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Abstract 

Further miniaturization of electronic devices necessitates the introduction of new materials 

including piezoelectric thin films exhibiting electromechanical functionalities without significant 

degradation in response due to substrate-induced clamping. To identify material systems with 

superior piezoelectric properties as thin films, simplified and quantitative electromechanical 

characterization techniques are required. Here, single-beam, laser-Doppler vibrometry is used to 

detect AC electric-field-induced surface displacement in the frequency range 1-100 kHz with low 

error (~6% at 10 kHz) and resolution of 0.0003 nm. The technique is used to quantify both 

electrostriction and piezoelectric responses (surface displacement values < 0.05 nm) of various 

thin films. Requirements for sample geometry and device structures are established and 

measurement accuracy and resolution are validated against measurements from the literature via 

synchrotron-based diffraction measurements. A general methodology to measure and extract the 

piezoelectric coefficients for thin-film samples using finite-element modeling simulations is 

presented and applied to determine the d33 coefficient and visualize the response in substrate-
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clamped 50-to-400-nm-thick PbZr0.52Ti0.48O3 films, especially as compared to bulk versions in the 

same sample geometry.  

 

Introduction 

Piezoelectric materials can convert electrical to mechanical energy (and vice versa) making them 

useful for a myriad of applications including actuation, sensing, energy harvesting, accelerometers, 

resonators, and filters [1–4]. Furthermore, with the pursuit of miniaturized low-power and energy-

efficient devices, there is an increasing need to introduce sub-one-micron-thick films of 

piezoelectrics into a range of devices including micro- (MEMS) and nano-electromechanical 

(NEMS) systems. For example, researchers have proposed low-power piezoelectric transistors 

wherein applying electric field to a piezoelectric element drives a metal-to-insulator transition in 

a piezoresistive element, thus producing on/off states [5–7] and logic-in-memory devices (e.g., the 

magnetoelectric spin-orbit (MESO) device) which involve manipulating magnetic spins using 

electric field via strain-induced coupling from thin-film piezoelectrics [8–11]. As such, there is a 

need to both study electromechanical responses in thin films further and to discover new thin-film 

systems with superior electromechanical properties. The challenge in achieving such device goals, 

however, is that thin-film versions (< 1 µm in thickness) of piezoelectrics typically exhibit 

diminished piezoelectric strains (𝜀) as compared to those in thick-film (> 1 µm), bulk-ceramic, or 

single-crystal versions due to, among other factors, clamping from the underlying substrate (> 0.5 

mm-thick) [12–14]. Thus, there is a need for straightforward, widely applicable methodologies for 

accurately measuring electromechanical responses and, in turn, determining the direct (𝑑𝑖𝑗) and 

converse (𝑑𝑖𝑗
∗ ) piezoelectric coefficients for thin-film materials.  
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Today, such electromechanical measurements for thin films are, in general, either 

challenging to complete (practically) or are subject to considerable measurement artifacts that can, 

if one is not extremely careful, yield quantitative results that are inaccurate. For example, scanning-

probe-microscopy-based techniques like piezoresponse force microscopy (PFM) [15–18] can offer 

excellent vertical resolution (1-5 pm). But such techniques can be subject to numerous error-

sources, including inhomogeneous electric fields concentrated near the tip [19,20], indirect 

topographic crosstalk [21], and dependence on optical and mechanical sensitivity of the 

cantilever [17,22,23], considering the measured PFM signal is representative of both the intrinsic 

piezoresponse and cantilever transfer function. In this regard, researchers are working on improved 

methods such as applying shape correction factors to account for the cantilever’s dynamics [22], 

using interferometric displacement sensing to measure the PFM amplitude [15,16], using 

appropriate reference samples to identify instrumental phase offset [23], and more. Such 

approaches, however, remain in development. Other approaches to measure electromechanical 

response rely on non-contact, optical techniques based on the principles of laser-beam 

interferometry. Two of the most popular choices are double- and single-beam interferometry 

depending on the configuration of the beam-sample surface interaction. Double-beam-laser 

interferometry (DBLI) uses two probing beams, one each for the front and rear sides of the sample, 

to account for substrate bending (which can be significant for thick films). The result is a high-

resolution electromechanical measurement (~0.5 pm), but one that requires intricately polished 

substrate surfaces and depositing large (> 400 μm diameter) [24] (and potentially thick) electrode 

layers owing to the requirement that the two beams remain “aligned” on the active area and due to 

the sensitivity of the measured surface displacement (𝑆) to the reflectivity of the electrode layers. 

This, in practice, makes the study of thin films challenging to impossible. Single-beam-laser 
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interferometry, as the name implies, uses a single probing beam and a laser-Doppler vibrometer 

(LDV) which detects the Doppler shift of the backscattered beam due to the electromechanical 𝑆. 

While the resolution for the same can be more limited (~2 pm) as compared to DBLI, the sample 

preparation as well as the associated optical alignment is less cumbersome since one does not 

require highly reflective surfaces on an opaque substrate for aligning laser beams and can use 

electrodes that are much smaller in size (often < 50 µm in diameter). The major drawback of this 

technique, however, is its inability to account for substrate bending [25–29]. This said, there is a 

community of researchers studying thin-film heterostructures wherein the electromechanically 

active layers are just tens-to-hundreds of nanometers thick [30] and such heterostructures are 

expected to experience minimal (to no) substrate bending (as shown previously by comparing 

DBLI and LDV results for 1-µm-thick PbZr0.52Ti0.48O3 films) [25]. Ultimately, it might be the case 

that researchers in this community can benefit from the use of the simpler LDV measurement for 

electromechanical measurements thereby providing access to a much wider set of researchers to 

potentially impact this field. 

Here, a methodology to measure the electromechanical 𝑆 (nm) and 𝑑𝑖𝑗
∗  (pm/V) in epitaxial 

thin-film heterostructures in simple, capacitor-based device configurations using LDV is 

developed. In turn, the piezoelectric response of the active piezoelectric layers is quantified by first 

accounting for any electrostrictive effects from non-piezoelectric layers (e.g., electrode layers) and 

applying finite-element modeling (FEM) to estimate 𝑑𝑖𝑗 (pC/N) for the active material layer. 

Additional discussion on the effect of film thickness and potential best practices for the community 

in reporting comparable results are also offered. 

 

Working Principle – Measuring Electromechanical Strain using LDV 
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The electromechanical characterization of thin-film piezoelectrics with LDV requires applying 

electric fields across the piezoelectric layer in a capacitor-based structure with top and bottom 

electrodes and measuring the field-induced 𝑆. In devices made from very thin piezoelectric films, 

however, electrostriction from non-piezoelectric layers (e.g., electrodes) could contribute to the 

overall electromechanical response (see Appendix A for details) and thus should be quantified and 

(as appropriate) subtracted from the overall response to gauge the true material performance of the 

piezoelectric layer. Further, there needs to be a monochromatic and linearly polarized laser source 

accompanied by a sensor-unit for detecting the Doppler frequency-shift in the backscattered beam 

interacting with the moving electrode on the piezoelectric surface as compared to the reference 

beam to quantify the 𝑆 [25,26]. The operating principle of the LDV used in this work (Polytec 

GmbH) and an illustration of the beam’s interaction with a generic thin-film heterostructure on a 

substrate is shown schematically [Fig. 1(a)]. The basic function is achieved by the fact that for the 

laser beam (helium-neon, λ = 633 nm) any change in optical path length per unit time (e.g., due to 

a moving surface of the piezoelectric) in the backscattered beam with respect to the reference beam 

will be manifested as a change in the modulation frequency of the vibrometer’s response. Further, 

to detect the direction of the moving surface, an acoustic-optic modulator (Bragg cell) is included 

in the reference beam’s path that shifts the reference beam’s frequency as needed. This modulation 

frequency increases when the surface moves away from the vibrometer and decreases when the 

converse is true, thus providing a sense of directionality along with the magnitude of 𝑆. Here, the 

LDV setup is operated in conjunction with a ferroelectric tester (Precision Multiferroic Tester, 

Radiant Technologies, Inc.) which not only electrically stimulates the films (i.e., drives the 

electromechanical response) but also measures the polarization as a function of electric field 

simultaneously while concurrently converting the voltage-based response from the LDV to 𝑆. 
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Furthermore, to address any potential ambient vibrational noise which can result in low 

signal-to-noise ratio (S/N), especially at low frequencies (≤ 1 kHz), the setup was placed on an 

active vibration-isolation stage (TS-140, Herzan LLC) within an acoustic enclosure (custom-built 

to reduce up to 55 dB of noise, Herzan LLC). Further, field- and frequency-dependent 𝑆 

measurements were performed to gauge the combined effect (if any) of the stage and the enclosure. 

The measured 𝑆 values were found to be (essentially) the same in all cases, negating (or 

minimizing) the effect of any ambient-induced noise in the measured 𝑆 [31]. While such additional 

infrastructure was not found to be critical in our testing, the situation in different laboratories might 

be different and such consideration might be necessary to confront the environmental noise levels 

felt locally. 

 

Sample Geometry Considerations  

Observations about sample geometry configurations form a critical part of studying any metrology 

technique. As such, this section provides a summary of the specific sample and device 

requirements to measure piezoelectric films (< 1 µm thick) with low |𝑆| (< 1 nm), fabricated on 

semi-infinite substrates. In this regard, one of the central questions to be addressed is if the 

mechanical interaction of a micropositioner probe tip can impact the magnitude of measured 

electromechanical response of the film [31]? As a test, a piezoelectric heterostructure of the from 

45 nm SrRuO3 / 200 nm PbZr0.52Ti0.48O3 / 45 nm SrRuO3 / SrTiO3 (001) (which were produced 

via pulsed-laser deposition using established processes [30–32]) was studied in two device 

configurations [Fig. 1(b)]: type-I devices are based on standard capacitor structures routinely used 

in the community to electrically investigate samples by directly contacting the capacitor surface 
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and type-II devices based on a specially designed offset platinum contact pad that allows for 

(indirect) minimal probe-tip interaction with the capacitor structure itself [Fig. 1(c-d)]  [31,33].  

In turn, the polarization and electromechanical response of the type-I and -II devices were 

measured as a function of applied field using a tungsten micropositioner probe tip (3.5 µm probe-

tip diameter; SE-20T, Lucas/Signatone Corp.) using LDV. The film exhibited a robust ferroelectric 

hysteresis loop when probed electrically using either device type [Fig. 1(e)] [31]. Further, the 

𝑆 values for both the device types were found to be essentially the same [Fig. 1(f)]. Thus, it appears 

that touching the probe tip directly on the top electrode (type-I device) does not adversely affect 

the electromechanical response to a measurable extent. Furthermore, it is also important to note 

that many of the as-measured electromechanical responses were slightly asymmetric under 

positive and negative bias, but that the asymmetry would switch when we switched the drive and 

ground connections (i.e., the responses were mirror images to each other). As such, our standard 

procedure throughout this study (and our recommended procedure) is to measure the 

heterostructures in a type-I-device configuration in two ways: 1) drive top electrode and ground 

bottom electrode and 2) drive bottom electrode and ground top electrode and then to take (and 

present) the average response to account for any potential measurement artifacts [31].  

 

Establishing Measurement Reproducibility and Accuracy  

Building from the work to establish baseline needs for sample geometry for piezoelectric 

characterization of thin films, efforts were undertaken to assess the reproducibility and accuracy 

of the measurements. To establish one measure of reproducibility, the location of the laser spot 

was changed relative to a fixed probe tip in a 100-µm-diameter type-I device [Fig. 2(a)]. 

Regardless of the laser position (five different locations on the same contact were tested) and 
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different intensities of contacting the tip, the 𝑆 values were essentially unaffected. This suggests 

that the measurement is robust against measurement-to-measurement (user-to-user) variability in 

setting up the study, in part owing to the simplicity of the measurement approach. In turn, we 

proceeded to evaluate the accuracy of LDV-based measurements. For the desired assessment, the 

values for electric field-induced 𝜀 were obtained as a function of applied field at 10 kHz [Fig. 2(b)] 

for 400 nm-thick PbZr0.52Ti0.48O3 films (produced via the same process noted before [31]) using 

LDV and compared that to the results obtained using synchrotron-based measurements for 400 

nm-thick PbZr0.45Ti0.55O3 films from the literature [34,35]. Synchrotron-based in operando X-ray 

microdiffraction studies provide precise, real-time measurements of changes in lattice parameters 

with applied electric field. While this approach can be highly accurate in providing information on 

a film’s electromechanical response, it should be emphasized that it often requires type-II devices 

(or similarly complex devices) and one to have ready access to a high brightness X-ray source (like 

a synchrotron) as in the work of Refs. [33,36]. Our choice of test material was motivated, in part, 

by the fact that this material has been studied extensively over the years, including by such 

synchrotron-based approaches and in similar geometries. Thus, this provides a wonderful reference 

to explore how this laboratory-based methodology compares.  

In making this comparison, however, it should be noted that there can be contributions 

from electrostriction due to the electrode layers in LDV measurements (something that does not 

happen for the synchrotron-based studies where the strain is extracted from shifts in diffraction 

peaks arising solely from the PbZr0.45Ti0.55O3 layer). To probe this idea, the 𝜀 arising from 

electrostriction from a 100 nm SrRuO3 / SrTiO3 (001) heterostructure in the same device geometry 

was measured using LDV [Fig. 2(c)] and, subsequently, subtracted from the overall LDV-based 

strain. Assuming the resistivity for the 100 nm SrRuO3 / SrTiO3 (001) heterostructure is 250 µΩ-
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cm [37], the electric field across the SrRuO3 layer when used as an electrode in the SrRuO3/ 

PbZr0.52Ti0.48O3/SrRuO3 heterostructure is expected to be lower than 1 kV/cm which accounts for 

a 𝜀 < 0.015%. As a result, even with the correction, the LDV-based 𝜀 is comparable in magnitude 

with that for the synchrotron-based studies [Fig. 2(b)]; thus, validating the accuracy of LDV-based 

measurements. Furthermore, it is worth noting that the 𝑆 values measured for the SrRuO3 electrode 

are electrostrictive in nature and hence, as low as 0.025 nm in magnitude at 35 kV/cm; consistent 

with the instrument’s resolution specifications of 0.0003 nm (Polytec GmbH). Building on this 

study of small electrostrictive responses, we further probed the electromechanical response of a 

non-piezoelectric dielectric [38] in the form of a 35 nm La0.7Sr0.3MnO3/65 nm BaZrO3/35 nm 

La0.7Sr0.3MnO3/(LaAlO3)0.3(Sr2TaAlO6)0.7 (001) heterostructure [Fig. 2(d)] across which an 

electric field as high as 1000 kV/cm could be applied and where electrostrictive effects of 

magnitude similar to that for SrRuO3 were observed in the La0.7Sr0.3MnO3-based electrodes. The 

heterostructure exhibited |𝑆| as low as 0.008 nm after subtracting the electrostrictive contributions 

from the electrodes (La0.7Sr0.3MnO3) from the overall response; effectively allowing us to probe 

the resolution limits of the instrument even further. From these studies, it appears that LDV can 

be considered as an accurate and high-resolution technique for the quantification of piezoelectric 

and electrostrictive responses in thin films without requiring complex, fabrication-intensive device 

configurations.  

 

Procedures to Minimize Error  

We completed additional studies to probe pathways to limit measurement noise and error, 

including a series of frequency-dependent studies which are reported here. At lower frequencies 

(≤ 1 kHz), LDV measurements are known to exhibit a low S/N which can be increased by 
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improving the signal amplitude (|𝑆|), using a relatively thicker film [39]. To confirm this, both 

200-nm- (i.e., the same reported in Figure 1) and 400-nm-thick PbZr0.52Ti0.48O3 films (i.e., the same 

reported in Figure 2) were driven up to a field of 250 kV/cm (to facilitate ferroelectric polarization 

switching) at 1, 10, and 100 kHz (preferred frequency range for low-loss electrical response [32]). 

As expected, the 400-nm-thick films were found to possess higher |𝑆| (and hence, higher 

S/N)  [31]. For brevity, we thus focus on further frequency-dependent studies on the 400-nm-thick 

films [Fig. 3(a)-(c)]. Even for a 400-nm-thick film [wherein the measured |𝑆| is small (< 1 nm)], 

the measurements are expected to be influenced by acoustic noise (generated by ambient 

mechanical noise and vibrations in the lab) for frequencies ≤ 1 kHz. Similarly, there is a higher 

probability of signal distortion for frequencies ≥ 100 kHz as the signal frequency approaches the 

limits of the sensor unit. Thus, by default, one might expect that measurements in the intermediate 

frequency range (i.e., around ~10 kHz) would offer the best opportunity for reducing such 

signatures of noise and signal distortion. This is, in fact, confirmed by the frequency-dependent 𝜀 

measurements which present average errors of 34%, 6%, and 12% for measurements at 1, 10, and 

100 kHz, respectively [Fig. 3(d)-(f)]  [31]. Analyzing the data further, the converse 𝑑𝑖𝑗
∗  in pm/V 

(= 𝑑𝜀 𝑑𝐸⁄  where 𝐸 is the applied field) was extracted from the measurements at 1, 10, and 100 

kHz and found to be in the range of 41-54 pm/V; values consistent with the synchrotron-based 

measurements (i.e., 42-53 pm/V [34]). Ultimately, while for the current study of thin films (< 400 

nm in thickness) the best S/N was obtained at 10 kHz, the same might not necessarily be true for 

any given sample geometry or material system. Thus, the recommended procedure would be to 

determine the error percentages at an applied field large enough to enable ferroelectric switching 

while varying the frequency across a reasonably wide range of frequencies (e.g., 0.1-100 kHz) to 

identify the frequency regime with the lowest S/N for the sample under consideration. 
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Assessing Direct Piezoelectric Coefficients using Finite-Element Modeling 

Having established a protocol for measuring 𝑆 and obtaining the converse 𝑑𝑖𝑗
∗  coefficients for these 

thin-film heterostructures using LDV, we proceed to estimate the direct 𝑑𝑖𝑗 coefficients using the 

measured |𝑆| and finite-element modeling (FEM)-based simulations. The process that is used is 

visualized in a workflow. In brief, the |𝑆| resulting from the piezoelectric layer is obtained after 

subtracting the contribution due to electrode-induced electrostriction [Fig. 4(a)]. Then a cylindrical 

model representing the piezoelectric layer is built (see Appendix B for details) that simulates the 

appropriate mechanical (i.e., clamping due to substrate along the bottom and the surrounding film 

along the curved surface) and electrical (i.e., bias on the unclamped top surface) constraints to not 

only estimate 𝑑𝑖𝑗 but also its evolution across the layer’s thickness [Fig. 4(b)].  

As a demonstration of the workflow, 50-, 100-, 200-, and 400-nm-thick PbZr0.52Ti0.48O3 

films (produced using the same process noted above [31]) were measured using LDV and analyzed 

via FEM [Fig. 5(a-b)]. |𝑆| was measured and simulated at a field of 250 kV/cm, considering the 

simulations were performed at a constant bias and not as a function of frequency, the LDV-based 

|𝑆| values used were measured at 10 kHz, where measurement-related error percentages are 

minimal [Fig. 5(c)]. The FEM simulations allow one to explore the cross-sectional (or through-

thickness) evolution of the piezoelectric layers which indicates different |𝑆| (and hence 𝑑𝑖𝑗) values 

at the piezoelectric-bottom electrode (|𝑆|
𝑚𝑖𝑛

and 𝑑33
𝑚𝑖𝑛) and top electrode-piezoelectric film 

(|𝑆|
𝑚𝑎𝑥

and 𝑑33
𝑚𝑎𝑥) interfaces for all heterostructure thicknesses  (with 50- and 400-nm-thick films 

shown as an example) studied herein [Fig. 5(d-e)]. Focusing on 𝑑33, akin to |𝑆|, the values were 

found to increase linearly from 𝑑33
𝑚𝑖𝑛 (≈ 0 due to clamping from the semi-infinite, semi-rigid 

substrates) to 𝑑33
𝑚𝑎𝑥  with increasing distance from the substrate. While 𝑑33

𝑚𝑎𝑥 provides a measure 
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of the ultimate response of the material, it might also be responsible to use 𝑑33
𝑎𝑣𝑔

 (= (𝑑33
𝑚𝑖𝑛+𝑑33

𝑚𝑎𝑥)/2) 

if one were to report a single value of response for the film (both are listed here, Fig. 5(c)]. Such a 

gradient in |𝑆| and 𝑑33  [Fig. 5(d-e)], however, is expected to be dependent on the mechanical 

constraints imposed on the piezoelectric layer. As an example, if the constraints due to the 

surrounding film along the curved surface can be removed by simulating the effect of lateral 

scaling through 4-µm-sized islands clamped on a substrate instead of a continuous film, |𝑆|
𝑚𝑎𝑥

and 

𝑑33
𝑚𝑎𝑥 are expected to be enhanced significantly, both experimentally and in FEM simulations. 

Apart from the gradient in values along a particular cross-section, across different 

heterostructures, the |𝑆| increases (albeit not simply in a linear fashion) with film thickness and 

both the 𝑑33
𝑚𝑎𝑥 and 𝑑33

𝑎𝑣𝑔
 vary highly non-linearly, with little change in both for films from 50 to 

200 nm, but significant increases for films that are 400 nm thick. Furthermore, as expected, the 

measured |𝑆| (and corresponding 𝑑33
𝑎𝑣𝑔

) was the lowest (highest) for the 50- (400-) nm-thick 

PbZr0.52Ti0.48O3 films owing to a relatively high (reduced) effect of clamping. Additionally, it is 

interesting to note that the 𝑑33
𝑎𝑣𝑔

 for the 100- and 200-nm-thick films were not only equal in value, 

but also just 3.5% higher than that for the 50-nm-thick films, making this measurement valuable 

in detecting even minor changes in material properties. Concurrently, the 𝑑33
𝑎𝑣𝑔

 for the 400-nm-

thick films was 20% higher than that for the 50- to 200-nm-thick films. Further, we can compare 

the efficiency of electrical-to-mechanical energy conversion for the PbZr0.52Ti0.48O3 thin films to 

bulk versions using the electromechanical coupling coefficient, 𝑘33
2 =

𝑑33
2

𝜖0𝜖𝑟𝑠𝑖𝑗
 where 𝜖0 is the 

permittivity of free space, 𝜖𝑟 is the relative permittivity (dielectric constant), and 𝑠𝑖𝑗 is the elastic 

compliance. As a reference, we use the values reported for bulk PbZr0.52Ti0.48O3 ceramics with 𝜖𝑟 

= 1250 and 𝑑33= 223 pC/N [40]. Assuming the elastic compliance (𝑠𝑖𝑗) is the same for the thin-
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film and the bulk versions, the appraisal of the PbZr0.52Ti0.48O3 films was done using the ratio 

(
𝑑33

𝑚𝑎𝑥

√𝜖𝑟
)

𝑓𝑖𝑙𝑚
(

𝑑33
𝑚𝑎𝑥

√𝜖𝑟
)

𝑏𝑢𝑙𝑘
⁄ , where (

𝑑33
𝑚𝑎𝑥

√𝜖𝑟
)

𝑏𝑢𝑙𝑘
= 6.3. To do this, additional DC bias-dependent 

dielectric studies were performed to estimate 𝜖𝑟 for each film thickness and the values varied from 

654 (50 nm) to 746 (400 nm) with a minimum of 470 for the 200-nm-thick films  [31]. While, in 

general, one might expect 𝜖𝑟 to increase with increasing film thickness, owing to the decreasing 

effect of substrate-induced clamping, the enhancement in 𝜖𝑟 at lower thicknesses can be attributed 

to the presence of in-plane polarized a domains in addition to out-of-plane polarized c 

domains [41,42]. For the sake of brevity, we do not dive deeper into the trend in thickness-

dependent dielectric response in the PbZr0.52Ti0.48O3 films. Instead, circling back to the 

electromechanical studies, comparing the fraction of 𝑘33 for the different films reveals that, when 

normalized to the dielectric response there is relatively little difference between the films in this 

thickness regime. While are films give values between 50-63% of bulk performance suggesting 

that they are all of similar quality and that (at least in this thickness range) the effect of clamping 

on the response is rather substantial (as might be expected) [Fig. 5(c)] [31]. This said, the combined 

LDV and FEM approach provides a robust way to characterize and understand the 

electromechanical response of thin films and could be a highly beneficial technique for future 

studies in this spirit. 

 

Summary 

We demonstrate what we hope is a feasible and relatively straightforward methodology for 

measuring electric field-induced |𝑆| in < 1 µm thick films using LDV while exploring numerous 

intricacies in terms of sample geometry, accuracy, resolution, and procedural limitations. First, the 
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effect of sample geometry was probed, establishing that standard, out-of-plane capacitor structures 

are likely adequate for measuring the electromechanical responses in thin films without the need 

for specialized device configurations. Further, the measurement accuracy was tested by comparing 

the 𝜀 obtained using LDV for 400 nm-thick PbZr0.52Ti0.48O3 films to that using synchrotron-based 

measurements while establishing the need to account for electrostriction-induced 𝜀 due to the 

electrodes in a probed heterostructure. Owing to an instrument-provided resolution of 0.0003 nm, 

|𝑆| in non-piezoelectric electrodes and dielectric layers were successfully measured with values as 

low as 0.0025 nm and 0.0008 nm, respectively. Additionally, field- and frequency-dependent 

studies were performed on 400 nm-thick PbZr0.52Ti0.48O3 films to assess the operational limits of 

the measurement in the 1-100 kHz range using appropriate error evaluation (the lowest error of 

6% was found at 10 kHz). The experimental studies were augmented by FEM simulations which 

were applied to a thickness series of 50-400-nm-thick PbZr0.52Ti0.48O3 films, to extract value of 

𝑑33
𝑚𝑎𝑥 and 𝑑33

𝑎𝑣𝑔
 and enabling comparison with bulk versions via the use of the electromechanical 

coupling coefficient. In conclusion, we provide a comprehensive methodology for quantitative 

electromechanical characterization of thin films using LDV and FEM which hopefully lessens the 

barrier to entry for those working in thin films to study electromechanical responses. 
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Appendix A: Description of Electromechanical Response in Thin-Film Heterostructures 

The overall electromechanical response (𝜀) of a material is the result of both electrostriction and 

piezoelectricity. Electrostriction, which is present in all materials, is a change in shape in response 

to electric field that is proportional to the square of the applied field, does not depend on the 

direction of the applied field, and is (generally) considerably smaller than the piezoelectric effect. 

It arises from the anharmonicity of ion-pair potential such that when a field is applied, the ions 

rearrange their relative position and move apart [43,44]. Piezoelectricity, on the other hand, occurs 

only for a sub-set of materials with non-centrosymmetric crystal structures and the resulting 𝜀 is 

directly proportional to the applied field (via the converse effect). While it also arises from ionic 

anharmonicity, the latter additionally exhibits charge separation in response to mechanical forces 

(via the direct effect) [45,46]. Though both effects have been utilized in applications, 

piezoelectricity often results in a higher electromechanical coupling.  

 

Appendix B: Finite-Element Modeling of Piezoelectric Response in Thin-Film 

Heterostructures  

The device simulations have been performed using FEM in the simulation software COMSOL 

Multiphysics (https://www.comsol.com/). Therein, simulating any physical phenomenon, such as 

piezoelectricity, involves finding solutions to partial differential equations (PDE) which can be 

simulated for a generic geometrical domain by parsing it into multiple, finite-sized and 

interconnected elements. The associated equations are applied to each of the elements to provide 

approximate solutions for the entire domain. The accuracy and the computing time for the 

simulation are affected by the elemental size and distribution. In the current study, the primary 

modules required are solid mechanics and electrostatics which can be used as a combination in 
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the MEMS (microelectromechanical system) physics interface designed specifically for the devices 

in the micron-scale dimensions to generate both direct and converse piezoelectric effect.  

Constitutive equations for piezoelectric effects: The PDE demonstrating electromechanical 

coupling between mechanical displacement (𝑢) and electric potential (𝜑) in a piezoelectric film 

with a mass density 𝜚, is as shown: 

−𝜚𝑢̈ + ∇. [𝑠−1. ∇𝑢] + ∇. [𝑑. 𝑠−1. ∇𝜑] + 𝑓 = 0 

[𝑠] and [𝑑] represent the elastic compliance and the (direct) piezoelectric coefficient matrix, 

respectively. Further, the mechanical stress (𝑇⃑⃑) and electric field (𝐸⃑⃑) can be related to the 

mechanical forces (𝑓) and 𝜑 as 𝑇⃑⃑ + 𝑓 = 𝜚𝑢̈ and 𝐸⃑⃑ = −∇𝜑, respectively. After simplification, the 

equations can be expressed in a strain-charge matrix form as 𝑆 = [𝑠]𝑇⃑⃑ + [𝑑𝑡]𝐸⃑⃑ where 𝑆 (which 

depends on the numerical solutions for 𝑢) represents the mechanical surface displacement and [𝑑𝑡] 

is the transpose of [𝑑]. As noted above, the solutions for the governing PDE are obtained for each 

of the parsed elements in the piezoelectric domain and combined to represent overall |𝑆| response 

of the geometry. 

Defining sample geometry and composition: While the MEMS interface can simulate a 

myriad of device architectures, we focus on a simple geometrical configuration herein. Here, the 

capacitor heterostructure has been visualized as a piezoelectric layer with composition 

PbZr0.52Ti0.48O3 in a cylinder 4 µm in diameter (emulating the laser spot dimensions) and 50-400 

nm in height. It is important to note that in the real-world scenario, the piezoelectric layers are 

stacked between two electrode layers, however, in modeling the simulations we can skip the 

electrode layers as their function (of applying an electrical bias across the piezoelectric layer in the 

heterostructure) is being accounted for by defining appropriate electrical boundary conditions for 

the same layer. Further, as elucidated in the main text; the goal of this study is determining the 

(A1) 
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piezoelectric coefficients of a thin-film heterostructure. The piezoelectric response in thin films is 

primarily affected by two material parameters: [𝑠] and [𝑑]. Considering the elements for [𝑠] are 

challenging to be estimated for PbZr0.52Ti0.48O3 as thin films, we assume the values to be the same 

as that for bulk PbZr0.52Ti0.48O3 ceramics as shown: 

To estimate the elements for [𝑑], we start with the d31 and d33 values for bulk PbZr0.52Ti0.48O3 

ceramics (i.e., 93.5 and 223 pC/N) [40] as the first iteration of the simulation, as shown:  

Considering, the piezoelectric coefficients for ceramics are much higher in magnitude as compared 

that in films, d31 and d33 values have been decreased systematically until the simulated |𝑆| matches 

with that of the experimentally obtained values. After, multiple iterations, the value for d31 was 

kept fixed at -50 pC/N for all the simulated PbZr0.52Ti0.48O3 piezoelectric layers, while the d33 

values varied from 82.1 to 102.5 pC/N with increasing the thickness of the layer from 50 to 400 

nm to obtain simulated |𝑆| close to that of the experimental |𝑆| which ranged from 0.025 to 0.445 

nm. It is important to note that we focus on the more relevant coefficients (d31 and d33) and are 

unable to estimate the d15 values (associated with a transverse device configuration) with the 

current longitudinal device configuration (i.e., where the direction of electric field is parallel to 

that of the |𝑆|).  

(A2) 
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Defining parameters for Physics I (Solid Mechanics): Using the solid mechanics part of 

the module, clamping due to the substrate and the surrounding film on the active volume of the 

capacitor heterostructure has been introduced by applying a fixed mechanical constraint to the 

bottom and the curved surface of the cylinder-shaped piezoelectric domains, respectively. Apart 

from the geometry of the domain, the imposed mechanical constraints are expected to affect 𝑇⃑⃑ and 

hence, the simulated |𝑆|.  

Defining parameters for Physics II (Electrostatics): Using the electrostatics part of the 

module, an electric field (250 kV/cm) across the thickness of the heterostructure has been emulated 

by applying an electric potential (1.25, 2.5, 5, and 10 V) to the top and ground (0 V) to the bottom 

surface of the cylinder with height 50, 100, 200, and 400 nm, respectively. Such electrical 

boundary conditions are expected to affect 𝐸⃑⃑ and hence, the simulated |𝑆|. 

Defining meshing parameters: As mentioned earlier, defining elemental size and 

distribution in the mesh can be critical for accuracy and compute-time. Here, a user-controlled 

mesh with the elemental size calibrated for ‘General Physics’ with the minimum element size as 

small as 0.8 nm has been used. Further, considering the three-dimensional cylinder geometries 

with a high aspect ratio are challenging to be modelled due to limited possibilities for an efficient 

elemental distribution, the swept meshing technique has been used which involves mapping the 

elemental distribution on the top surface of the cylinder on to the curved and the bottom surface, 

generating an efficient and accurate finite element mesh. 
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Figures and captions 

Figure 1. (a) Schematic representing the basic measurement principle in a laser Doppler 

vibrometer (LDV) setup and the alignment of the laser beam with respect to a generic thin-film 

heterostructure. (b) Schematic showing the type-I and -II device configurations. (c-d) Optical 

microscopy-based images of the type-II device configuration. For the same 45 nm SrRuO3/400 nm 

PbZr0.52Ti0.48O3/45 nm SrRuO3/SrTiO3 (001) heterostructure, the (e) polarization-electric field 

hysteresis loops and (f) strain-electric field loops both measured at a frequency of 10 kHz in both 

type-I and -II device configurations. 
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Figure 2. (a) Strain-electric field loops (under positive bias only for brevity) measured at a 

frequency of 10 kHz for a 45 nm SrRuO3/200 nm PbZr0.52Ti0.48O3/45 nm SrRuO3/SrTiO3 (001) 

heterostructure with the laser spot (red) focused at five different locations (Loc 1 – Loc 5) on the 

surface of a 100-µm-diameter type-I-device capacitor. (b) Comparison of the strain as a function 

of applied voltage between in operando synchrotron-based microdiffraction studies for a 400-nm-

thick PbZr0.45Ti0.55O3 film (adapted from Refs. 34, 35) and LDV-based measurements for a 45 nm 

SrRuO3/400 nm PbZr0.52Ti0.48O3/45 nm SrRuO3/SrTiO3 (001) heterostructure using the same 

device configuration as Fig. 1(d-e). (c) Strain as a function of applied voltage for a 100 nm SrRuO3 

/ SrTiO3 (001) heterostructure used to estimate the electrostriction of the electrodes. (d) Strain-

electric field loops 35 nm SrRuO3/65 nm BaZrO3/35 nm SrRuO3/SrTiO3 (001) heterostructure 

used to demonstrate LDV’s ability to measure even very small electrostrictive responses. All 

measurements shown here have been conducted at an applied frequency of 10 kHz. 
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Figure 3. Surface displacement loops (top row) and strain (with associated error percentages) as a 

function of applied electric field (shown for positive bias only for brevity) for a 45 nm SrRuO3/400 

nm PbZr0.52Ti0.48O3/45 nm SrRuO3/SrTiO3 (001) heterostructure at a measurement frequency of 

(a,d) 1 kHz, (b,e) 10 kHz, and (c,f) 100 kHz. Corresponding 𝑑𝑖𝑗
∗  values extracted from the data are 

shown as well. 
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Figure 4. Proposed workflow for determining the piezoelectric coefficients (d31 and d33) in any 

thin-film heterostructure, starting from (a) measuring the surface displacement using LDV due to 

the piezoelectric layer followed by (b) finite element modeling (FEM)-based simulations to 

estimate the relevant elements in the piezoelectric tensor.  
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Figure 5. (a) Surface piezoelectric displacement loops as a function of electric field (positive bias) 

at a frequency of 10 kHz for 45 nm SrRuO3/50, 100, 200, and 400 nm PbZr0.52Ti0.48O3/45 nm 

SrRuO3/SrTiO3 (001) heterostructures. (b) Schematic showing the interfaces with an electric 

potential and a fixed mechanical constraint in the simulated device configuration. (c) Table 

providing a summary of the 𝜖𝑟, |𝑆|, 𝑑33
𝑎𝑣𝑔

, and % 𝑘33
𝑏𝑢𝑙𝑘 values, where 𝑑33

𝑚𝑖𝑛 and 𝑑33
𝑚𝑎𝑥 are obtained 

from the minimum and the maximum values for |𝑆| at the bottom and the top interface, 

respectively. Cross-section of the (d) 50- and (e) 400-nm-thick PbZr0.52Ti0.48O3 films with the 

colormap indicating the variation in |𝑆| as a function of distance from the mechanically constrained 

bottom surface at an electric field of 250 kV/cm applied to the top surface, estimated using finite 

element modeling-based simulations. 

 

 

 

 

 

 

 


