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Piezoelectric peristaltic pump



Piezoelectric MEMS
FBAR Resonators: High frequency filters, sensors
 

Sensors:  High sensitivity sensors

Actuators:  Low power
 Low voltage (CMOS compatible)

Transducers (e.g biomedical, acoustic microscopy)

Agilent

PSU

CMOS 
transceiver chip

The xylophone 
transducer

ARL

PSU

Sensors with Energy Harvesting
Jeon et al., Sens. Act. A, 2005:

ARL



Sensors
•  High eijk/εr for voltage-based 

sensors
•  High eijk for charge-based 

measurements
•  High signal to noise ratio

Actuators
•  High eijk
•  High drive field capability
•  High Ttr

Transducers
•  High eijk 
•  High coupling coefficients 

(bandwidth)
Energy Harvesting

•  High k2 
•  Low mechanical losses

Selecting Piezoelectrics for MEMS

ZnO AlN PZT 
52/48

ε33, f 8 - 12 10.4 900 - 
1300

d33,f 
(pC/N)

10 - 12 3.4 - 3.9 90 - 110

e31, f 
(C/m2)

-0.43 
to -0.8

-0.9 
to -1.0

-6 to -18

k2
p,f 0.06 

-0.085
0.065 - 
0.11

0.1-0.20

€ 

eijk
εoεij tanδ

€ 

D3 = εoε33, f E3 + e31, f (x1 + x2) + d33, fσ 3

e31,f relates 
•  induced out-of-plane polarization to 

in-plane strain 
•  induced in-plane stress to out-of-

plane electric field

€ 

∝eijkhijk



Miniature Ultrasound Systems with Close-
Coupled Electronics

•  Ultrasound pill camera 
with close-coupled 
electronics for sub-
surface, high resolution 
imaging of features < 100 
µm in size

•  Diagnosis for ailments in 
GI tract, including 
Barrett’s esophagus, as 
well as liver diseases

•  Large piezoelectric 
coefficients are required to 
generate adequate sound 
pressure

CMOS 
transceiver chip

The xylophone 
transducer

PZT coated 
xylophone

Si



PZT Film Piezoelectric Response
Optimized response achieved in gradient-free, oriented PZT
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Grain Size in PZT Ceramics

•  Small grained PZT 
ceramics show a 
diminution in 
piezoelectric 
properties with grain 
size associated with 
changes in domain 
structure and domain 
wall mobility

•  What about grain 
size in films? 

Randall et al. J. Am. Ceram. Soc. (1998) 



Importance of PNN Fluxing 
Sample compositions: 
•    Pb(Zr0.45Ti0.55)O3 
•    30PbNi1/3Nb2/3O3- 
70Pb(Zr0.45Ti0.55)O3 
•    10 mol % Pb excess 
Sample preparation: 
•  4 pyrolyzed layers 
•  1 annealing step 

•  650 ºC 10 min 
•  700 ºC 1 min 
•  750 ºC 1 min 
•  800 ºC 1 min 0.00
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The presence of PNN enhances mass transport and promotes grain growth 

Heat Treatment: 800 ºC

AVG Grain Size: 210 nm (60 nm)

Heat Treatment: 800 ºC

AVG Grain Size: 120 nm (40 nm)

1 µm 



Grain-size Effects�
in PNN-PZT Thin Films

•  Larger grain-size films showed improved dielectric and piezoelectric 
properties for films of comparable thicknesses

•  Partially oriented sample seemed to obey the e31,f vs. grain-size trend 
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Why Does Grain Size Matter?

Defect

Domain wall

D. Damjanovic, NATO Science Series 3. 
High Technology 76 (2000) 123

Defect: pinning center

Fi
el

d
Intrinsic –  deformation of lattice Extrinsic –  domain wall or phase boundary motion

Electric Field 

Reversible 
Irreversible 

Intrinsic contribution 
may depend on details of 
domain structure



•  The ratio α'/ε'init increased by 100% over the studied grain size interval (0.0042 
and 0.0084 cm/kV with standard deviations in the fifth decimal place)

•  This suggests a considerable increase in the domain wall (extrinsic) 
contributions to the dielectric response with grain size and thickness

Nonlinearities in �
PNN-PZT Thin Films

•  Distinct region where εr 
fits the Rayleigh relation:
ε' (E0)=ε'init+α'E0

where:
α' irreversible Rayleigh 

coefficient 
ε'init intrinsic dielectric 

response + contribution 
from reversible domain 
wall vibration   
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Typical Pinning Sources in Ferroelectrics

High [Vo
••]

Grain boundaries
VPb”-Vo

••

Dielectric / electrode interface

Core/Shell interface

MnTi
x and MnTi”-Vo

••



Factors Affecting Wall Mobility

•  Defect chemistry
•  Tilt domain structures
•  Temperature
•  Applied bias
•  Dislocations
•  Phase boundaries
•  Grain boundaries 
•  Domain wall density
•  Residual stresses

Demartin and Damjanovic, APL 
68 3046 (1996).

Can we begin to understand the relative importance of each of 
these factors?  Can local measurements help?



Model System:  CSD PZT 52/48 Films
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 ε΄ = ε΄init  + α΄ E0

 At higher ac field, extrinsic 
contributions become more 
prominent, increasing the measured 
εr.

 There is some thickness dependence 
to dielectric nonlinearity measured 
using large area electrodes



Microstructure of PZT 52/48 Films

•  Microstructures are predominantly columnar
•  Planar defects associated with each crystallization step are visible
•  Mottled contrast at very fine length scale is associated with 

complex ferroelectric domain structure 



Nanotechnology 18 (2007) 435503 S Jesse et al

Figure 2. Operational principle of the BE method in SPM. The excitation signal is digitally synthesized to have a predefined amplitude and
phase in the given frequency window. The cantilever response is detected and Fourier transformed at each pixel in an image. The ratio of the
fast fourier transform (FFT) of response and excitation signals yields the cantilever response (transfer function). Fitting the response to the
simple harmonic oscillator yields amplitude, resonance frequency, and Q-factor, that are plotted to yield 2D images, or used as feedback
signals.

mechanical and electromechanical properties, variations in the
local response cannot be unambiguously distinguished from
dissipation.

Even in techniques utilizing constant excitation signals,
non-linearities in the tip–surface interaction result in the cre-
ation of higher harmonics, which can cause confusion between
information about dissipation and non-linear conservative in-
teractions [17]. Furthermore, dissipation measurements are ex-
tremely sensitive to SPM electronics. For example, small de-
viations in the phase set-point from the resonance condition in
frequency tracking techniques result in major errors in the mea-
sured dissipation energy. Most importantly, implementation of
these techniques requires the calibration of the frequency re-
sponse of the piezoactuator driving the cantilever since a driv-
ing voltage, rather than a driving force, is controlled [18]. In
the absence of such calibration, the images often demonstrate
abnormal cantilever-dependent contrast. Altogether, these fac-
tors contribute to a relative paucity of studies on dissipation
processes in SPM.

This limited applicability of SPM to dissipation measure-
ments is a direct consequence of the fact that traditional SPM
excites and samples the response at a single frequency at a time.
This allows fast imaging and high signal levels, but information
about the frequency-dependent response, and hence dissipation
and energy transfer, is not probed. At the other extreme, spec-
troscopic techniques excite and sample over all Fourier space
(up to the bandwidth limit of the electronics), but the response
amplitude is necessarily small since the excitation energy is
spread over all frequencies [19]. Finally, response in the vicin-
ity of the resonance can be probed using frequency sweeps.
However, in this case, homodyne detection implemented in
standard lock-in techniques results in significant phase and am-
plitude errors and information loss if the relaxation time of the
oscillator exceeds the residence time at each frequency. This
necessitates long acquisition times to achieve adequate signal
to noise ratios, incompatible with 1–30 ms/pixel data acquisi-
tion times required for practical SPM imaging.

3. Principles of band excitation method

Here, we develop and implement a method based on an
adaptive, digitally synthesized signal that simultaneously
excites and detects within a band of frequencies over a selected
frequency range simultaneously [20]. This approach takes
advantage of the fact that only selected regions of Fourier
space contain information of any practical interest, for instance
in the vicinity of resonances. Instead of a simple sinusoidal
excitation, the BE method developed here uses a signal having
a predefined amplitude and phase content. The generic process
is illustrated in figure 2. The signal is generated to have the
predefined Fourier amplitude density and phase contrast in the
frequency band of interest and inverse Fourier transformed
to generate excitation signal in time domain. The resulting
complex waveform is used to excite the cantilever electrically,
acoustically, or magnetically. The cantilever response to the
BE drive is measured and Fourier transformed to yield the
amplitude– and phase–frequency curves and is stored at each
point in the image as a 3D (A(ω) and θ(ω) at each point) data
set. The ratio of the response and excitation signals yields the
transfer function of the system.

The applicability of BE is analyzed as follows. The point
spacing in the frequency domain is # f = 1/T , where T is the
pulse duration (equal to pixel time, ∼20 ms for 0.4 Hz scan
rate at 128 points/pixel). For a resonance frequency of ω0 =
150 kHz and a Q-factor of ∼200, the width of the resonance
peak is ∼750 Hz, allowing for sufficient sampling of the peak
in the frequency domain (15 points above the half-max). The
sampling efficiency increases for lower Q-factors (e.g. imaging
in liquids) and higher resonance frequencies (contact modes
and stiff cantilevers). Remarkably, the parallel detection of the
BE method implies that the total number of frequency points
(i.e. the width of the band in the Fourier space) can be arbitrary
large, with the cost being the signal/noise ratio. Typically for
single-peak tracking, the frequency band is chosen such that
the intensity factor, defined as Idet = ∫

A(ω)dω/Amax#ω,
where the integral is taken over the frequency band of width
#ω, is Idet ∼ 0.2–0.7. Alternatively, the excitation signal can
be tailored to provide a higher excitation level away from the
resonance or to track multiple bands (figure 4).

3

Band Excitation Piezoelectric Force 
Microscopy 
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Local Mapping of Rayleigh Parameters

•  Band excitation PFM used to 
improve signal to noise ratio

•  Cantilever sent into 
resonance

•  Conditions where tip contact 
nonlinearity is modest 
chosen to measure 
displacements
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Mapping Rayleigh Response, 1.09 µm PZT Film
Topology Resonance Frequency Position Dependence of Resonance

Bias Dependence of Resonance

d33,init, a.u. αd, a.u. αd/d33,init (cm/kV)

•  In dielectric data, α/εinit ~ 0.0155 cm/kV, similar to average behavior in film
•  Not all of the features in α/d33,init  are associated with topology



Thickness Evolution of αd/d33,init

•  Nonlinearity evolves through clusters, which ultimately merge to 
produce homogeneous response
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Why Clusters? Why This Length Scale?

time

pinning 
site

domain 
walls

•  Equilibrium domain densities are governed by energy balance
•  Motion of one domain wall leads to collective motion of other walls, yielding 

clusters over some finite interaction volume via long-range elastic and electric 
fields

•  Presumably the limiting speed of interaction will be the speed of sound
•  Speed of sound x dielectric relaxation time for domain walls ~ 4 -5 µm for PZT
•  Is this the link that controls length scale?

Bintachitt et al., PNAS (2010)



Other Evidence of Correlated 
Motion of Domain Walls in Similar 

Films?



Full-Scale Switching Studies:  PFM With 
and Without a Top Electrode 

Method Advantages Drawbacks

PFM without a top 
electrode

• High lateral resolution
• Correlation between 
domain patterns and 
microstructure

• Analysis of domain wall 
structure and its interaction 
with microstructural 
features

• Highly inhomogeneous 
electric field

• Possible effect of surface 
contamination

• Difficult to quantify absolute 
magnitudes of piezoelectric 
response

• Asymmetric boundary 
conditions

PFM with a top electrode • Homogeneous electric 
field
• No electrostatic 
contribution
• Quantitative 
characterization

• Detrimental effect of top 
electrode on imaging 
resolution

• Wafer flexure influences 
magnitude of apparent 
piezoelectric responses

Kalinin S., PFM Workshop, Oak Ridge Nat. Lab. (2007)
Gruverman, PFM Workshop, Oak Ridge Nat. Lab. (2007)



Piezoelectric response

Positive
nucleation bias

Poling V

V0
+
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Negative 
nucleation 
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Local Measurement by SSPFM
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 Piezoelectric measurements made at zero bias after excitation with a dc bias to “pole” 
 The features in the positive nucleation bias map are ~200 nm
  The feature size of topography is 50 nm
 The switchable responses are independent of the surface morphology

after Jesse et al., Rev. Sci. 
Instrum. 77 073702 
(2006)



Nucleation Bias Maps by SSPFM
On bare PZT film

PZT
E

On electrode

On electrode: Large regions with uniform nucleation 
bias suggests that the measurements probe 
transgranular coupling of the switching (e.g. 
switching is accomplished if there is a near-by 
nucleation site)

EE

On bare PZT films: 
• Local hysteresis loops are generally 
similar for different areas of the 
sample
• Observation of anomalous loops 
suggests that electric field is strongly 
confined under the tip, as expected

Good 
nucleation site

PZT film

Good 
nucleation site

PZT film

E
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Seal et al., PRL 103, 057601 (2009)

Cao and 
Randall, J. Phys. 
Chem. Sol. 57 
1499 (1996)
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Ptotal (E) = Pi(E) = P1(E) + P2(E) + P3(E)
i

3

∑

P1

P2

P3

Handling Higher Fields�
Preisach Model:  Ensembles of Hysterons

 α: up-switching field
 β: down-switching field

If a hysteresis loop consists of 3 hysterons,

F. Preisach, Zeitschrift fur Physik  
94 277 (1935).
I. D. Mayergoyz, Mathematical 
models of hysteresis and their 
applications, 2003



Preisach Calculations

 q(α,β) = +1 (Yellow) or -1 (Blue), depending on history

€ 

= − p(α,β)dαdβ
Blue
∫∫ + p(α,β)dαdβ

Yellow
∫∫

β

€ 

P(E) = q(α,β) ⋅ p(α,β)dαdβ
α≥β

∫∫

€ 

= − p(α,β)dαdβ
Blue
∫∫

α
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after Pike et al., JAP 
85, 660 (1999)



Global and Local FORC

•  Local  FORC measurements reproduce many of the essential 
features of the macroscopic measurements

Macroscopic

Microscopic

Ovchinnikov et al., APL 112906 (2010)



Prospects for Understanding Factors 
Affecting Wall Mobility using BE-

PFM
•  Defect chemistry
•  Tilt domain structures
•  Temperature
•  Applied bias
•  Dislocations???
•  Phase boundaries
•  Grain boundaries 
•  Domain wall density
•  Residual stresses

Factors in red should be 
readily probed by PFM 

mapping



Summary Conclusions
•  Design of ferroelectric 

films for MEMS is 
facilitated by use of film 
orientation, grain size, and 
composite connectivity 
patterns

•  Piezoelectric nonlinearity 
evolves locally in “hot 
spots,” presumably due to 
long range coupling of 
domain wall motion

•  Local probes provide insight into designing 
next generation piezoelectric MEMS


