3i/d33/nmal ratios for each Nb doped and Mn doped PZT
film between 250 nm and 1250 nm thick enabled evaluation of cluster characteristics in films of varying
thickness. The results are shown in Figure 5, which displays the binary Rayleigh response clusters (with
white regions as the high response clusters) for each film thickness. It was found that as PZT film thickness
increased, the total number of clusters greater than 0.01 pm? in size within a 4x4 pm? scan size decreased.
This trend is also shown in the right-most plot in Figure 5. There is no clear difference in the number of
clusters between the films with different dopant types, as the Nb-doped and Mn-doped results largely

superimpose in the range offilm thicknesses investigated.

PZT film thickness
0.5 pm 0.75 pm | pm 1.25 pm

Figure 5: Binarized cluster maps showing regions ofhigh nonlinearity (white) in a matrix of medium and
low nonlinearity (black) for 4x4 pm? scan sizes. The right-most figure shows the number of clusters as a
function of film thickness for Nb-doped (blue) and Mn-doped (red) PZT films.



An evaluation ofthe cluster areas in each PZT film is shown in Figure 6 (a) and (b) for Nb-doped
and Mn-doped films, respectively. The bar charts represent trends between individual cluster area and PZT
film thickness. First, in both Nb and Mn doped films, the thinner films contain more clusters in a 4x4 pm?
area, visualized by the long tails extending to 0.01 pm? cluster area for the 250 nm thick film (red). The
thicker films (e g. 1250 nm film in grey) have relatively few clusters, each one larger than the majority of
clusters in the thinner films. Second, the total cluster area and the number of clusters for each film is
independent of dopant type but is dependent on the film thickness. The high response clusters represent
32% and 33% ofthe 16 pm? scan region for the Nb-doped and Mn-doped 500 nm thick films, respectively.
However, the 250 nm Mn-doped film contains 8% high response (clustered) regions compared to 42% high

response regions for the Mn-doped 1250 nm (Figure 6b).

Figure 6: Bar charts for Nb-doped (a) and Mn-doped (b) PZT films from 250 nm to 1250 nm thick,
showing the cluster area for each identified cluster larger than 0.01 pm2.

Finally, the black lines in Figure 6 indicate that as film thickness increases for films with both
dopant types, the largest cluster observed in the analysis increases. Bassiri-Gharb et al. [J] and Denis et al.
4" reported that for PZT films near ~1 pm thick, domain mobility increased in films ofincreasing thickness
because, either, the potential energy profile for moving domain walls contains increasingly shallow wells,
the concentration of pinning sites due to substrate clamping is lower, or the mobility of existing domain
walls increases [9] In this study, as film thickness increases from 250 nm to 1250 nm, the avalanche
characteristics indicate more collective irreversible motion of domain walls, possibly because with

increased thickness, there is a higher probability ofa region which couples well to adjacent regions laterally.



Conclusions

This work describes how dopants and film thickness affect clustering of irreversible domain wall
motion in Nb- and Mn-doped PZT films that are 250 nm to 1250 nm thick. Nonlinear band excitation
piczoresponse force microscopy measurements enabled local spectroscopic mapping of irreversible to
reversible Rayeigh ratios in 4x4 um? regions. It was found that domain clustering exists in both Nb- and
Mn-doped PZT films in this thickness regime, with cluster areas as small as PZT grains (~20x10- um?) and
as large as 4.2 um? in the ~1250 nm thick films with each dopant type. The individual cluster areas increased
with increasing film thickness but did not depend on the dopant or crystalline vacancy defect type. As film
thickness increased, cluster density decreased and the percent of high response regions in a 4x4 um? scan

arca increased, indicating more collective irreversible motion of domain walls.

Supplementary Material

Supplementary materials include the poling conditions for all films, X-ray diffraction patterns and
scanning electron micrograph images of the 500 nm thick films for both dopants, and an example image
analysis separating high response clusters.
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