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ABSTRACT 

This work investigates the role of crystallized layer periodicity and thickness on functional 

response in chemical solution-deposited lead zirconate titanate thin films fabricated with periodic, 

alternating Zr and Ti gradients normal to the surface of the film. Films were processed with a range 

of layer periodicities with similar total film thickness, in order to relate the number of layers and 

compositional oscillations to structural and functional response changes. Trends of increased 

extrinsic contributions to the dielectric and ferroelectric responses are observed with increasing 

layer periodicity, but are counterpointed by simultaneous reductions of intrinsic contributions to 

the same. Transmission electron microscopy reveals in-plane crystallographic discontinuity at 

individual crystallization interfaces. Samples with smaller periodicity, and thus thinner layers, 

potentially suffer from out-of-plane grain size refinement and subsequent reduction in domain size, 

thereby limiting potential extrinsic contributions to the response. The strong compositional 

oscillations in samples with larger periodicity result in deep fluctuations to the tetragonal side of 

the phase diagram, potentially reducing intrinsic contributions to the response. On the other hand, 

piezoresponse force microscopy results suggest the large chemical oscillations in samples with 

larger periodicity also result in closer proximity to the morphotropic phase boundary, as evidenced 

by local acoustic softening at switching, signaling potential phase transitions.   
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I. INTRODUCTION 

 Ferroelectric thin films have found ample use in ferroelectric random access memories 

(FeRAM), thin film capacitors, infrared (IR) detectors, acoustic and ultrasound devices, and 

microelectromechanical systems (MEMS) sensors and actuators.1, 2, 3, 4, 5, 6 Traditional processing 

of such films has often stressed chemical homogeneity in order to maximize dielectric, 

ferroelectric, and electromechanical responses.7, 8, 9, 10, 11 In lead zirconate titanate (PZT), the 

presence of a morphotropic phase boundary (MPB), which separates the rhombohedral and 

tetragonal (R/T) phases, has further increased interest in compositions with minimal chemical 

variation: enhanced polarizability arising from the coupling of phases in the vicinity of the MPB 

results in large increases to dielectric and piezoelectric responses, making compositions in its 

proximity extremely attractive.12, 13 While attempts for homogeneous PZT compositions near the 

MPB have become ubiquitous both in research and industrial applications, recent work on 

heterogeneous compositions and film structures that traverse the MPB have shown promising 

enhancements to ferroelectric and piezoelectric responses in increasingly thin films.14, 15, 16 

 A variety of approaches have been implemented to elucidate the effects of chemical 

heterogeneity in ferroelectric thin films. Theoretical methods have predicted large dielectric and 

piezoelectric anomalies in heterolayered epitaxial films.17, 18 Experimental approaches, including 

discrete heterolayers, graded compositions, bi- and tri-layer superlattices, and other fabrication 

approaches have been employed to study interactions between dissimilar phases and layers in 

ferroelectric thin films.15, 16, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27 The majority of these have demonstrated 

some degree of enhancement to ferroelectric response, in addition to interesting polarization 

interactions and thermodynamic properties, such as unusual phase change sequences and 

nonergodicity.27 Specifically, ferroelectric hetero-, bi-, and gradient-layers can show large 
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enhancements of the overall dielectric, ferroelectric, and electromechanical responses of 

ferroelectric thin films.15, 16, 23, 27 However, while functional response enhancements are often 

reported, the mechanisms by which such enhancements are derived are somewhat debated. 

Anbusathaiah et al., concluded that labile ferroelastic nanodomains in R/T bilayered PZT thin films 

contribute to giant electromechanical couplings in the films.16 Work by Mangalam et al., 

demonstrated nearly coherent strain in PZT R/T bi-layered and graded thin films, contributing to 

asymmetric bias profiles in the films, thereby resulting in increased tolerance to strain relaxation 

and enhanced ferroelectric properties.15 Others have suggested that electrostatic coupling, internal 

bias fields, interfacial asymmetry, and flexoelectricity contribute to increased polarizability and 

resulting enhancements of functional properties in ferroelectric superlattices.14, 15, 17, 18, 21, 24, 28, 29 

While the origins of response enhancement are perhaps multifaceted and not unequivocally 

elucidated, the fact remains that the overwhelming majority of these reports has concentrated on 

single-layer films with unique B-site cation (Zr/Ti) gradients, or unique bi-layers of rhombohedral 

and tetragonal compositions. 

 In this work, we investigate chemical solution deposition (CSD) of periodic PZT thin films 

deposited with alternating R/T layers across a range of layer periodicities. Attractive response 

enhancement has clearly been demonstrated for films spanning the MPB and leveraging the 

resulting phase boundary; by studying films of similar thickness but varying layer periodicity, we 

can elucidate the contributions of the periodicity of fluctuations in chemical heterogeneity to 

changes in functional response. Furthermore, we can study potential contributions to the functional 

properties from the mobility of internal interfaces, e.g., phase boundary and domain wall motion, 

by correlating structural and chemical variations in the films to trends in their dielectric and 

ferroelectric responses. The study of periodically-layered, chemically-heterogeneous CSD thin 



5 
 

films is expected to shed light on the fundamental interactions and mechanisms for response 

enhancement of PZT compositions in proximity to and traversing the MPB. 

 

II. EXPERIMENTAL PROCEDURE 

 Periodic R/T (pR/T) PZT thin films were fabricated via CSD from precursor solutions with 

nominal composition Pb1.2Zr0.53Ti0.47O3, with concentrations varying from 0.10M to 0.40M. The 

films were spin-coated on platinized 100-oriented, p-type Si wafers (675 µm Si // 500 nm thermal 

SiO2 // 35 nm sputtered TiO2 // 100 nm Pt), pyrolyzed at 400° C for 60 seconds to remove solvent 

and residual organic material, and annealed at 700° C for 60 seconds in a rapid thermal annealer 

after each deposited layer. A seed layer of 0.15M PZT, approximately 15 nm thick, was deposited 

first to induce 100-texture in the subsequent PZT layers. The overall target thickness for all 

samples was ~200 nm. Thermodynamic and kinetic nucleation and growth factors, as described 

by Brooks et al.,30 and Calame and Muralt,31 result in films with steep Ti/Zr cation gradients (and 

expected R/T phases, discussed later) normal to the thickness of the film across each individually-

crystallized layer. Measured layer periodicity, Λmeas, was calculated using contact profilometry 

(KLA-Tencor P15, subject to 3-5% experimental error), using the formula  

 
Λ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =

𝑑𝑑
𝑛𝑛

 
(1) 

where d is the film thickness(subtracting the seed layer thickness from the total measured 

thickness) and n is the number of crystallized layers. For comparison of crystallographic 

orientation, chemical composition, and film microstructure, multiple films were also fabricated 

using a traditional “multi-layer anneal” (MLA) method, where multiple layers are pyrolyzed 

together before a final crystallization anneal (see Figure 1).11 This method yields highly-
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homogenous CSD PZT thin films with good dielectric and electromechanical properties, as 

described elsewhere.11 

 Baseline X-ray diffraction (XRD) analysis of both the pR/T thin films as well as the MLA 

films for comparison was performed on PANalytical Alpha-1 (Figure 2). The periodicity of the 

pR/T films is investigated by the presence of satellite peaks centered around the 100- and 200-

peaks of PZT (Figure 2a, 2c), as described by Schuller.33 In addition to the previously-described 

method of determining each individual layer thickness, the stacking periodicity of the pR/T films 

were also determined using the Schuller formula:34 

 
Λ𝑆𝑆𝑆𝑆ℎ𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 =

𝜆𝜆
2[sin(𝜃𝜃𝑖𝑖 − 𝜃𝜃𝑖𝑖−1)] 

(2) 

where λ is the wavelength of the X-ray beam and sin(𝜃𝜃𝑖𝑖 − 𝜃𝜃𝑖𝑖−1) represents the incident angle 

between two subsequent satellite peaks in the XRD trace. Comparisons of the Schuller 

periodicities, ΛSchuller, and measured periodicities, Λmeas, are shown in Table 1. Chemical 

fluctuations across the thickness of the films were studied through use of X-ray photoelectron 

spectroscopy (XPS) depth profiling (Figure 3) on a Thermo K-Alpha using Ar bombardment to 

etch the sample between measurements.  

 

Table 1. Properties of CSD pR/T films. Comparison of layer periodicities, Λ, as measured via contact profilometry 

(taking into account the seed layer thickness), Λmeas, and by using the Schuller formula, ΛSchuller.33 The results show 

good agreement between Λmeas and ΛSchuller, with a maximum of 8% variation. 

 
Solution 
Molarity 

(M) 
Layers 

Thickness 
(nm) 

Lotgering 
Factor (100) 

(%) 
Λmeas (nm) ΛSchuller (nm) Error 

0.10 16 199 ± 6 93 11.5 ± 0.3 10.9 ± 0.1 6% 

0.15 9 201 ± 6 96 20.7 ± 0.6 20.4 ± 1.6 1% 

0.20 7 211 ± 6 99 28.0 ± 0.8 26.4 ± 1.2 6% 

0.25 6 216 ± 6 98 33.5 ± 1.0 32.3 ± 0.6 4% 
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0.30 5 205 ± 6 99 38.0 ± 1.1 41.5 ± 1.9 8% 

0.35 4 208 ± 6 99 48.3 ± 1.4 49.1 ± 2.2 2% 

0.40 4 241 ± 7 98 56.5 ± 1.7 57.6 ± 1.7 2% 

0.40 3 190 ± 6 99 58.3 ± 1.7 58.8 ± 0.1 1% 

  

In order to further investigate internal interfaces in the films, including potential phase 

boundaries and domain walls, transmission electron microscopy (TEM) was performed on selected 

samples. Cross-sections for TEM were prepared on an FEI Nova 600 dual-beam instrument using 

standard protocols. (S)TEM and energy dispersive X-ray spectroscopy (EDX) analyses were 

performed on a Philips TF20 operated at 200 kV and equipped with an EDAX Phoenix EDX 

system. EDX spectrum images were acquired with low dwell times and summed to improve the 

signal to noise ratio and minimize damage/contamination. The intensity of the Zr and Ti Kα lines 

was then determined by background subtraction and integration using Hyperspy.35 The Zr 

composition, x from PbZrxTi1-xO3 was estimated using the Cliff-Lorimer analysis of the Zr/Ti 

ratio.36 The k-factor was estimated from the MLA sample assuming a Zr composition, x, of ~ 0.52 

for the median ratio of intensities from the Zr & Ti profiles and applied to both samples.36 While 

a rough estimate, this provides good agreement with the XPS data, revealing Zr enrichment in the 

narrow uppermost portion of each deposited layer, possibly leading to a slightly more 

rhombohedral structure. Results of bright-field TEM (BF-TEM) imaging, integrated EDX profiles, 

and high-angle annular dark field (HAADF) imaging are shown in Figure 4 and will be discussed 

in detail in Section III. Due to the relatively fine spatial fluctuations of composition, balancing the 

signal-to-noise ratio and sample damage under the electron beam, EDX analysis was not practical 

on the 0.10M (16-layer) film. 

 Dielectric, ferroelectric, and piezoelectric characterization were performed on all samples 

following fabrication. The measurements included, in order, low-field permittivity, polarization-
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electric field hysteresis, dielectric permittivity as a function of AC electric field amplitude, 

dielectric permittivity-DC field tunability characterization, and macroscopic piezoelectric 

response as a function of DC electric field. Samples were poled with an applied DC bias at ambient 

temperature for 600 seconds at approximately five times the coercive voltage, Vc, directly before 

macroscopic electromechanical measurements in order to maximize out-of-plane polarization 

contributions to the piezoelectric response. A summary of these measurements for samples across 

the range of layer periodicities is shown in Table 2.  

Low-field dielectric permittivity (εr) measurements were conducted at 100 mV and 1 kHz 

using an Agilent 4284A precision LCR meter. Polarization-electric field (P-E) hysteresis loops 

were performed up to fields of 300 kV/cm at 100 Hz, using a Radiant P-PM2 ferroelectric test 

system. Nonlinear AC dielectric permittivity (εr-EAC) was measured up to approximately 150 

kV/cm at 1 kHz. DC electric field-dependent dielectric permittivity (εr-EDC) measurements were 

performed up to 300 kV/cm DC bias with an overlapping small-signal 100 mV at 1 kHz. 

Measurements of the converse, effective longitudinal piezoelectric response (d33,f) as a function of 

DC field (d33,f-EDC) were performed on an aixACCT double beam laser interferometer (DBLI) up 

to 300 kV/cm DC bias with an overlapping AC signal VAC ≈ 0.5Vc. All measurements reported are 

subject to experimental error up to 3-5%, due to sample variability. The vertical shift in the 

polarization-field (P-E), ΔP/2 (Table 2), is calculated using the formula 

 Δ𝑃𝑃/2 =
𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟+ + 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟−

2
 (3) 

where Prem+ and Prem- are the values of the positive and negative remanent polarization, 

respectively. Similarly, the horizontal shift of the electric field in both the P-E and d33,f-EDC 

hysteresis loops is determined by 

 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
𝐸𝐸𝐶𝐶+ + 𝐸𝐸𝐶𝐶−

2
 (4) 
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where EC+ and EC- are the positive and negative coercive fields, respectively. The dielectric 

tunability is calculated using the expression 

 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  
𝜀𝜀𝐷𝐷𝐷𝐷,𝑚𝑚𝑚𝑚𝑚𝑚 − 𝜀𝜀𝐷𝐷𝐷𝐷,𝑚𝑚𝑚𝑚𝑚𝑚

𝜀𝜀𝐷𝐷𝐷𝐷,𝑚𝑚𝑚𝑚𝑚𝑚
 (5) 

where 𝜀𝜀𝐷𝐷𝐷𝐷,𝑚𝑚𝑚𝑚𝑚𝑚 and 𝜀𝜀𝐷𝐷𝐷𝐷,𝑚𝑚𝑚𝑚𝑚𝑚are the maximum and minimum values of the dielectric permittivity-

DC field hysteresis measurement, respectively. 

 The Rayleigh approach was used to study intrinsic and extrinsic contributions to the 

dielectric response by analysis of the AC field-dependent permittivity.37, 38, 39, 40, 41 The analysis 

quantifies reversible contributions (εinit) due to reversible domain wall motion and lattice vibration 

via the intercept of the AC field-dependent dielectric response; as well as irreversible contributions 

(α), including domain wall and phase boundary motion, via the slope of the response. Accordingly, 

the ratio α/εinit is often employed as a measure of the relative extrinsic contributions to the 

functional dielectric response.42 

 In order to sample the local piezoelectric response and probe for structural phase 

transitions, band excitation piezoresponse force microscopy (BE-PFM) was performed using an 

Asylum Research Cypher atomic force microscope (AFM). BE-PFM switching spectroscopy (BE-

SSPFM) was employed to monitor changes in the hysteresis loops and resonant frequency of the 

films (Figure 5). BE-SSPFM scans were performed on a 50 × 50 grid over a 2 µm × 2 µm area 

(Figure 5c right). AFM measurements of the surface topography of selected samples was 

performed before BE-SSPFM and flattened with a first order fitting to account for variations in 

the images due to sample mounting (Figure 6). 

 

Table 2. Measured dielectric permittivity, loss tangent, polarization, and effective longitudinal piezoelectric responses 

for periodic R/T PZT thin films. Uncertainties expressed represent standard deviation to one significant figure. 

Measurement values are reported to the same decimal place as uncertainty for said measurement.43 
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Precursor Solution 
Molarity (M) 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.40 

Number of Layers 16  9  7  6  5  4  4  3  

Low-field Dielectric         

εr 760 ± 40 800 ± 30 720 ± 20 680 ± 20 690 ± 40 740 ± 20 790 ± 40 690 ± 30 

tan(δ) (%) 1.5 ± 0.1 1.5 ± 0.1 1.4 ± 0.2 1.6 ± 0.2 1.6 ± 0.1 1.6 ± 0.2 2.1 ± 0.1 1.6 ± 0.1 

Rayleigh Analysis         

εinit 780 ± 40 760 ± 10 730 ± 40 682 ± 7 675 ± 7 740 ± 30 780 ± 60  730 ± 50 

α (cm/kV) 2.3 ± 0.3 2.1 ± 0.1 2.4 ± 0.2 2.4 ± 0.1 2.3 ± 0.1 2.8 ± 0.2 3.7 ± 0.6 2.7 ± 0.2 

α/εinit x103 (cm/kV) 3.0 ± 0.3 2.8 ± 0.1 3.2 ± 0.2 3.5 ± 0.2 3.4 ± 0.1 3.8 ± 0.2 4.8 ± 0.5 3.7 ± 0.2 

Polarization         

Psaturation (µC/cm2) 33.5 ± 0.9 34 ± 1  35 ± 2 34.1 ± 0.6 35.4 ± 0.8 36.0 ± 0.5 36 ± 1 35.3 ± 0.8 

Premanent (µC/cm2) 12.7 ± 0.6 12.9 ± 0.4 14 ± 1 13.9 ± 0.2 15.4 ± 0.4 15.6 ± 0.1 15.7 ± 0.6 16.1 ± 0.8 

EC+ (kV/cm) 56 ± 3 56 ± 5 52 ± 9 64 ± 2 62 ± 2 57 ± 3 53 ± 4 53 ± 1 

EC- (kV/cm) -91 ± 2 -92 ± 5 -95 ± 7 -101 ± 7 -102 ± 4  -100.5 ± 7 -95 ± 7 110 ± 2 

Einternal,P (kV/cm) -17 ± 2 -18 ± 3 -21 ± 2 -18 ± 4 -20 ± 1 -22 ± 4 -21 ± 3 -29 ± 2 

ΔP/2 (µC/cm2) 1.9 ± 0.2 2.0 ± 0.4 2.5 ± 0.3 2.0 ± 0.3 2.5 ± 0.1 2.8 ± 0.4 3.0 ± 0.3 3.4 ± 0.2 

εr-EDC         

% Diel. Tunability 69.1 ± 0.5 68.5 ± 0.6 68.2 ± 0.1 66.8 ± 0.7 67.4 ± 0.8 67.4 ± 0.2 70 ± 1 68.4 ± 0.1 

εDC,low-field 900 ± 10 890 ± 10 842 ± 4 788 ± 9 790 ± 20 815 ± 3 880 ± 40 790 ± 40 

Piezoelectric (poled)         

d33,f,saturation (pm/V) 51 ± 2 52 ± 2 51 ± 5 50 ± 3 52 ± 2 49 ± 1 49 ± 3 49 ± 3 

d33,f,remanent (pm/V) 24 ± 1 26 ± 2 29 ± 1 29 ± 2 30 ± 1 29 ± 1 31 ± 2 31 ± 2 

Einternal,piezo,poled (kV/cm) -20 ± 1 -20 ± 1 -22 ± 3 -24 ± 5 -25 ± 1 -24 ± 2 -22 ± 2 -28 ± 1 

Piezoelectric (unpoled)         

d33,f,saturation (pm/V) 48 ± 2 51 ± 1 52 ± 4 50 ± 1 52 ± 3 50 ± 2 50 ± 1 49 ± 3 

d33,f,remanent (pm/V) 19 ± 5 22 ± 3 25 ± 3 23 ± 3 24 ± 2 24 ± 2 27 ± 2 27 ± 2 

Einternal,piezo,unpoled 
(kV/cm) -15 ± 2 -15 ± 2 -18 ± 5 -17 ± 3 -18 ± 2 -19 ± 1 -17 ± 2 -22 ± 1 
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III. RESULTS 

 Fabrication of CSD PZT thin films annealed after deposition and pyrolysis of each layer 

showed strong evidence of periodic changes in chemical composition (Figures 3, 4d, 4f) and 

potential structural changes (Figure 2, satellite peaks) through the thickness of the films. 

Thermodynamic and kinetic factors drive heterogeneous Ti-rich nucleation at the substrate-film 

interface during crystallization, followed by growth of a Zr-rich phase, thus forming the 

compositional gradient and the expected accompanying R/T phases in the crystallized PZT film.31, 

44 XPS measurements (Figure 3) confirmed strong Zr/Ti chemical gradients for the films processed 

in the range of 0.20M to 0.40M precursor solutions. However, the films processed with 0.10M and 

0.15M solutions showed flatter, less distinct gradients, potentially due to cation interdiffusion 

between the relatively thin layers, or insufficient instrumental resolution of chemical fluctuations 

(individual crystallized layers are 10 to 20 nm in this range). The compositional gradients normal 

to the surface of the films are further confirmed via EDX as shown in Figures 4d and 4f for selected 

samples (see also Figure 10b, discussed later), showing up to 4% compositional variation in either 

direction from the initial composition of x = 0.53. These chemical variations, especially in the 

samples with thicker layers, are expected to demonstrate local extremes in composition up to 

Pb1.2Zr0.57Ti0.43O3 and Pb1.2Zr0.49Ti0.51O3, corresponding to purely rhombohedral and tetragonal 

phases in bulk PZT, respectively. Thus, we expect that the alternating Zr/Ti gradients exhibited by 

the samples in this work yield some degree of periodic R/T phases. 

XRD crystallographic orientation analysis of the films showed distinct satellite peaks for 

films fabricated in the range of 0.15M to 0.40M precursor solutions (Figure 2), indicating that the 

interfaces between Zr/Ti regions of each layer and parallel to the substrate exhibit a large degree 
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of coherency.33 Calculations of the Schuller periodicities, ΛSchuller, showed excellent agreement (≤ 

8% variation) with calculations of the measured periodicity, Λmeas (Table 1), consistent with the 

periodic nature of the fabricated films.33 Both sets of films showed only perovskite peaks with a 

large degree of 100-texture (>93% Lotgering factor for all films, powder diffraction file (PDF) 04-

016-2735, Table 1).32 

 Figure 7 shows trends in measured dielectric, ferroelectric, and macroscopic piezoelectric 

responses as a function of layer periodicity in the films. At low AC electric field, dielectric 

permittivity (εr) showed a moderate decreasing trend and the dielectric loss tangent, tan(δ), 

exhibited a slight increasing trend (Figure 7a) with increasing periodicity. At intermediate AC 

electric fields, the results of the Rayleigh analysis show an increase of α with increasing layer 

periodicity (Figure 7b). On the other hand, εinit (Figure 7b), shows minor decreasing trends with 

increasing periodicity. Accordingly, trends in the ratio α/εinit, generally follow those observed for 

α, i.e. overall increasing extrinsic contributions in films with larger layer periodicities (Figure 7c).  

 Trends in the coercive field, both positive and negative (EC+ and EC-, Figure 7e), suggest 

that relatively large internal bias is developed with greater layer periodicity (Figures 8b and 8c). 

A similar shift in the positive direction of measured polarization on the vertical axis of the P-E 

hysteresis measurements, ΔP/2, is noted. This shift potentially indicates strong preferential 

polarization directions in the samples, with this effect augmented in samples with increasing 

periodicity.45  

Figures 4a, 4b, 4c, and 4e show representative bright field (BF-)TEM images of selected 

pR/T films and a multi-layer anneal (MLA) film for comparison of microstructure. Figures 4d and 

4f show Zr and Ti elemental maps and corresponding integrated line profiles from the 5-layer 

0.30M pR/T and 4-layer 0.40M MLA films, respectively. Due to the polycrystalline nature of the 
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films, the BF-TEM images of both the pR/T and MLA films show extensive regions of mottled 

contrast, which are attributed to variations in grain and/or domain structure. The (16-layer) 0.10M 

pR/T film in Figures 4a and 4b exhibits a relatively continuous contrast throughout the film 

thickness whereas the (5-layer) 0.30M pR/T and MLA films in Figures 4c and e, respectively, 

demonstrate somewhat columnar crystallites. However, a stark change in contrast of crystallites at 

the central crystallization interface in the MLA film (Figure 4e) is observed and likely arises from 

slight changes in the in-plane crystallographic orientation, resulting in a discontinuity between the 

layers. This is a representative example and similar variations in contrast are observed throughout 

the cross-section which is several μm long, suggesting that this is a common feature to the MLA 

sample and not simply confined to one location. Similarly, regions of relative discontinuity at film-

layer interfaces are observed in the pR/T films (Figures 4b and 4c), further suggesting that the 

crystallization interfaces play a critical role in determining the properties of these films. In the (5-

layer) 0.30M pR/T film, these changes in contrast in the BF-TEM image coincide with large 

increases in the Zr concentration, x, of up to ~ 0.60. Therefore, they likely arise from a combination 

of both changes in density of the material and slight changes in crystallography since this 

composition lies towards the rhombohedral portion of the phase diagram.  

 BE-SSPFM results show characteristic piezoresponse hysteresis loops, with switching 

voltages in the range of 2 to 15 V, and generally increasing with film layer periodicity. The effects 

of charging in the 0.10M and 0.30M samples are noted in the piezoreponse hysteresis loops at high 

electric field through the noses at the end of the loops (Figures 5a right, 5b right). The contact 

resonant frequency extracted from simple harmonic oscillator (SHO) fitting of the measured 

piezoresponse versus excitation frequency was monitored, as it is sensitive to changes in lattice 

stiffness.46 Namely, “acoustic softening,” or reductions in the stiffness of the locally-interrogated 
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material can be indicative of potential phase transitions, especially if accompanied by local 

enhancements of the piezoelectric response, as demonstrated by Vasudevan et al.46 It has been 

reported that some degree of acoustic softening is typically observed at ferroelectric switching, but 

that such softening is expected to increase dramatically when it is the result of field-induced phase 

transitions.46 Substantial acoustic softening (~4% reduction to contact resonant frequency) was 

observed in local regions in the pR/T film processed with 0.40M (4 layer) precursor solution 

(Figures 5c and 5d). Similar effects were not observed in other samples at both low and high 

applied tip voltages (Figure 5a, 5b, 5d). 

 

IV. DISCUSSION 

The observed trends of greater dielectric irreversible Rayleigh coefficient (α) with 

increasing layer periodicity signal potentially increased extrinsic contributions, e.g., from domain 

walls or phase boundary motion, in samples with thicker crystallized layers. However, these results 

are counterpointed by the slight tendency of decreasing εinit contributions to the dielectric response 

with increasing film periodicity, suggesting a complex interaction of the compositional interfaces 

in the films. Grain and domain size effects, pinning of hysteretically and nonlinearly mobile 

internal interfaces, chemical heterogeneity, and residual stresses inevitably play critical roles in 

determining the effects of crystallized layer thickness in the periodic-layered pR/T PZT films 

studied here. In the following discussion, we consider several of the possible contributions to the 

observed trends in functional response. 

Variations in processing conditions and indivisible layer thicknesses (e.g., a 0.40M 

precursor solution results in individual layer thickness of ~60 nm, hence the total film thickness is 

either ~180 nm or ~240 nm (discounting the seed layer)) resulted in deviations from the 200-nm 
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target film thickness by up to ~20%. Numerous previous reports have studied scaling effects in 

perovskite-phase ferroelectrics, showing strongly-decreasing trends of functional properties with 

reduced film thickness.47, 48 Figure 9 shows literature data from a variety of studies on 

polycrystalline thin-film ferroelectrics, compared to the present work. Logarithmic trendlines are 

fit to the data from this work to guide the eye in the inset plots. Neither εr or d33,f,sat showed a strong 

trend correlated to scaling effects, comparable to those observed in the literature. These results 

suggest that scaling effects are limited in the pR/T films studied in this work, and are not the root 

cause for the observed trends in functional response as a function of layer periodicity. 

Discontinuity at the crystallization interfaces, both in the grain/domain structure and 

crystallite orientation are readily visible in the TEM analyses (Figures 4b, 4c, and 4e). Despite the 

strong columnar texture of the films (Figures 4c and 4e), the crystallites extending through the 

thickness of the film do not necessarily maintain consistent in-plane crystallography, as evidenced 

in the contrast changes across the crystallization interface (Figure 4e). This observation is 

important since these abrupt discontinuities in the MLA film suggest that the density of such 

interfaces and the number of anneals can have a substantial impact on the crystallography 

throughout the film thickness, and hence the overall functional properties of the film. Based on the 

observations here, the most abrupt discontinuities arise for films with thicker as-deposited layers 

and hence fewer anneals. This is likely due to spatial confinement of the phase segregation of Zr- 

and Ti-rich regions of the solid solution of PbZrxTi1-xO3 and the greater overall time afforded to 

crystallization and diffusion when annealing more frequently in low-periodicity (thinner layer) 

films, resulting in the reduction of the presence of satellite peaks in the corresponding XRD data 

(Figure 2). Such non-uniform crystallography throughout the film thickness may result in grain 

and domain size refinement for samples with smaller layer periodicity. Numerous reports have 
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shown that domain size (and thus wall mobility) in ferroelectric materials scales with grain size.47, 

49 In smaller grains where smaller domains are expected, domain walls are bound to exhibit 

reduced mobility, due to greater chances of interaction with other domain walls – potentially 

resulting in diminished extrinsic contributions to the dielectric response. These scaling effects are 

consistent with reduced α and lower polarization (Psat and Prem) and remanent piezoelectric 

response (d33,f,rem) in samples with thinner crystallized layers. However, while grain size reductions 

can explain trends in extrinsic contributions to the dielectric and ferroelectric responses, it cannot 

fully account for the trends in intrinsic contributions shown in Figure 7. Below, we consider other 

factors impacting observed trends in the intrinsic and extrinsic contributions to the response. 

While the proximity of the PZT composition to the morphotropic phase boundary generally 

results in favorable enhancements of dielectric and electromechanical responses, there are 

differences in intrinsic and extrinsic contributions for compositions on either side of the MPB. 

Rhombohedral compositions (Zr > 0.53) generally demonstrate greater values of α than tetragonal 

compositions at an equal distance from the phase boundary.50, 51 Coupled with the magnitude of 

chemical oscillations through the thickness of the film, such asymmetry can lead to additional 

dependence of functional response on periodicity. Chemical fluctuations from the mean 

composition will inevitably traverse regions of the phase diagram that offer varying levels of both 

extrinsic and intrinsic dielectric response. For samples with higher periodicity (thicker layers), 

these deviations from the mean composition are of greater magnitude than for samples with smaller 

periodicity, as illustrated in Figure 10a. Hence, the latter show, on average, a more homogeneous 

composition. On the other hand, as noted in the EDX data, the spatial extent of Ti chemical 

fluctuations are greater than those of Zr, and is especially apparent in the films processed with 

larger layer periodicity. Results of higher spatial resolution EDX analysis for a single layer of the 
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(5 layer) 0.30M pR/T film in Figure 10b show that normal to the thickness of the film, the Ti-rich 

zones are significantly thicker (> 60 % of the layer thickness) than the corresponding Zr-rich 

regions with a notable compositional gradient stretching over several nm. These significant 

chemical oscillations in the direction of the Ti-rich composition (i.e., greater compositional 

heterogeneity) correlate with the substantial reductions to the intrinsic response, εinit, with 

increased layer periodicity discussed above.52, 53 For the samples with small periodicity, their more 

homogeneous composition prevents compositional oscillations of similar magnitude, and 

corresponding reductions to the intrinsic response are relatively absent. 

Thermal loading during crystallization can potentially result in large variations in residual 

stress in ferroelectric thin film material stacks. Numerous studies have shown that residual stresses 

can effectively shift the MPB, thus modifying the transition temperature, TC.54, 55, 56, 57 In PZT thin 

films, biaxial compressive stresses can result in a T to R phase transition, while tensile stresses 

have been shown to shift MPB compositions towards the tetragonal phase.54, 55 Given the initial 

proximity of the PZT precursor solutions to the MPB, the expected tensile stresses in 200 nm-thick 

films (reported up to 180 MPa)58 can potentially push the effective composition into the tetragonal 

region of the phase diagram. This concept is demonstrated in Figure 10c, showing initial 

composition PbZr0.53Ti0.47O3, and an effective “stressed composition” after crossing the MPB. 

From the stressed composition on the tetragonal side of the MPB, the previously-discussed effects 

of large chemical excursions towards the tetragonal side of the phase diagram further exacerbate 

the potential reductions to intrinsic dielectric response.  

The results of BE-SSPFM experiments show evidence of localized potential phase 

transitions that further support the hypothesis of deeper chemical excursions, and thus, closer 

proximity to the MPB in the sample with the highest periodicity. A relatively dramatic reversible 
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acoustic softening occurs specifically in the 0.40M, 4-layer sample (Figure 5c), where Zr/Ti cation 

gradients are enhanced over a wide region. However, while evidence of possible phase transitions 

is apparent in the acoustic softening of the 0.40M sample, the corresponding changes to 

piezoresponse observed are somewhat limited (Figure 5c left, notable as small steps corresponding 

to ferroelectric switching). Meanwhile, similar effects are not observed in other films; we discuss 

multiple size- and chemical heterogeneity-related potential causes for this. First, in the samples 

with thinner layers, deficient chemical fluctuations do not result in sufficient proximity to the MPB 

to yield an R/T phase transition. The individual layers of the 0.40M, 4-layer sample are nearly 

20% thicker than the 0.35M sample (Table 1), allowing for a greater level of chemical fluctuation 

in the 0.40M samples. Second, the 0.40M, 4-layer is the sample with the greatest total thickness, 

and 10 to 20% thicker than all other films studied here. Thinner films are likely more susceptible 

to the previously-mentioned effects of residual stress. The effective composition of PZT in thinner 

films conceivably shifts even further from the MPB composition compared to the thicker 0.4M, 4-

layer sample, to the point that even large chemical oscillations are not close enough to the MPB to 

observe R/T phase transitions and accompanying acoustic softening. Third, we consider the effects 

of Vegard strains as a result of applied pressure from the PFM probe. Defect motion as a result of 

applied pressure from PFM probe tips has been strongly correlated to grain size and chemical 

composition, and can result in changes to the ferroelectric transition temperature.59, 60 It is possible 

that the previously-discussed grain size differences as a function of layer periodicity result in local 

fluctuations of the transition temperature with the pressure of the applied probe during BE-SSPFM 

measurements, potentially masking evidence of phase transitions in those experiments. We also 

note that the observed softening of the resonant frequency is unlikely to be the effects of local 

charge injection, the effects of which are typically associated with thinner films. Comparison of 
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the two samples processed with 0.40M solutions showed that substantially greater softening occurs 

in the thicker of the two samples: 241 nm with 4 crystallized layers vs. 190 nm thick from 3 

deposited layers (not shown), and is thus not likely to result from simple charge injection.  

Finally, possible contributions of the flexoelectric effect – i.e., polarization generated in a 

solid through application of a strain gradient – to the observed trends in functional response as a 

function of periodicity should also be considered.28 While flexoelectric contributions are typically 

small and difficult to fully separate from piezoelectric properties in ferroelectric-phase materials, 

their presence has been proposed in (heterostructured) epitaxial PZT thin films.14, 15 Specifically, 

large strain gradients in thin films potentially arise from misfit lattice strain and due to the presence 

of internal interfaces, leading to flexoelectric couplings in the material. The strain-induced 

flexoelectricity can subsequently create large internal bias fields, breaking internal field symmetry 

and resulting in changes to the functional properties of such films.14 In the pR/T PZT thin films 

studied here, large Zr/Ti chemical gradients (and the expected R/T phase transitions) inevitably 

lead to some amount of lattice mismatch, exacerbated in samples with greater layer periodicity. In 

fact, in the pR/T samples, the greater magnitude of chemical fluctuations is correlated with 

increasing levels of internal bias, both in the P-E and d33-EDC hysteresis loops (Figure 8b and 8c).  

 

V. CONCLUSION 

Successful processing of polycrystalline PZT thin films with periodic heterogeneous Zr/Ti 

oscillations has been demonstrated across a range of layer periodicities, with compositional 

gradients normal to the surface. Crystallographic phase analysis and application of the Schuller 

formula shows good agreement of satellite peak locations with measured layer periodicities, 

suggesting some degree of superlattice-like coherency between phases in the material, and 
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rhombohedral/tetragonal phases are expected to correspond to the Zr-/Ti-rich zones of individual 

layers, respectively. Trends in the measured functional response show strong dependencies of 

dielectric, ferroelectric, and electromechanical response on layer periodicity. Notably, remanent 

and saturation polarizations, remanent piezoelectric response, and extrinsic contributions to the 

dielectric response show strong increasing trends with increasing layer periodicity, suggesting 

increased mobility of internal interfaces, such as domain wall and phase boundary motion. On the 

other hand, minor decreasing tendencies are noted for the low-field permittivity and intrinsic 

contributions to dielectric response with increasing layer periodicity, suggesting a complex 

interaction in the samples that exceeds simple variations in domain wall mobility.  

Crystallization interfaces are thought to strongly influence grain size and structure, 

resulting in grain and domain size refinement in samples with thinner layers, and corresponding 

reductions to domain wall motion. On the other hand, the magnitude of chemical fluctuations 

greatly affects functional response: asymmetric chemical oscillations towards the tetragonal side 

of the MPB result in decreased intrinsic contributions to the dielectric response in samples with 

larger chemical gradients, i.e., larger periodicity. Residual stress effects potentially push the 

effective composition of the films further to the tetragonal side of the MPB, additionally 

exacerbating the effects of compositional oscillations. Large internal electrical bias is observed, 

suggesting that flexoelectric effects potentially affect functional response in samples with large 

chemical (and thus, strain) gradients. The results play an important role in elucidating the effects 

of layer periodicity on functional response in polycrystalline ferroelectric thin films, and suggest 

that crystallization interface number density and compositional gradients are the primary 

contributors to functional responses trends of CSD-processed ferroelectric thin films. Furthermore, 

these findings can be employed to tailor the functional response of ferroelectric thin films for 
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microelectronics applications, by engineering the chemical heterogeneity and number of 

crystallization interfaces within the film. 
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