
Abstract 
 
RODRIGUEZ, BRIAN JOSEPH.  Nanoscale Investigation Of The Piezoelectric 
Properties Of Perovskite Ferroelectrics And III-Nitrides.  (Under the direction of Robert 
J. Nemanich and Angus I. Kingon) 
 

Nanoscale characterization of the piezoelectric and polarization related properties 

of III-Nitrides by piezoresponse force microscopy (PFM), electrostatic force microscopy 

(EFM) and scanning Kelvin probe microscopy (SKPM) resulted in the measurement of 

piezoelectric constants, surface charge and surface potential.  Photo-electron emission 

microscopy (PEEM) was used to determine the local electronic band structure of a GaN-

based lateral polarity heterostructure (GaN-LPH). Nanoscale characterization of the 

imprint and switching behavior of ferroelectric thin films by PFM resulted in the 

observation of domain pinning, while nanoscale characterization of the spatial variations 

in the imprint and switching behavior of integrated (111)-oriented PZT-based 

ferroelectric random access memory (FRAM) capacitors by PFM have revealed a 

significant difference in imprint and switching behavior between the inner and outer parts 

of capacitors. The inner regions of the capacitors are typically negatively imprinted and 

consequently tend to switch back after being poled by a positive bias, while regions at the 

edge of the capacitors tend to exhibit more symmetric hysteresis behavior.  Evidence was 

obtained indicating that mechanical stress conditions in the central regions of the 

capacitors can lead to incomplete switching. A combination of vertical and lateral 

piezoresponse force microscopy (VPFM and LPFM, respectively) has been used to map 

the out-of-plane and in-plane polarization distribution, respectively, of integrated (111)-

oriented PZT-based capacitors, which revealed poled capacitors are in a polydomain 

state.



NANOSCALE INVESTIGATION OF THE PIEZOELECTRIC 
PROPERTIES OF PEROVSKITE FERROELECTRICS AND 

III-NITRIDES 
 

 
by 

 
BRIAN JOSEPH RODRIGUEZ 

 
 
 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

In partial fulfillment of the 

requirements for the Degree of 

Doctor of Philosophy 

 

DEPARTMENT OF PHYSICS 

 
Raleigh 

2003 

 

APPROVED BY: 

 
 
            
  Alexei Gruverman                       Jacqueline Krim  
 
 
 
   
 Salah M. Bedair, Minor Representative 
  
 
 
           
 Angus I. Kingon                       Robert J. Nemanich 
Co-Chair of Advisory Committee                     Chair of Advisory Committee 



 
 

 
Dedication 

 
 
 
 
 
 
 
 
 
 
"I want to stand as close to the edge as I can without going over. Out on the edge you see 

all kinds of things you can't see from the center."                                   Kurt Vonnegut, Jr. 

 

 

 

 

I dedicate this dissertation to my family and to everyone else who made my success in 

graduate school possible. 

 

 

 

 

 

 

 ii



 
 

Biography 
 

Brian Joseph Rodriguez was born on October 31, 1975 in Miami, Florida.  He and 

his parents, Barbara and Joseph Rodriguez, lived in Homestead, Florida for several years 

before moving to Hillsboro, Oregon.  His brother, Stephen, now a talented jazz musician, 

was born in Portland, Oregon in 1979.  Brian graduated from Farmington View 

Elementary, J.B. Thomas Jr. High and Hillsboro High School (Class of 1993).  Brian 

thoroughly enjoyed growing up in Oregon, a state filled with wondrous beauty.  He was 

also fortunate to be able to travel to Fukuroi, Japan and Salamanca, Spain as an exchange 

student while in High School.  From an early age, it was apparent that Brian was 

enamored with science and learning. 

Brian, following in his father’s footsteps, moved across the country to attend the 

University of North Carolina at Chapel Hill, where he earned his Bachelor of Science in 

physics and a minor in Spanish in 1997.  While at UNC-CH, he worked as an 

undergraduate research assistant to build an inductively coupled plasma processing 

chamber.   

After graduation, Brian spent nearly two years in industry working on diamond-

based SAW devices at Kobe Steel USA, Inc. Electronic Materials Center.  He was 

responsible for a magnetron sputtering system for the deposition of ZnO and oversaw the 

materials characterization of both ZnO and diamond and the electrical characterization of 

the final SAW devices. Brian entered the Ph.D. program at North Carolina State 

University in August, 1998 and received his Master of Science degree in Physics in May, 

2001. 

 

 iii



 
 

Acknowledgements 
 

I would like to thank all of the people that helped make my success in graduate 

school possible.  First, I would like to thank my family and my friends; they should 

always come first and they know who they are.  I am grateful to my committee members, 

Jacqueline Krim and Salah Bedair, for providing numerous insightful comments and for 

judging my work worthy of a Ph.D. I am indebted to Alexei Gruverman for pushing me 

always towards deeper understanding, for coming to NC State and revitalizing my 

research, for being a smart and patient teacher, and for introducing me to some wonderful 

Russian fiction.  I thank co-advisor Angus Kingon for his outstanding support during the 

past 5 years, for access to his students and facilities, and for building one of the world’s 

premiere research groups on Ferroelectric materials, which helped bring Alexei to NC 

State and also facilitated several fruitful collaborations.  My biggest debt is to advisor 

Robert Nemanich who hired me as a Research Assistant in 1999.  His dedication and 

enthusiasm are inspiring; he gives students the leeway they need to learn and to 

understand on their own, and is always available when needed.  His confidence in me 

allowed me to grow as a person and as a researcher, and when I was having difficulties in 

my personal life, he provided the space I needed to return to normalcy. 

I could not have finished my dissertation without the help and support 

(professionally and socially) of friends and colleagues at NC State.  Here’s to you. 

Thanks to Surface Science Laboratory members past (Dr. James Christman, Dr. Brandon 

Ward, Dr. Morgan Ware, Dr. Philip Hartlieb, Dr. Kieran Tracy, Dr. Rick Carter, Dr. Leah 

Bergman, Dimitri Alexson, Dr. Willie Platow, Dr. Jaehwan Oh, Lena Fitting, Brian 

Davis, Dr. Minseo Park, Dr. Brian Coppa, Dr. Ted Cook, Dr. Jaeseob Lee, Mengning 

 iv



 
 

Liang) and present (James Burnette, Anderson Sunda-Meya, Joe Tedesco, Matt Zeman, 

Jacob Garguilo, Jennifer Huening, Franz Koeck, Yunyu Wang, Billyde Brown, Charlie 

Fulton, Will Mecouch, Dr. Woochul Yang, Eugene Bryan, Tom Blair).  Thanks also to 

my REU students, Dave Baker, Brendan Shields and Karen Canne, and to recent 

graduate, Chethan Pandarinath, all of whom helped immensely. I would like to 

acknowledge Dr. J.P. Maria, Dr. Dong Joo Kim, Taeyun Kim, Dr. Charles Parker, Dr. 

Jung Won Cho, Dr. Alex Kvit, Brian Laughlin, Dieter Griffis, Drew Wassel, Dr. Peter 

Miraglia, Zach Reitmeier, Dr. R.F. Davis, and Dr. J.J. Cuomo for their assistance over the 

years. 

Cecilia Upchurch deserves more gratitude than I can show her.  She is a 

wonderful person who always goes out of her way to help.  I would also like to thank C.J. 

Hathorne, Dr. Nemanich’s administrative assistant, for always being willing to help when 

needed. 

I would be remiss if I did not also thank everyone in the electronics and machine 

shops for always being willing to help out with an urgent need. 

The good folks at Interlibrary Loan (Mimi Riggs, Anne Rothe, and Marihelen 

Stringham) deserve my gratitude as well.  They helped me through graduate school by 

always locating that journal article I needed, and by keeping me sane by also always 

locating that book or short story I wanted to read for pleasure. 

I am also very appreciative of the help I received in terms of samples and/or 

discussions from colleagues around the world. From the Polaris MURI: Dr. Asbeck, Dr. 

Yu, Dr. Speck, Dr. Singh, Dr. Ambacher and Dr. Colin Wood.  From Fujitsu, J. S. Cross, 

M. Tsukada, Y. Horii, and N. Kin. 

 v



 
 

Finally, I would like to thank the Office of Naval Research MURI on Polarization 

Electronics and Fujitsu Laboratories Ltd for their financial support. 

 vi



 
 

Table of Contents 

List of Tables……………………………………………………………………………...x 
List of Figures…………………………………………………………………………….xi 
1. Introduction………………………………………………………………………..……1 
 1.1 Motivation……………………………………………………………………..2 
 1.2 Overview………………………………………………………………………4 
 1.3 References……………………………………………………………….…….5 
2. Piezoelectric and Ferroelectric Materials: Theory and Background……………………6 
 2.1 Introduction………………………………………………………………..…..7 
 2.2 Crystal Classes………………………………………………………………...7 
 2.3 Mathematical Description of Piezoelectricity…………………………………8 

2.4 Mathematical Development for Wurtzite and Poled Ceramics……………...16 
2.5 Piezoelectric Constant Measurement Techniques…………………………...18 
2.6 Piezoelectricity in Thin Films………………………………………………..20 
2.7 III-Nitrides…………………………………………………………………...22 
2.8 Ferroelectricity……………………………………………………………….23 

2.8.1 Definition of Ferroelectricity………………………………………23 
2.8.2 The PbZrO3-PbTiO3 System……………………………………….24 
2.8.3 Ferroelectric Domains……………………………………………..25 
2.8.4 Polarization Hysteresis…………………………………………….27 
2.8.5 Piezoelectricity in Ferroelectrics…………………………………..28 
2.8.6 Piezoelectricity in Ferroelectric Thin Films……………………….30 
2.8.7 Imprint……………………………………………………………..31 
2.8.8 Fatigue……………………………………………………………..32 
2.8.9 Applications of Ferroelectric Materials……………………………35 

2.9 Summary……………………………………………………………………..35 
2.10 References…………………………………………………………………..37 

3. Scanning Probe Techniques for Characterizing Piezoelectric Materials……………...66 
 3.1 Introduction…………………………………………………………………..67 

3.2 The Atomic Force Microscope………………………………………………67 
3.3 Review of SPM for Piezoelectric Materials…………………………………70 
3.4 Electrostatic Force Microscopy……………………………………………...71 
3.5 Scanning Kelvin Probe Microscopy…………………………………………74 
3.6 Piezoresponse Force Microscopy……………………………………………76 
3.6.1 PFM Experimental Setup…………………………………………………..76 

3.6.2 Electronics………………………………………………………….79 
3.6.3 Piezoelectric Measurements………………………………………..81 

3.6.3.1 Determining the Piezoelectric Constant From the  
Lock-In…………………………………………………………...81 
3.6.3.2 Determining the Piezoelectric Constant from PFM 
Images………………………………………………………..…..83 
3.6.4 Dependence of the Piezoelectric Coefficients on the Testing 
Conditions………………………………………………………..84 

3.6.5 Lateral Piezoresponse Force Microscopy………………………….87 

 vii



 
 

3.6.6 PFM Experimental Errors and Resolution………………………....88 
3.7 Summary…………….……………………………………………………….92 
3.8 References……………………………………………………………………93 

4. Piezoresponse Force Microscopy for Piezoelectric Measurements of III-
Nitrides………………………………………………………………………………….112 

4.1 Abstract……………………………………………………………………..113 
4.2 Introduction…………………………………………………………………113 
4.3 Experimental Details………………………………………………………..115 
4.4 Results and Discussion…………………………………………………..…116 
4.5 Summary……………………………………………………………………121 
4.6 Acknowledgements…………………………………………………………122 
4.7 References…………………………………………………………………..123 

5. Nanoscale Investigation of GaN-based lateral polarity heterostructures by Photo-
Electron Emission Microscopy (PEEM), PFM, EFM and SKPM…………………...…131 

5.1 Introduction..………………………………………………………………..132 
5.2 PEEM observation of inversion domain boundaries of a GaN lateral polarity 
heterostructure…..………………………………………………………………132 
 5.2.1 Introduction……………………………………………………….133 
 5.2.2 Experimental Details…………………………………….………..135 
 5.2.3 Results…………………………………………………………….137 
 5.2.4 Discussion………………………………………………………...139 
 5.2.5 Conclusion…………………………………………………..……143 
5.3 PFM, EFM and SKPM of a GaN lateral polarity heterostructures…………144 
 5.3.1 Introduction……………………………………………………….144 
 5.3.2 Experimental Details…………………………………………...…145 
 5.3.3 Results…………………………………………………………….148 
 5.3.4 Discussion……………………………………………………...…152 
 5.3.5 Summary……………………………………………………...…..157 
5.4 Acknowledgements…………………………………………………………157 
5.5 References……………………………………………………………..……158 

6.  Nanoscale Characterization of Ferroelectric Thin Films by Piezoresponse Force 
Microscopy…………………………………………………………………………..…175 

6.1 Introduction…………………………………………………………………176 
6.2 Nanoscale Investigation of Imprint Behavior and Observation of 
Photoinduced Domain Pinning in Lead Titanate Thin Films………………..…176 

6.2.1 Experimental Details………………………………………..……177 
6.2.2 Results and Discussion……………………………………...……178 
 6.2.2.1 Hysteresis and Switching in as grown PTO film…….…178 
 6.2.2.2 Photoinduced Changes………………………………….180 
 6.2.2.3 Experimental Evidence of Domain Pinning………..…..182 
6.2.3 Summary…………………………………………………….……183 

6.3 References……………………………………………….………….………185 
7. Nanoscale Characterization of Ferroelectric Capacitors by Piezoresponse Force 
Microscopy………………………………………………………………………..……196 

7.1 Introduction…………………………………………………………………197 

 viii



 
 

7.2 Spatial Inhomogeneity of Imprint and Switching Behavior in Ferroelectric 
Capacitors.………………..…………………………………………………….199 

  7.2.1 Introduction………………….……………………………………199 
  7.2.2 Experimental Details……………………………………………...200 
  7.2.3 Results and Discussion……...……………………………………201 
  7.2.4 Summary………………………………………………………….209 

7.3 Reconstruction of the 3-Dimensional Distribution of Polarization in 
Ferroelectric Capacitors………………………………………………………………...210 

7.3.1 Abstract…………………………………………………………………...210 
7.3.2 Introduction……………………………………………………………….211 
7.3.3 Experimental Details……………………………………………………...212 
7.3.4 Results and Discussion…………………………………………………...216 
7.3.5 Summary………………………………………………………………….222 
7.4 Acknowledgements..………………………………………………………..222 
7.5 References…………………………………………………………………..223 

8. Summary and Future Work………………………………………………………..…243 
 8.1 Summary……………………………………………………………………244 
 8.2 Future Work……………………………………………………………...…245 
  8.2.1 III-Nitrides………………………………………………………..245 
   8.2.1.1 2DEG …………………………………………………..246 
  8.2.2 Ferroelectrics……………………………………………………..250 

8.2.2.1 Nanoscale Characterization of the Spatial Variation in the 
Piezoelectric Properties and Local Potential as a Function of PZT 
Thickness……………………………………………………….251 

   8.2.2.2 Domain-Patterned Ferroelectrics……………………….252 
    8.2.2.2.1 Selective Deposition………………………….253 
    8.2.2.2.2 Charge Transfer………………………………254 
 8.3 References…………………………………………………………………..255 
Appendix: Tip-Generated Electric Field Distribution………………………………….262 

 ix



 
 

List of Tables 

Table 2-I  Fundamental piezoelectric equations with tensorial notation omitted for 
convenience (adapted from Ikeda).11 The relationships between the various constants are 
given by Ikeda.11…………………………………………………………………………62 
 
Table 2-II  Voigt notation convention…………………………………………………..63 
 
Table 2-III  Piezoelectric constants of various materials in pC/N (or pm/V).  All 
piezoelectric constants are taken from Landolt-Börnstein14 unless otherwise noted……64 
 
Table 2-IV  Lattice parameters and piezoelectric properties of III-nitrides…………….65 
 
Table 3-I  Specifications of cantilevers used in this research………………………….111 

Table 5-I Surface charge density before and after surface cleaning treatment………174

 x



 
 

List of Figures 

Figure 2.1 The 32 crystal classes. Crystal classes of ferroelectric and piezoelectric 
materials.  Of the 32 crystal classes, 21 lack a center of symmetry.  A centrosymmetric 
crystal does not possess polar properties, and cannot be piezoelectric.  The crystal classes 
are depicted schematically in Figure 2.1.  Of the 21 noncentrosymmetric classes, 20 are 
piezoelectric (Class 432 is the only non piezoelectric noncentrosymmetric class).8…….44   
 
Figure 2.2   A schematic of the effect of an electric field on the cross-section of a disk-
shaped piezoelectric crystal (class 6mm) with no external mechanical constraints. The 
unit vectors and are directed radially outward.  The piezoelectric material initially 
has thickness t in the  direction.  After applying an electric field (E

1x̂ 2x̂

3x̂ 3) in the  
direction, the film thickness increases by ∆t since d

3x̂

2x̂
33>0.  The solid line is the initial 

shape and the dashed line is the shape while the field is being applied.  The  and  
directions are equivalent for this crystal class, and the corresponding decrease in width is 
shown in the figure……………………………………………………………………….45 

1x̂

 
Figure 2.3  Piezoelectric convention for a piezoelectric with d33>0. (a) A tensile strain 
parallel to the -direction produces positive charge on the positive side of the -
direction for a piezoelectric material with a positive d

3x̂ 3x̂

33.9  The arrows in (a) represent the 
tensile strain.  The dashed line represents the initial shape. (b) Conversely, an electric 
field applied parallel to the -direction will cause the piezoelectric material to expand 
for a positive d

3x̂

33.9……………………………………………………………………..…46 
 

Figure 2.4  Schematic of a double-beam interferometer system.  The laser beam is 
incident from the top and is split by the first mirror into two beams shown in black and 
gray.  The optical path length of the gray beam changes as the piezoelectric crystal 
expands and contracts.  The two beams recombine at the photodiode where the intensity 
is measured.  From the intensity, the displacement of the piezoelectric can be 
calculated………………………………………………………………………………...47 
 
Figure 2.5  A schematic of the wurtzite structure of GaN indicating the direction of 
spontaneous polarization for Ga- and N-face GaN.  The figure is Ambacher et al.32…...48 
 
Figure 2.6  A representation of the tetragonally distorted perovskite structure.  When an 
external field (E) is applied, the polarization (P) direction switches as the B atom shifts 
towards an oxygen atom.  The tetragonal distortion is along the polarization direction. 
The figure is from the “FRAM Technology Backgrounder.”95……………………….…49   

 
Figure 2.7  Phase diagram of the Pb(Zrx,Ti1-x )O3 (PZT) system……………………….50 
 
Figure 2.8  Schematic of the possible orientations of polarization in tetragonal PZT….51 
 

 xi



 
 

Figure 2.9  Schematic of the possible orientations of polarization in rhombohedral 
PZT………………………………………………………………………………………52 
 
Figure 2.10  Domain structure of crystalline BaTiO3 (initially completely polarized to the 
left) during polarization reversal as a field is applied to the right as deduced from a 
polarization micrograph.  The largest arrow is the applied electric field direction, which is 
parallel to the tetragonal c-axis, and the other arrows show the polarization direction for 
individual domains.  Adapted from Merz et al.34………………………………………..53 
 
Figure 2.11  Example polarization hysteresis loop for a ferroelectric material…………54 
 
Figure 2.12 Intrinsic and extrinsic contributions to the piezoelectric effect.  The pictures 
on the right represent the effects of a vertical electric field applied to the domain on the 
left. The upper diagram represents the intrinsic response, since the domain elongates due 
to an applied field, while the lower picture represents the extrinsic contribution.  In this 
case the polarization direction rotates as a field is applied, and there is a length increase 
in the vertical direction since c > a for a tetragonal material…………………………….55   
 
Figure 2.13 Schematic representation of thickness clamping.  When an electric field (E) 
is applied to a ferroelectric material with domains of alternating polarization (P),  the 
domains with polarization parallel to the applied field will expand, and the domains with 
polarization antiparallel to the applied field will contract…………………………….…56 
 
Figure 2.14 Compositional dependence of effective d33 for PZT from Chen et al.60…..57 
 
Figure 2.15  Measured compositional dependence of d33 for PZT from Kholkin et 
al.61………………………………………………………………………………………58 
 
Figure 2.16  Schematic of imprint.  Imprint is an important failure mechanism in non-
volatile ferroelectric random access memory (NV-FRAM) since a voltage shift in the 
hysteresis loop can lead to both an increase in the coercive voltage, Vc (possibly causing 
a write failure) and a decrease in remenant polarization, Pr (possibly causing a read 
failure)……………………………………………………………………………………59   
 
Figure 2.17 Piezoelectric hysteresis loop of a ferroelectric material.  Figure taken from 
Kholkin et al.52…………………………………………………………………………..60 
 
Figure 2.18  Schematic (a) bulk locking of the domain walls and (b) inhibition of 
switching at the polarization seeds located at the ferroelectric-electrode interface.  This 
figure is taken from Colla et al.77………………………………………………………..61 

 

 xii

Figure 3.1 A schematic demonstrating the response of a ferroelectric domain to an 
applied electric field (a) parallel to the polarization and (b) antiparallel to the polarization. 
By convention, we define in-phase to mean a sample expands when the applied field is 
generated by a positively biased tip.  Therefore, when the applied field is parallel to the 
polarization, the domain oscillates in-phase with the modulation voltage and when the 



 
 

applied field is antiparallel to the polarization, the domain oscillates out-of-phase with the 
modulation voltage……………………………………………………………………….98 
 
Figure 3.2  A schematic demonstrating the response of a material with d33>0 to an 
applied electric field (a) parallel to the Z axis and (b) antiparallel to the Z axis. By 
convention, an electric field applied parallel to the Z axis will cause a piezoelectric 
material to expand for d33>0.  We define in-phase to mean a sample expands when the 
applied field is generated by a positively biased tip.  A sample with d33>0 will therefore 
oscillate out-of-phase with the modulation voltage.  The sign of d33 is related to the 
crystallographic orientation of the sample, which also defines the direction of 
spontaneous polarization in III-nitrides.  Therefore, a measurement of the sign of d33 
(from PFM phase) is also a measurement of crystal polarity and polarization direction..99 
 
Figure 3.3  Schematic of AFM piezoelectric measurement system……………………100 
 
Figure 3.4 SEM micrograph of an as-received diamond coated silicon tip demonstrating 
incomplete diamond coverage………………………………………………………….101 
 
Figure 3.5 Example AFM piezoelectric measurements for (a) thin film PZT, (b) thin film 
ZnO, (c) single crystal X-cut quartz, and (d) thin film amorphous SiO2………………102 
 
Figure 3.6 Schematic of summing amplifier based on LM1458N op-amp……………103 
 
Figure 3.7 Longitudinal piezoelectric coefficient (a) dzz for tetragonal BaTiO3 and (b) a 
cross section of (a) in the (010) plane following the example of X. Du et al.53 and C. 
Harnagea et al.65 The units are pm/V.  The subscripts imply the electric field is applied 
along the z direction, and the displacement is measured along the z direction ………..104 
 
Figure 3.8 (a) dzz for tetragonal PbTiO3 and (b) a cross section of (a) in the (010) plane 
following the example of X. Du et al.53 and C. Harnagea et al.65  The units are pm/V..105 
 
Figure 3.9 A three-dimensional plot of the piezoelectric surface for a tetragonal PZT film 
following the example of X. Du et al.53 and C. Harnagea et al.65 Z indicates the 
measurement direction in VPFM for a randomly oriented grain. (b) Cross section of the 
piezoelectric surface by (010) plane for (111)-oriented tetragonal PZT film. A schematic 
of tetragonal (111) PZT indicating 6 possible polarization directions is presented as an 
inset of (b)………………………………………………………………………………106 
 
Figure 3.10 (a) dzz for GaN and (b) a cross section curve of dzz.  The units are pm/V...107 

 xiii



 
 

 
Figure 3.11  (a) dzz for (111) rhombohedral PZT (60/40) and (b) a cross section curve of 
dzz following the example of X. Du et al.53 and C. Harnagea et al.65  The units are 
pm/V………………….………………………………………………………………...108 
 
Figure 3.12 A schematic demonstrating the detection of in-plane polarization using 
LPFM.  The experimental setup is the same as in VPFM, although a different signal is 
monitored.  As the piezoelectric shears, the torsion of the cantilever is measured using the 
photodiode………………………………………………………………………………109 
 
Figure 3.13 Schematic demonstrating the internal electric field due to spontaneous 
polarization (on left) and the band structure when free carriers are taken into account (on 
right). Then free carriers screen the polarization bound charge………………………..110 
 
Figure 4.1  Schematic showing that the piezoelectric response of a film is (a) in-phase for 
a N face film and (b) out-of-phase for a Ga-face film………………………………….125 
 
Figure 4.2 Schematic of the PFM experimental setup.  A modulation voltage is applied to 
the conducting tip, which causes the piezoelectric film to oscillate at the same frequency 
as the applied voltage.  The tip displacement at that frequency is used to calculate the 
piezoelectric coefficient d33………………………………………………126 
 
Figure 4.3 Topographic (a), PFM magnitude (b) and PFM phase (c) images of a GaN-
based lateral polarity heterostructure. The innermost 5x5 µm2 square is the Ga-face 
region. The N-face region has a higher piezoresponse magnitude as indicated by contrast, 
and there is a sharp contrast difference in the piezoresponse phase image, demonstrating 
inversions in film polarity. (d) Histogram of the PFM phase image (Figure 4.3(c)). The 
magnitudes of the Ga- and N-face peaks correspond to the relative areas of each 
region…………………………………………………………………………………...127 
 
Figure 4.4  A schematic of the spontaneous and piezoelectric polarizations in the N- and 
Ga-face regions…………………………………………………………………………128 
 
Figure 4.5 PFM phase image of  Ga- and N-face regions with corresponding cross-
sectional profile…………………………………………………………………………129 
 
Figure 4.6 Topography, PFM magnitude, and PFM phase images of  AlN/Si antiphase 
domains…………………………………………………………………………………130 
 
Figure 5.1 A cross section TEM micrograph of a GaN film with laterally patterned Ga- 
and N-face polarities fabricated using PIMBE. The N-face region extends over the AlN 
buffer layer to the IDB………………………………………………………………….162 
 

 xiv

Figure 5.2 PEEM images of a GaN-based lateral polarity heterostructure (a) before the 
CVC process and (b) after the CVC process. The field of view is 50 µm, and the FEL 
photon energy is 5.4 eV………………………………………………………………...163 



 
 

 
Figure 5.3 (a) AFM image (scan size of 20 x 20 µm2 ) of the GaN lateral polarity 
heterostructure and a cross-section profile along the indicated line.  (b) PEEM image (20 
µm field of view) obtained with a photon energy of 5.6eV…………………………….164 
 
Figure 5.4 PEEM images of the CVC-cleaned GaN film showing the lateral polarity 
heterostructure. The images were obtained with photon energies of (a) 4.8eV (b) 4.9eV 
(c) 5.6eV and (d) 6.3eV, respectively. The field of view is 150 µm…………………...165 
 
Figure  5.5 Energy band diagrams for (a) Ga-face and (b) N-face GaN. The quantities 
χs, φ, Eth, and Lsc are the surface electron affinity, work function, photo-threshold, and 
space charge layer, respectively. The arrows represent the directions of spontaneous 
polarization, Psp, and the internal electric field, E……………………………………..166 
 
Figure 5.6 Proposed lateral band diagram of the GaN surface in the vicinity of an IDB. 
The electron affinities of two faces surfaces are assumed to be equal. The excitation 
photon energy, hν, is greater than Eg and less than Eth (= Eg + χ).  W is a lateral space 
charge region with the IDB is located in the middle. The left side of W is Ga-face while 
the right side is N-face. ∆E is the built-in potential energy induced by the band bending 
difference between Ga- and N-face GaN. The dotted lines represent the modified bands 
near the IDB ascribed to a band edge discontinuity.…………………………………...167 
 
Figure 5.7 A 20x20 µm2 scan before surface cleaning of (a) topography and (b) EFM 
(with line profile) of a GaN lateral polarity heterostructure……………………………168 
 
Figure 5.8  (a) topography and (b) EFM of Ga- and N- face regions, half of which are 
covered by Pt……………………………………………………………………………169  
 
Figure 5.9 (a, b, c) Topography, (d, e, f) EFM magnitude and (g, h, i) EFM phase images 
of a 10x10 µm2 region on the LPH-GaN sample with a dc bias of 0 V, 1 V, and 2 V, 
respectively. (j) A plot of  electrostatic force as a function of applied dc bias 
demonstrating how the electrostatic force on the tip is higher for the Ga-face when the 
bias is greater than 1.5 V………………………………………………………………..170 
 
Figure 5.10 A 20x20 µm2 scan after surface cleaning of (a) topography and (b) EFM 
(with line profile) of a GaN lateral polarity heterostructure……………………………171 
 
Figure 5.11 A 20x20 µm2 scan before surface cleaning of (a) topography and (b) SKPM 
(with line profile) of a GaN lateral polarity heterostructure……………………………172 
 
Figure 5.12 A 20x20 µm2 scan after surface cleaning of (a) topography and (b) SKPM 
(with line profile) of a GaN lateral polarity heterostructure……………………………173 
 

 xv



 
 

Figure 6.1  Topographic (a) and piezoresponse (b) images of the PTO film. White and 
black regions in the piezoresponse image correspond to positive and negative domains, 
respectively……………………………………………………………………………..188 
 
Figure 6.2  Phase (a) and amplitude (b) PFM loops of the negatively polarized grain 
before and after UV illumination……………………………………………………….189 
 
Figure 6.3  Phase (a) and amplitude (b) PFM loops of the positively polarized grain 
before and after UV illumination……………………………………………………….190 
 
Figure 6.4 Dynamics of voltage shift relaxation in oppositely polarized grains after UV 
illumination……………………………………………………………………………..191 
 
Figure 6.5 A schematic diagram illustrating formation of the field within the surface 
dielectric layer under UV illumination…………………………………………………192 
 
Figure 6.6  Suppression of domain switching as a result of the UV/dc treatment. PFM 
images of the (a), (d) as-grown PTO film, (b) poled PTO film, (e) PTO film poled after 
UV/-1V treatment, and (c), (f) differential PFM images obtained from the images (a) and 
(b) and (d) and (e), respectively, depicting dark regions where domain switching has been 
suppressed. Poling was performed by scanning the 2x2 µm2 area with a 9 V dc bias 
applied to the tip………………………………………………………………………..193 
 
Figure 6.7 PFM images of the film subjected to UV/-1V treatment (a) before, and (b) 
after poling, illustrating domain pinning at the sub-grain level. Black lines correspond to 
the grain boundaries……………………………………………………………………194 
 
Figure 6.8 Hysteresis loop measured in polydomain grain of Figure 6.7 does not show a 
voltage shift following UV treatment………………………………………………….195 
 
Figure 7.1 PFM images of eight as-processed PZT capacitors before (a, b) and after (c, d) 
voltage pulses of opposite polarities were applied to two of the capacitors (marked by a 
block). The upper capacitor has been poled by a -5 V, 3 second pulse to the top electrode, 
while the lower one has been poled by a +5 V, 3 second pulse………………………..228 
 
Figure 7.2 Local piezoelectric hysteresis loops measured in the inner (a) and outer (b) 
parts of a PZT capacitor………………………………………………………………..229 
 
Figure 7.3 PFM images illustrating the effect of ac training on imprint behavior. 
Capacitors in the upper row have been trained for 5 minute by an ac voltage (5.6 V peak-
to peak, 1 kHz) and then poled by +5 V, 3 second voltage pulses. For reference, as-
processed capacitors in the bottom row have been also poled by +5 V, 3 second voltage 
pulses……………………………………………………………………………………230 
 

 xvi



 
 

Figure 7.4 PFM images illustrating a back switching effect. (a, b) Conventional (ac 
imaging voltage only) PFM imaging of ac trained capacitors. (c, d) The same capacitors 
imaged with ac/dc bias applied to the tip (dc bias of +3 V). (e, f) The same capacitors 
imaged again using conventional PFM imaging……………………………………….231 
 
Figure 7.5 PFM images illustrating a stress effect on polarization and switching behavior 
in PZT capacitors. (a-c) Before stress application: PFM amplitude (a) and phase (b) 
images of as-grown capacitors and a local hysteresis loop (c) measured near the edge of 
one of the capacitors. (d-f) After tensile stress application: PFM amplitude (d) and phase 
(e) images of the same capacitors and a hysteresis loop (f) measured in the same site. (g-
i) After compressive stress application: PFM amplitude (g) and phase (h) images after 
application of compressive stress and a hysteresis loop (f) measured near the edge of one 
of the capacitors………………………………………………………………………...232 
 
Figure 7.6 PFM  (a, c, e) amplitude and (b, d ,f) phase  images illustrating variations in 
relaxation patterns in FRAM capacitors 10 days after compressive stress was applied. 
Immediately after stress application, the phase images of all capacitors were bright, 
indicating a positive polarization state………………………………………………….233  
 
Figure 7.7 (a) A three-dimensional plot of the piezoelectric surface for a tetragonal PZT 
film. Z indicates the measurement direction in VPFM. (b) Cross-section of the 
piezoelectric surface by (010) plane for (111)-oriented tetragonal PZT film. Note that an 
angle between the measurement direction and the polarization direction is fixed. Inset in 
(b) is the projections of the piezoelectric surfaces for each of the pseudocubic principal 
crystallographic axes for (111)-oriented tetragonal PZT onto the x-y plane, demonstrating 
there are 6 possible in-plane polarization directions……………………………………234 
 
Figure 7.8 LPFM (a) amplitude and (b) phase of a 1x1µm2 region of a tetragonal (111) 
PZT thin film and the corresponding (c) topography…………………………….…….235 
 
Figure 7.9 (a) Topography, LPFM (b) amplitude and (c) phase of a 2x2µm2 region of a 
tetragonal (111) PZT thin film.  (d) Topography, LPFM (e) amplitude and (f) phase of the 
same region after the central 1.5x1.5µm2 region has been poled by +8 V.  (g) 
Topography, LPFM (h) amplitude and (i) phase of the same region after the central 
1.5x1.5µm2 region has been poled by -8 V……………………………………………..236 
 
Figure 7.10 VPFM (a) amplitude and (d) phase of a capacitor in the negative polarization 
state and corresponding LPFM (b) amplitude and (e) phase. LPFM (c) amplitude and (f) 
phase of the same capacitor following a 90º rotation of the sample. Arrows in (e, f) 
indicate the direction of the in-plane component of polarization as deduced by LPFM for 
each sample orientation…………………………………………………………………237 
 
Figure 7.11 (a) Reconstruction of the in-plane polarization map of the negatively poled 
(111) PZT ferroelectric capacitor shown in Figure 7.10. (b) Projection of the piezoelectric 
surfaces onto the (111) plane for three possible in-plane polarization directions. 90º 

 xvii



 
 

domain walls are indicated with a solid line in (b) while indeterminate boundaries are 
marked with a dashed line. Due to the presence of the top electrode, it is impossible to 
determine if these domain walls coincide with grain boundaries or run through the grain 
interior………………………………………………………………………………..…238 
 
Figure 7.12 VPFM and LPFM images of (a, b) amplitude and (d, e) phase, respectively, 
of a ferroelectric capacitor with nonuniform out-of-plane polarization. LPFM (c) 
amplitude and (f) phase of the same capacitor following a 90º clockwise rotation of the 
sample. The presence of adjacent positive and negative domains in the region marked “y” 
and also along the edge of the capacitor suggests the existence of 180º domain walls. 
However, the possibility of non-through domains makes an exact determination of the 
domain wall type difficult………………………………………………………………239 
 
Figure 7.13 VPFM and LPFM images of (a, b) amplitude and (d, e) phase, respectively, 
of a negatively poled ferroelectric capacitor. LPFM (c) amplitude and (f) phase of the 
same capacitor following a 90º counter clockwise rotation of the sample……………..240 
 
Figure 7.14 VPFM and LPFM images of (a, b) amplitude and (d, e) phase, respectively, 
of a positively poled ferroelectric capacitor. LPFM (c) amplitude and (f) phase of the 
same capacitor following a 90º counter clockwise rotation of the sample……………..241 
 
Figure 7.15 (a) Reconstruction of the in-plane polarization map of the negatively poled 
(111) PZT ferroelectric capacitor shown in Figure 7.13. (b) Reconstruction of the in-
plane polarization map of the positively poled (111) PZT ferroelectric capacitor shown in 
Figure 7.14. (c) Projection of the piezoelectric surfaces onto the (111) plane for three 
possible in-plane polarization directions. Arrows indicate the direction of uniformly 
polarized regions and correspond to the x-y projection of the piezoelectric surfaces for 
both negative (solid lines, black arrows) and positive out-of-plane polarization (dashed 
lines, gray arrows). The white arrow corresponds to a domain that does not fit the 
proposed piezoelectric surface cross-sections, implying the underlying PZT is most likely 
polycrystalline…………………………………………………………………………..242 
 
Figure 8.1 Top view and cross sectional view of AlGaN/GaN HEMT………………..257 
 
Figure 8.2  AlGaN/GaN HEMT structure with corresponding polarization fields. (Ga-
faced crystal is assumed.)………………………………………………………………258 
 
Figure 8.3 (a) A polished cross section of two PZT samples sandwiched with epoxy and 
(b) a PZT sample polished at a low angle to create a wedge sample…………………..259 
 
Figure 8.4 (a) Topography, (b) VPFM amplitude and (c) phase of the wedge sample near 
the polished edge………………………………………………………………………..260 
 
Figure 8.5 SDS selectively adsorbed onto domains of one orientation…………..……261

 xviii



 
 

1.  Introduction 
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1.1 Motivation 

Piezoelectricity was discovered in 1880 by the Curie brothers, Pierre and Paul-

Jacques, when they noticed that certain crystal surfaces produce electric surface charges 

when compressed in particular directions.  Aptly named (‘piezo’ is derived from the 

Greek word piezein, meaning ‘to press’), piezoelectricity was considered somewhat of a 

curiosity until 1918 when the pressing needs of World War I led to the development of 

the piezoelectric resonator.1  Currently, piezoelectric thin films are being used in a variety 

of applications, including surface acoustic wave devices and micro electromechanical 

systems. 

Many devices make use of the piezoelectric effect, and yet few techniques can 

measure piezoelectric response (piezoresponse) directly, especially on the nanometer 

scale (nanoscale).   Piezo- and pyroelectric III-Nitrides, with their wide band-gaps, high 

breakdown fields and high thermal conductivities have been demonstrated in high power, 

high temperature and high current applications.  Moreover, large band discontinuities and 

band-gap engineering, when coupled with the existing spontaneous polarization present 

in III-Nitrides and the potential for added strain-induced piezoelectric polarization, has 

facilitated the development of polarization-based devices, such as high electron mobility 

transistors (HEMTs).  These polarization-based devices make use of the large internal 

electric field due to the spontaneous and piezoelectric polarization in III-Nitrides. 

Ferroelectrics, having the added advantage of a switchable spontaneous 

polarization that can be retained in the absence of an applied voltage, are poised to have 

an impact in the nonvolatile memory market.  Nonvolatile ferroelectric random access 

memories (NVFRAMs), with their potentially low power consumption and high-speed 
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access, are already in limited (32Mbit) production.  In order to compete with existing 

technologies, however, NVFRAMs will need memory cells (i.e. ferroelectric capacitors) 

that are sub micrometer (submicron) in dimension.  Furthermore, ferroelectric switching 

behavior at the microscopic level, which has importance to NVFRAMs in terms of both 

device switching speed and device lifetime, is not fully understood.  A number of 

techniques that are used to measure the properties of ferroelectric thin films, such as 

electrical polarization and double-beam interferometry, are macroscopic, with 

measurements being performed on large capacitors. A need exists for a nondestructive 

characterization technique with high lateral resolution, which is capable of directly 

measuring the physical properties of the ferroelectric thin films and structures. 

The most obvious candidate is scanning force microscopy (SFM) or atomic force 

microscopy (AFM), which exhibits high lateral resolution, is non destructive, and is 

capable of direct measurements of piezoelectric properties at the nanoscale.  AFM is 

generally used to generate topographic images of a surface by rastering the tip while 

sensing tip deflection.  In recent years, as needs have developed, modified SFM systems 

have been used to measure a number of physical and electrical properties of thin films, 

including surface charge, capacitance, surface potential, and, as in the case of 

piezoresponse force microscopy (PFM), electromechanical response. 

In this respect, SFM, and in particular PFM, is the ideal characterization tool to 

explore the relationship between polarity and materials properties of piezo- and 

pyroelectric III-nitrides and of ferroelectric oxides on the nanoscale, and forms the 

foundation of this research. 
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1.2 Overview 
 

This dissertation is organized as follows:  Chapter 2 presents an outline of the 

theory and background of piezoelectric materials and includes a mathematical description 

of piezoelectricity.  Chapter 3 describes the fundamental aspects of SFM, including a 

detailed description of the PFM technique.  A significant portion of Dr. J. A. Christman’s 

dissertation dealt with the development and validation of the PFM experimental 

technique and is the foundation for this dissertation.2  The emphasis in Chapter 4 is on 

extracting meaningful information about the magnitude and phase of the piezoresponse in 

III-nitrides.  Chapter 5 brings together several SFM techniques, namely, PFM, 

electrostatic force microscopy (EFM), and scanning Kelvin probe microscopy (SKPM) 

with photo-electron emission microscopy (PEEM) results for detailed characterization of 

the surface of a GaN-based lateral polarity heterostructure (GaN-LPH).  In Chapter 6, 

PFM is used to study imprint and switching behavior of ferroelectric thin films, and in 

Chapter 7, nanoscale characterization of ferroelectric capacitors is performed by PFM. A 

perspective of future research is presented in Chapter 8. 
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2.  Piezoelectric and Ferroelectric Materials: Theory and 
Background 
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2.1 Introduction 

The properties of piezo- and ferroelectric materials are presented in this chapter to 

provide the foundation necessary for understanding the results of this research.  A 

detailed description of the properties of piezo- and ferroelectric materials is presented in 

Refs. 1-10.1-10  In this chapter, a mathematical description of piezoelectricity is presented 

in terms of linear and non-linear response. Several techniques for measuring 

piezoelectricity are then described.  Properties of III-nitrides are presented, and. 

ferroelectrics are discussed in terms of properties relating to domains, switching 

(polarization reversal) and imprint and fatigue, which are problematic for ferroelectric 

applications (which are also briefly discussed). 

 
2.2 Crystal Classes 

Piezoelectric materials become electrically polarized when they are strained.  This 

is called the direct piezoelectric effect and was discovered in quartz in 1880 by Pierre and 

Jacques Curie. One year later they discovered the converse effect and noted that an 

electric field applied to quartz caused the crystal to strain.  Of the 32 crystal classes, 21 

lack a center of symmetry.  A centrosymmetric crystal does not possess polar properties, 

and cannot be piezoelectric.  The crystal classes are depicted schematically in Figure 2.1.  

Of the 21 noncentrosymmetric classes, 20 are piezoelectric (Class 432 is the only non 

piezoelectric noncentrosymmetric class).8  Ten of the piezoelectric classes are also 

pyroelectric, which means that they have a spontaneous polarization, or, in other words, 

an electric polarization that exists in the absence of an applied electric field or stress.  

This polarization is a result of a displacement between the centers of positive and 

negative charge in the crystal unit cell and changes when the material is heated uniformly 
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causing a charge to develop on the surface.  Both III-nitrides and ferroelectric materials 

are pyroelectric.  Ferroelectric materials are a subset of pyroelectric materials in that they 

have a switchable spontaneous polarization.  Unlike ferroelectric materials, the direction 

of spontaneous polarization in the III-nitrides is related to the polarity of the crystal and 

cannot be switched by application of an external electric field. 

 

2.3 Mathematical Description of Piezoelectricity 

In this section, a mathematical description is provided to lay the framework for 

using atomic force microscopy (AFM) for nanoscale characterization of piezoelectric 

materials. First, piezoelectricity is discussed in terms of a linear elastic dielectric. Then, 

thermomechanical properties are considered to address the pyroelectric character of some 

materials. Finally, the framework is extended to account for pyroelectric materials with 

switchable polarization, namely, ferroelectrics. 

To begin, we consider the first law of thermodynamics, which gives the energy of 

a system as 

 σθdEdDTdSdU ++= , (2.1)

where U is energy, T is stress, S is strain, E is electric field, D is the electric 

displacement, θ  is temperature and σ  is the entropy of the system. In equation 2.1, . the 

first term (TdS) is the work done per unit volume when strains are changed by small 

amounts, the second term (EdD) is the electrical work done on a system, and the last term 

( σθd ) is the small amount of heat generated when the system undergoes a small change 

(from the second law of thermodynamics).  We can effect a transformation of variables 

by means of a Legendre transformation, and the resulting scalar function is called a 
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thermodynamic potential. The thermodynamic potential Φ , a form of the Gibbs free 

energy, is defined as  

 σθdEDTSU −−−=Φ . (2.2)

Neglecting (for now) temperature and entropy, and differentiating Equation 2.2 and 

combining it with Equation 2.1, yields 

 DdESdTd −−=Φ . (2.3)

Since  is a function of state (all quantities on the right side are functions which define 

the state of the system), we can write 

Φ

 dE
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Thus, the equations of state related to piezoelectricity can be written, 

  klijklmmijij TsEdS += , (2.8)

 kliklmimi TdED += ε  (2.9)

using Einstein summing convention, with indices ranging from 1 to 3. The indices 

indicate the crystallographic unit vectors , , and .  Note that d1x̂ 2x̂ 3x̂ mij and dikl are the 

linear piezoelectric strain coefficients, sijkl is the linear elastic compliance and imε  is the 

linear dielectric permitivity.  These quantities are defined by the partial derivatives in 

Equations 2.6 and 2.7.  Tkl and Em are the independent variables in these equations.  A 

complete set of the equations of state with other independent variables is shown in Table 
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2-I.11-13  Note from Table 2-I, that by choosing a different thermodynamic potential, we 

effect a transformation of variables. Also, from Table 2-I(a), note that in the polarization 

scheme, we can obtain the piezoelectric relation 

 klnklmnmn TdEP += χ , (2.10)

which shows that polarization (Pn) is a function of electric field (Em) with proportionality 

constant χnm, the susceptibility, and stress (Tkl) with proportionality constant dnkl, the 

piezoelectric constant.  If a material is not piezoelectric, the piezoelectric constant is zero, 

and we obtain the familiar linear relationship with electric field.  Similarly, as with the 

equation for strain (Sij), both an electric field (Em) and a stress (Tkl) can result in a strain.  

The elastic compliances are represented by , which is the proportionality constant 

relating stress and strain.  From Equation 2.9 we see the electric flux density (D

ijkls

i) is 

related to the electric field through the dielectric constant ( imε ), but as with polarization, 

a stress (Tkl) can also be a source of electric flux density (Di).   

The strain tensor (Sij), can be defined as 

  











∂
∂

+
∂
∂

=
j

i

i

j
ij x

u
x
u

S
2
1

,
 (2.11)

where, ui and uj are displacement vectors and xi and xj are Cartesian coordinates.  Sij 

represents a shear strain when i ≠ j and an axial or normal strain when i = j.  

A more commonly used notation is the Voigt notation.4  In the Voigt notation, 

symmetry arguments are used to justify replacing the subscripts ij and kl by α and β and 

are discussed in Auld 4 and in Nye.12  The piezoelectric constitutive relations written in 

Voigt notation are 
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  ββχ TdEP nmnmn +=  (2.12)

 βαβαα TsEdS mm +=  (2.13)

 ββε TdED imimi +=  (2.14)

where m and n range from 1 to 3, and α and β range from 1 to 6.   In this notation, normal 

strain is denoted by S1, S2, and S3, while shear strain is represented by S4, S5, and S6.  

Voigt notation is used throughout this dissertation (Table 2-II).  It should be noted that 

special care must be taken when transforming piezoelectric matrices in Voigt notation as 

they cannot be transformed by standard tensorial methods.4 

Up to this point, we have considered the linear elastic dielectric. Dielectrics for 

which there is at least one non-vanishing piezoelectric constant are piezoelectric. As 

such, 

 
αβ
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β
mi

m

i dd
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D

==







∂
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≡










∂
∂  (2.15)

where d is the linear dielectric strain coefficient.  By including higher order terms, we can 

consider the quasi-linear elastic dielectric.  In addition to the linear relationship between 

strain and applied field, there is a higher order term proportional to the square of the 

applied field, which is a property of all materials and is known as electrostriction.  Unlike 

piezoelectricity, where the sign of the applied field determines the sign of the strain, with 

electrostriction, both positive and negative applied fields result in the same strain.  With 

the addition of electrostriction, the strain equation then becomes 

 βαβααα γ TsEEEdS lmmlmm ++= ,  (2.16)
where αγ ml  is the electrostrictive (fourth rank) tensor.  The relation is commonly written 

as equation 2.16; however, as Nye12 points out, it can be rewritten as 
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 βαβααα γ TsEEdS mlmlm ++= )( ,  (2.17)
and so lml Eαγ  can be interpreted as a higher order correction to the piezoelectric constant.   

Using slightly different notation than Nye (to be consistent with common ferroelectric 

notation), the equation for strain can be written as 

 βαβααα TsDDQDgS lmmlmm ++= ,
 

(2.18)

with piezoelectric strain coefficient, 
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However,  

 ααα εε mmjjmjm ggd == , (2.20)

and so, the piezoelectric coefficient can be written as 

 lklmkmm DQdd ααα ε20 += , (2.21)

where 
 
is the value of the piezoelectric coefficient for infinitesimal fields. 0

αmd

In the above discussions, the role of temperature and entropy have been neglected. 

We now include thermodynamical considerations below using the approach described by 

Grindlay.10  Alternatively, this could be accomplished by keeping the second law of 

thermodynamics term in equation 2.1.  Taking into account temperature and entropy, the 

equations of state can be written as 

 
ββ

θ
αβ

θ
αα η++= TsEdS E

mm   (2.22)
 0

iij
T
ji PTdED ++= β

θ
β

θ
αε   (2.23)

where βη  is the thermal expansion in zero electric field and  is the 

spontaneous polarization at zero stress.  Note that for 

( )θ0
ii PD =

βα η>>S  and 0
ii PD >> , the 

equations revert to equations 2.8 and 2.9, respectively, and that any crystal with 

 is pyroelectric.  Now, the piezoelectric coefficient is, ( )0 θiP 0≠
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is the pyroelectric coefficient at constant stress and constant electric 
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under adiabatic conditions, the compliances describing the effects are identical, and, for 

example, 
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As before, we can add higher order terms and obtain a correction to the piezoelectric 

coefficient.  In the case of the quasi-linear dielectric, the piezoelectric coefficient 

becomes, 
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Note that,  

 13



 
 

 
0

0,0,

2 lklmkm

TESi

PQd
D
T θ

α
θ

α
θ

α ε+=







∂
∂

==

 (2.27)

and so, 
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The formalization up until now is valid for linear and quasi-linear dielectrics including 

pyroelectrics, however, strictly speaking, ferroelectrics are non-linear and require some 

additional attention.  The elastic Gibbs free energy can be written as 

 θσ−−= TSUG . (2.29)

Differentiating, and combining with Equation 2.1, we have 

 EdDdSdTdG +−−= θσ . (2.30)

By expanding the Gibbs free energy into a Taylor series around equilibrium, we obtain 
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As with our equation for , each of the partial derivatives (coefficients in the expansion) 

identifies a physical effect.

Φ

12 For example, the piezoelectric coefficient is 
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where the g’s and d’s are related by Equation 2.20. In most ferroelectric materials, there 

is a structural phase transition from a high-temperature nonferroelectric paraelectric 

phase to a low-temperature ferroelectric phase.  The temperature of this phase transition 

is called the Curie point (θc). Typically, the paraelectric phase is centrosymmetric, which 

means it does not posses polar properties and all coefficients associated with odd-rank 

tensors (including the linear piezoelectric coefficients) are zero. Since ferroelectrics are 

non-linear, we draw our attention to higher order terms.  The first term in the Taylor 

series expansion of the Gibbs free energy with nonzero coefficient dealing with 

electromechanical coupling is the electrostrictive term: 

 kiik DDTQ αα . (2.33)
For E=0, this takes the form, 

 kiik PPTQ αα , (2.34)
which implies the existence of a spontaneous strain associated with spontaneous 

polarization: 
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Therefore, in the case of E=0 and T=0, we have 
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Note that, 

 
αα ε i

T
ijj gd =  (2.37)

therefore,  

 kikijj PQd αα ε=  (2.38)
is the piezoelectric coefficient for ferroelectric materials.  As expected, if we take the 

case of the quasi-linear dielectric, and set the linear piezoelectric term and E in Equation 

2.27 to zero, we obtain Equation. 2.38. 
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2.4 Mathematical Development for Wurtzite and Poled Ceramics 

With the piezoelectric equations well understood, it is possible to explore ways of 

measuring physical aspects of piezoelectricity.  A crystal with point group 6mm such as 

wurtzitic III-nitrides and ZnO has the piezoelectric matrix (in Voigt notation):  
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where d31 = d32, d24 = d15 and T means transpose.  Ferroelectrics with point group 4mm 

such as tetragonal PbTiO3 (PTO) and Pb(Zr,Ti)O3 (PZT) are also described by the 

piezoelectric matrix given in Equation 2.39.  The piezoelectric constants for several 

wurtzite and ceramic materials are given in Table 2-III.14  For an electric field E3 applied 

in the x -direction (along the crystallographic c-axis), and assuming zero stress, the 

strain is 

3ˆ

  











































=



























3
15

15

33

31

31

6

5

4

3

2

1

0
0

000
00
00

00
00
00

E
d

d
d
d
d

S
S
S
S
S
S

 (2.40)

according to Equation 2.8.  Note that an applied electric field causes strains parallel (S3) 

and perpendicular (S1 and S2) to the applied field (E3).  From Equations 2.11 and 2.40 we 

can write 
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21 Ed
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(2.43)

Thus, when an electric field is applied in the -direction, the d3x̂ 33 piezoelectric constant 

represents an expansion (or contraction) of a crystal along the crystallographic -

direction. Similarly, the d

3x̂

31 piezoelectric constant represents an expansion (or 

contraction) of a crystal perpendicular to an electric field applied in the -direction.  

The piezoelectric constant d

3x̂

31 is often called the transverse piezoelectric constant, and d33 

is denoted the longitudinal piezoelectric constant.  Figure 2.2 shows the effect of an 

electric field on a piezoelectric crystal with no external mechanical constraints.  For the 

field direction shown, the crystal expands in the -direction and contracts in both the 

- and -directions. 

3x̂

1x̂ 2x̂

From Equation 2.42 it is apparent that the longitudinal piezoelectric constant can 

be determined by applying an electric field in the x -direction and measuring the change 

of strain in the  direction (∆S

3ˆ

3x̂ 3).  In this scenario, 

  
,

3

3
33 V

t
E
S

d
∆
∆

=
∆
∆

=  (2.44)

where ∆t is the change in thickness in the -direction and ∆V is the applied voltage if 

we assume that  and 

3x̂

tVE /3 ∆=∆ ttS /3 ∆=∆ , where t is the thickness of the 

piezoelectric film. 

It should be noted that the subscripts of d refer to crystallographic directions.  

However, for ferroelectrics, the -direction is sometimes taken to be along the poling 

direction, regardless of the crystallographic orientation of the film.  In ferroelectric 

capacitors, the top electrode is parallel to the film and substrate and the poling direction is 

3x̂
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perpendicular to the substrate.  Thus, the applied field and the crystallographic -

direction do not always coincide.  We will show in Chapter 3 that it is possible to 

measure d

3x̂

33 even when the crystallographic -direction does not align with the applied 

field. 

3x̂

ijd ∆

By convention, a tensile strain parallel to the -direction produces positive 

charge on the positive side of the -direction for a piezoelectric material with a positive 

d

3x̂

3x̂

33.9  Conversely, an electric field applied parallel to the x -direction will cause the 

piezoelectric material to expand for a positive d

3ˆ

33.9 This is shown schematically in Figure 

2.3.  

 
2.5 Piezoelectric Constant Measurement Techniques 

There are several different ways to measure the piezoelectric constant, and since 

dmα and diβ are identical in Equations 2.13 and 2.14, measurements by the converse and 

direct piezoelectric effect ideally yield the same piezoelectric constant.15   

The direct piezoelectric effect can be utilized to measure piezoelectric constants 

by employing the piezoelectric equation for the electric flux density (Di).  With constant 

electric field, the change in electric flux density is given by  

  
ji TD =∆ . (2.45)

As such, when the direct piezoelectric effect is used to measure piezoelectric constants, a 

known stress is applied to a piezoelectric capacitor under the condition of constant 

electric field. The total charge flow between the electrodes is then measured.13  Since Di 

is also the free surface charge density, the piezoelectric constant can be determined.  For 
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measurement of d33, for instance, a stress (T3) is applied in the -direction with 

electrodes perpendicular to the x -axis.16,17  For a d

3x̂

3ˆ 31 measurement, stress can be 

generated via substrate bending.18  The main difficulties with this type of measurement 

are applying only the desired stress (T3 or T1) (otherwise, the measured charge flow can 

be due to a combination of d33 and d31), eliminating charge flow due to pyroelectric 

effects (temperature effects), and measuring charge before it begins to leak off13 (which 

would result in a lower measured piezoelectric constant).  

 For the converse effect to be used to measure piezoelectric constants, an electric 

field is applied to a piezoelectric material, and the change in strain or the resulting 

piezoelectric displacement is measured.  This requires a very sensitive measurement 

technique, since small displacements must be measured.  Take for example a single 

crystal ZnO sample with d33 constant equal to 0.12 .VÅ / 14  If one volt is applied to a 

capacitor structure along the -direction of the crystal, the displacement is 3x̂

  
ÅVVÅt 12.0)1)(/12.0( ==∆  (2.46)

as per Equation 2.44.  Evidently, unless high voltages are applied to the piezoelectric 

material, a measurement technique with sub-Angstrom vertical resolution is necessary to 

measure the converse piezoelectric effect. 

 Primarily, there are two types of techniques that are used to measure the converse 

piezoelectric effect; scanning probe based techniques and interferometric techniques.  An 

entire chapter (Chapter 3) of this dissertation is devoted to discussing the measurement of 

piezoelectrically induced strain by AFM (we call this piezoresponse force microscopy or 

PFM) and will only be glossed over here.  Other scanning probe techniques used to 

measure induced strain generally employ scanning tunneling microscopy (STM).19,20  
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PFM and STM have the advantage over interferometric techniques in that they are able to 

measure the piezoelectric effect of small regions (~100Å diameter, depending on the tip 

radius) of a sample.  Moreover, with PFM and STM, the tip can be rastered to generate 

piezoelectric response images.  The vertical resolution of AFM and STM measurements 

is approximately 10-1 - 10-2Å and can be improved using a standard phase sensitive lock-

in technique.19-21 

Interferometric measurements, while being macroscopic in nature producing an 

average over an area roughly the size of the laser beam, have better vertical resolution 

(detection limit of piezoelectric deformation) than the scanning probe techniques (10-2 – 

10-4Å versus 10-1 - 10-2Å).22-26  With double beam interferometry, an AC field is applied 

to a piezoelectric capacitor, which drives the capacitor to expand and contract at the AC 

modulation frequency.  Additionally, a laser beam is split into a reference beam and a 

beam, which is reflected from both electrodes. The piezoelectric displacements result in a 

change in optical path length for the second beam, which will result in a change in 

intensity at a photodiode due to interference with the reference beam.  A schematic of a 

double beam interferometer is shown in Figure 2.4 and an excellent reference is the 

dissertation of D.-J. Kim.27 

 

2.6 Piezoelectricity in Thin Films 

Combining Equations 2.13 and 2.39 and for strain, the following relations are 

obtained: 

  3313132121111 EdTsTsTsS +++=  (2.47)
  3313131122112 EdTsTsTsS +++=   (2.48)
 33333321133 )( EdTsTTsS +++=   (2.49)
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for point group 6mm (and ∞mm) when an electric field is applied in the -direction. 3x̂

To determine a longitudinal piezoelectric constant, one typically measures S3  (only 

the change in strain needs to be measured, not absolute value of the strain) and divides by 

E3 to obtain the measured piezoelectric constant, d .  From (2.49), the measured 

piezoelectric constant is then related to the real piezoelectric constant, d

m
33

33 by: 

 
.)( 333
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33
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3
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3
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E
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E
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d m +++==   (2.50)

Up to this point, we have considered piezoelectricity in bulk material, however, 

piezoelectricity in thin films differs from bulk material in that the boundary conditions 

are different.18,26,28  A film deposited on a substrate is not free to expand or contract in 

the plane of the substrate, therefore S1 = S2 = 0.  In addition, due to the in-plane 

symmetry, T1 = T2, and since the surface of the film is free, stresses do not develop in the 

-direction, and T3x̂ 3 = 0. Applying these conditions to Equation 2.47 and substituting 

into 2.50 yields 

 
,

)(
2

1211

1331
3333 ss

sd
dd m

+
−=   (2.51)

where s11, s13, and s12 are the compliances of the thin film.  For a piezoelectric film with 

d33 ≠ 0 and when an electric field is applied in the -direction, a strain develops in the 

-direction, but a stress does not.  However, if d

3x̂

3x̂ 32 = d31 ≠ 0, a stress develops in the 

plane of the film due to the field applied in the -direction, which results in a strain in 

the -direction. A direct consequence of this term is that even if d

3x̂

3x̂ 33=0,  can be 

nonzero due to the strain resulting from the in-plane stress.  Moreover, since d

md33

31 and s13 

are typically negative, while d33 and )( 1211 ss + are generally positive, the piezoelectric 

constant is often smaller in thin films than in bulk materials.14, 29   When piezoelectric 
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constants are discussed in this dissertation as measured by PFM, we refer to  values.  

Therefore, we report on the “effective” piezoelectric constant, which could be considered 

more relevant than the “true” piezoelectric constant since it is a real property of a 

constrained thin-film. 

md33

 

2.7 III-Nitrides 

The measurement of the piezoelectric properties of III-nitrides with high spatial 

resolution is of importance for the design and performance of GaN based electronic and 

optoelectronic devices.30,31 Additionally, nanoscale level investigation of the piezoelectric 

behavior of nitride thin films, bulk crystals and heterostructures is of considerable interest 

for determining how interfaces, defects and inversion domain boundaries affect device 

performance. 

III-nitrides are piezoelectric as well as pyroelectric materials in their wurtzite 

phase and have piezoelectric constants dij which are about one order of magnitude higher 

than in other III-V compound semiconductors.31 The spontaneous polarizations calculated 

for GaN and AlN are PSP = -0.034 C/m2, and -0.090 C/m2, respectively.31  In GaN the 

[0001]-axis points from the N-face to the Ga-face.  The orientation of the spontaneous 

polarization is defined by convention to be parallel to the crystallographic [0001] axis.  

Since the sign of the spontaneous polarization is predicted to be negative, the 

spontaneous polarization is oriented pointing from the Ga-face towards the N-face side of 

the crystal (i.e. in the ]1000[  direction).30-32  The wurtzite structure and the direction of 

spontaneous polarization are displayed in Figure 2.5.  At the surfaces of relaxed GaN and 

AlN crystals, a divergence in the spontaneous polarization induces a polarization bound 
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surface charge with a density of 2.12x1013 cm-2 and 5.62x1013 cm-2, respectively.  The 

sign of the polarization induced charge at each surface is related to the orientation of the 

polarization and therefore to the polarity of the crystal.  For epitaxial layers of GaN with 

Ga-face polarity, the bound surface charge is negative, whereas for N-face GaN the 

bound surface charge is positive. 

While spontaneous polarization is independent of strain, piezoelectric polarization 

is strain-induced.32  The total polarization of a nitride layer is the sum of the spontaneous 

and of the piezoelectric polarizations.  As shown by Ambacher, et al.30,32 the piezoelectric 

and the spontaneous polarizations are parallel for tensile strain and are antiparallel for 

compressive strain. 

Values for lattice parameters, polarization and piezoelectric coefficients for GaN, 

InN and AlN are presented in Table 2-IV.31,33 Note that in general (ideal c/a ratio = 

1.63299 and u=0.375), Psp increases as c/a decreases and u increases (as the crystal 

structure becomes increasingly nonideal). 

 

2.8 Ferroelectricity 

 

2.8.1 Definition of Ferroelectricity 

 The remainder of this chapter is devoted to describing phenomena specific to 

ferroelectric materials.  Ferroelectric materials are a subset of pyroelectrics, which are in 

turn, a subset of piezoelectrics. As such, ferroelectrics possess a spontaneous electric 

dipole moment, develop charge on their surfaces when subjected to a stress and change 

shape when subjected to an electric field.  The main characteristic of ferroelectrics that 
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separates them from pyroelectrics, is the presence of a switchable spontaneous 

polarization.  Ferroelectrics belong to one of the 10 pyroelectric crystal classes as 

demonstrated in Figure 2.1.  As noted above, ferroelectric materials generally exhibit 

ferroelectric behavior below a certain temperature and paraelectric behavior above this 

temperature.  This structural phase transition from a high-temperature nonferroelectric 

paraelectric phase to a low-temperature ferroelectric phase occurs at what is called the 

Curie point (Tc). Typically, a ferroelectric material in the paraelectric phase is 

centrosymmetric, which means it is not polar, and in the case of lead zirconium titanate, it 

is cubic and hence neither pyroelectric nor piezoelectric. 

 

2.8.2 The PbZrO3-PbTiO3 System 

The majority of ferroelectric samples utilized in this research fall under the 

umbrella of the PbZrO3-PbTiO3 system.  This solid solution is typically written as 

Pb(ZrxTi1-x)O3 and is referred to as lead zirconate titanate (PZT).  As mentioned in the 

last section, PZT has the cubic perovskite structure in the paraelectric phase. PZT has 

several ferroelectric phases that are all slight deviations from the cubic structure.  In the 

cubic perovskite structure, Pb atoms occupy the corners of a cube, with O atoms at the 

face centers and a Zr or Ti atom at the exact center of the unit cell.  The tetragonally 

distorted perovskite structure (shown in Figure 2.6) is distorted along the polarization 

direction with Pb atoms at the corners of the tetragon and the Zr/Ti atoms are displaced 

from the center. 

As shown in the phase diagram for PZT (Figure 2.7), the Curie point varies from 

230°C to 490°C depending upon the Zr/Ti ratio.  The ferroelectric phase is tetragonal for 
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high Ti concentrations, and rhombohedral for high Zr concentrations. In the tetragonal 

case, the Zr/Ti atom displaces off center towards any one of the six oxygen atoms (in a 

cubic <100> direction) and the Pb and O atoms shift as well.  A schematic of the possible 

orientations of polarization in tetragonal PZT is shown in Figure 2.8. In the rhombohedral 

case, the Zr/Ti atom is displaced towards the center of one of the eight faces of the 

oxygen octahedra (in a cubic <111> direction). A schematic of the possible orientations 

of polarization in rhombohedral PZT is shown in Figure 2.9.  In both cases, the centers of 

positive and negative charge are offset, yielding a spontaneous polarization. 

 
2.8.3 Ferroelectric Domains 

In ferroelectric materials, the magnitude and direction of polarization are typically 

not constant; rather, regions of uniform polarization direction exist. These regions are 

called domains (a term borrowed from ferromagnetism), and the boundaries between 

them are called domain walls.  Domains are largely responsible for the physical 

characteristics of ferroelectrics, and so a description of ferroelectrics without discussing 

domains is incomplete.  The formation of domains is governed by energetic 

considerations; i.e. the minimization of the total crystal energy.
1
   

In an ideal ferroelectric crystal with uniform spontaneous polarization, charges 

induced on the external surface will create a depolarizing field that leads to the formation 

of domains, which in turn, reduces the depolarizing field. This process will continue until 

equilibrium is reached; i.e. the energy stored in the domain walls must offset the 

reduction in energy of the depolarizing field.  Rarely is a ferroelectric material ideal, and 

one of the most important factors governing domain formation is domain nucleation; i.e. 

the way domains form when the material is cooled through the Curie point. Obviously, 
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domain formation is also affected by strain, imperfections such as dislocations and 

vacancies, interfacial effects, and finite conductivity.  In general, however, domains form 

to minimize the polarization discontinuity at domain walls, thus minimizing the domain 

wall charge.   

Domain walls are often classified as two types: those with antiparallel 

polarizations on either side of the wall (180° domain walls), and non-180° walls.  Ideally, 

in tetragonal materials, the 90° wall is the only non-180° domain wall, and the 

polarization direction rotates by 90° from one domain to the other.  Recall that a surface 

charge exists whenever there is a discontinuity in the normal components of polarization.  

For instance, 180° domain walls have no polarization component normal to the wall, and 

so there is no surface charge, while 90° domain walls are at approximately 45° to the 

polarization directions on either side of the wall, thus the normal component is nearly 

continuous across the wall. Since the total crystal energy is to be minimized, it is possible 

that non-through domains (domains which do not extend the entire thickness of the 

crystal) can be formed with charged head-to-head or tail-to-tail domain walls. 

Ferroelectric domains have been imaged by many methods, including polarized 

optical microscopy,34 electron microscopy,35 electron emission,36 etching37 and various 

scanning probe techniques.38-51  Figure 2.10 shows a drawing of the domain structure of 

c-oriented BaTiO3 as deduced from a polarizing microscope.  Initially, the crystal was 

polarized to the left and the drawing is at a time just after a field is applied to the right. 

Domains tend to lengthen, rather than growing laterally since the forward coupling 

between the electric dipoles is stronger than the lateral coupling.34  As mentioned above, 

a tetragonal crystal has six possible polarization directions. For this c-axis crystal, this 
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means the polarization can be oriented normal to the surface in either direction, or in any 

four orthogonal directions parallel to the surface. 

 
2.8.4 Polarization Hysteresis 

Ferroelectric materials exhibit polarization hysteresis, which can be considered a 

temporary resistance to change from a previously induced condition.  Consider, for 

instance, a ferroelectric crystal with zero net polarization as a result of having an equal 

number of antiparallel domains.  When a small electric field is applied to the crystal by 

application of a small voltage, the polarization will begin to increase linearly (origin to A 

in Figure 2.11) like a linear dielectric.  As the magnitude of the electric field increases, 

the polarization in the domains parallel to the applied field will remain unchanged, while 

the domains with polarization antiparallel to the applied field will experience a torque.  

When the electric field becomes sufficiently strong to switch the direction of the 

antiparallel domains, the net polarization beings to increase rapidly (A to B) until 

eventually, all of the domains are aligned parallel to the field (point C).  As we decrease 

the field strength (C to D) we note that the polarization does not decrease to zero; rather, 

the domains that were switched by the applied field, tend to remain polarized parallel to 

the field even though the field is reduced. This is referred to as the positive remenant 

polarization.  In order to return to zero net polarization, a field must be applied in the 

opposite direction by applying a negative voltage. Once again, antiparallel domains will 

begin to switch until the crystal has zero net polarization (point E) before having 

polarization completely parallel to the field (point F).  If we remove the electric field, we 

are left with a negative remenant polarization (point G).  As the electric field is increased 

from G to H, we again find a decrease in polarization until the net polarization is zero 
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followed by an increase in polarization until the crystal is uniformly polarized parallel to 

the applied field.  Note that points E and H are the negative and positive coercive 

voltages, respectively.  

Traditional polarization hysteresis measurements (measurement of charge flow to 

a ferroelectric capacitor) only measure a change in polarization, thus a fixed polarization 

within a ferroelectric thin film cannot be detected by traditional P-E or P-V 

measurements.  As we will later demonstrate, PFM and corresponding d33-V 

measurements have an advantage in this regard since they are sensitive to fixed 

polarization and built-in fields. 

 

2.8.5 Piezoelectricity in Ferroelectrics 

  Now that we have defined domains and polarization hysteresis, we can consider 

piezoelectricity in ferroelectrics with more detail.  From Ikeda (or Equation 2.35, with the 

tensorial notation dropped), we can write 

  2QPS = , (2.52)
where S is the strain, P is the polarization and Q is the electrostrictive constant.11  The 

polarization can be written as a combination of spontaneous polarization (Ps) and 

polarization resulting from an applied field: 

  EPP s χ+= , (2.53)

where χ is the susceptibility.  Substituting this equation into Equation 2.52 yields 

  222 )()2( EQEPQQPS ss χχ ++= , (2.54)
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where the first term is the field independent spontaneous strain, the second term is the 

piezoelectric effect (recall Equation 2.38), and the third term is the electrostrictive effect. 

As shown earlier in this chapter, the coefficient of the linear term is the piezoelectric 
constant: 
  χsQPd 2= . (2.55)

Now, if the applied electric field has the form 
 )sin(0 tEEE ω∆+= . (2.56)

Equation 2.54 can be written as 
 )(sin)sin()(2)( 2222

0 tEtEEPQEPQS oss ωχωχχχ ∆+∆+++= , (2.57)

where the second term defines a piezoelectric constant, which depends upon the DC 

component of the electric field: 

  )(2 0EPQd s χχ += . (2.58)

We can now describe how to measure d33 hysteresis loops. 

Since electrical polarization measurements only measure changes in polarization, 

they do not necessarily measure the total polarization, Ps+χE0.  However, a fixed 

polarization would be measured as an offset in a piezoelectric hysteresis loop; d33-E or 

d33-V loops give the true state of polarization (Ps+χE0) in a ferroelectric.52  From 

Equation 2.55, it is apparent that the sign of the piezoelectric constant can be determined 

by the polarization (Q is a constant and χ > 0).  

 In ferroelectrics, piezoelectricity is composed of intrinsic and extrinsic 

contributions.  The intrinsic component is due to changes in the lattice as polarization 

magnitude changes within a domain, and is represented by Equation 2.55.  The extrinsic 

contribution represents domain wall motion.  The intrinsic component is commonly 
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associated with 180° domain switching while the extrinsic component is commonly 

associated with switching of non-180° domains, which causes a change in strain.  Figure 

2.12 demonstrates schematically the difference between intrinsic and extrinsic 

contributions.  Intrinsic and extrinsic contributions to piezoelectric properties have been 

measured to be roughly equal in bulk ceramics.53,54  

 

2.8.6 Piezoelectricity in Ferroelectric Thin Films 

As discussed earlier in this chapter, thin films and bulk ceramics generally have 

slightly different properties. In the case of ferroelectrics, thin films will typically have 

smaller piezoelectric constants as a result of the boundary conditions.  Thin films are 

generally under biaxial stress (which can alter domain structure and affect switching, 

since ferroelectric thin films are often ferroelastic)55 and the grain size is significantly 

smaller (than in bulk crystals). It has also been shown that the d33 value of a ferroelectric 

thin film is lower since the domain dynamics are different.56,57  Trolier-McKinstry et al. 

noted that switching of 90° domains is responsible for a large portion of the piezoelectric 

effect in bulk materials but that this extrinsic contribution might not be as large in thin 

films.57  Theoretical calculations, however, predict that 90° domains could contribute 

significantly to the piezoelectric constants of epitaxial thin films.58   

Now, consider the case when there are adjacent antiparallel domains.  When an 

electric field is applied, the domains with polarization parallel to the field will expand, 

while the domains with polarization antiparallel to the field will contract as shown in 

Figure 2.13.  The piezoelectric motion of each domain is constrained since the domains 

are in contact, effectively reducing the piezoelectric coefficient. This phenomenon is 
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called thickness clamping and results from having regions with d33 of opposite sign (and 

therefore is not limited to just ferroelectric thin films).59 

In the case of PZT, as with bulk materials, piezoelectric properties are a function 

of the Zr/Ti ratio.  Both Chen and Kholkin have measured the piezoelectric properties of 

PZT as a function of composition.60,61  The results are shown in Figures 2.14 and 2.15.  

Note that the piezoelectric constant is a maximum near the morphotropic phase boundary 

(MPB).  The MPB is considered as the composition where two phases exist in equal 

quantities, allowing for more possible polar axes.  The reason the piezoelectric constant is 

higher in bulk ceramics is because domain wall motion is not restricted as it is in the case 

of thin films.2   

 
2.8.7 Imprint 

Imprint is defined as the tendency of one polarization state to become more stable 

than the opposite one, and typically manifests itself as a voltage shift in P-V or d33-V 

loops.   Imprint is attributed to interface charge entrapment, and a voltage shift can arise 

as a result of an asymmetric distribution of charged defects or the presence of defect 

dipoles. In ferroelectric capacitors, for instance, trapped charges at the ends of 

polarization vectors tend to stabilize one state. Trapped charges can be influenced by  

thermal and optical processes. Ferroelectrics can become imprinted by heating the 

material, but heating is not necessary to generate thermal imprint.  If, for example, a 

ferroelectric capacitor is left at a positive remenant polarization a P-V (or d33-V) loop will 

shift towards the left; however, if the capacitor is left at a negative remenant polarization, 

the loop will shift to the right.  Optical imprint can be caused by UV illumination, which 

excites free carries in a material that causes the material to become imprinted.  Imprint is 
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an important failure mechanism in non-volatile ferroelectric random access memory 

(NV-FRAM) since a voltage shift in the hysteresis loop can lead to both an increase in 

the coercive voltage (possibly causing a write failure) and a decrease in remenant 

polarization (possibly causing a read failure) as demonstrated in Figure 2.16. 

 

2.8.8 Fatigue 

Fatigue is defined as the loss of switchable polarization as a result of repeated 

switching (electrical stress resulting from field cycling) and it manifests itself as a 

reduction in polarization (piezoresponse) in P-V (d33-V) loops as demonstrated in Figure 

2.17.52  Fatigue has been studied since the 1950’s; however, the origin of this 

phenomenon is not fully understood.  Like imprint, fatigue is an important failure 

mechanism in NV-FRAM and leads to read failure since the remenant polarization is 

decreased. 

Tagantsev et al. summarized the various fatigue models in 2001.45  In analyzing 

experimental data from several groups, Tagantsev et al. concluded that mechanisms for 

the reduction of switchable polarization are the reduction of the effective electrical field 

(by the presense of a nonswitching “passive” layer) or, more likely, by a modification of 

the switching process.62  They attribute the modification of the switching process to either 

wall pinning or nucleation inhibition.62  Both the formation of a passive layer and a 

modification of the switching process involve a variation in the density of defects. 

The mechanism of fatigue is thought to involve the inhibition of domain wall 

motion by either charged carriers or oxygen vacancies (ionic defects), and the theories on 

polarization fatigue are generally based on whether the inhibition occurs in the bulk of 

the material, at an electrode-ferroelectric interface, or in both regions.  Oxygen vacancies 
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are believed to be the most likely ionic defect since they are the most mobile and 

numerous of the defects present in PZT.63  Tagantsev et al., however, concluded that 

electron injection plays the predominant role and is the driving force of fatigue.62 

First, we consider the case where the inhibition occurs in the bulk of the material.  

This is called the bulk locking mechanism, in which domain walls become locked or 

immobile and stop switching. We know that domain walls with a polarization 

discontinuity have a net surface charge.  Mobile charges (electronic or ionic) in the bulk, 

which are redistributed during repeated switching, will be attracted to the domain wall 

surface charge in order to compensate these charged walls.  This creates an internal field, 

which tends to stabilize the domain polarization and suppress the switchable polarization.  

(Note that fatigue is sometimes considered as a form of imprint). This model of 

polarization fatigue is supported by the work of Pan et al. who performed a fatigue 

experiment in which a bulk ceramic was fatigued and subsequently cut into three smaller 

wafers.64  The polarization was measured for each wafer and they noted the polarization 

values were larger in the smaller wafers than in the parent wafer after fatigue. In addition, 

Pan et al.65 and Brennan66 reported that oxygen vacancies are created during field 

cycling, which result in the development of an internal bias.  However, the source of the 

internal bias is not necessarily due to oxygen vacancies; UV illumination near the 

coercive field, which generates electron-hole pairs, has also been shown to result in 

polarization fatigue in PZT capacitors, thus bulk-locking fatigue of PZT with Pt 

electrodes is probably due to electronic, not ionic charge.67-69 

When we consider ferroelectric capacitors, we must take into account the 

ferroelectric-electrode interface when trying to understand polarization fatigue.  It has 
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been widely reported that PZT capacitors with Pt electrodes fatigue severely,70-72 while, 

PZT capacitors with conducting oxide electrodes (e.g. RuO2, IrO2, etc.) have superior 

fatigue properties.70,72-76 These results suggest that oxygen vacancies are trapped at the 

ferroelectric-electrode interface.  These trapped charges would again lead to an internal 

field that would hinder domain switching.  With oxide electrodes, the oxygen vacancies 

could be compensated by oxygen from the electrode, reducing the internal field as well as 

the fatigue.72  In order to determine whether the fatigue is due to oxygen vacancies in the 

bulk or at an interface, it is necessary to know the distribution of oxygen vacancies. 

Continuing with the interface model of fatigue, Colla et al.77-80 suggest nucleation 

(and hence switching) is inhibited near the electrode-ferroelectric interface.  The 

switchable polarization, they note, is (except in certain cases) due to either the inhibition 

of nucleation, or to the locking of opposite polarization nucleation sites at one or both 

electrode-ferroelectric interfaces.  Figure 2.18 depicts the two possible fatigue 

mechanisms: bulk locking in grain (a), and the nucleation suppression/seed-locking 

mechanism in grain (b).  Colla et al.78 and Kholkin et al.52 both observed that hysteresis 

loops are offset vertically in fatigued films and that from this asymmetry one can deduce 

whether nucleation is suppressed more in one direction than the other. 

Several proposed models are combinations of bulk and interface theory.  Du et al. 

proposed a model in which both oxygen vacancies and electronic charge carriers are 

necessary to cause fatigue.81  Oxygen vacancies, the formation of which are facilitated by 

the presence of electrons, form a space charge layer near the electrode (interface 

nucleation inhibition) and/or make domain walls immobile within the film (bulk locking).  
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Yoo et al. proposed a fatigue model that suggests oxygen vacancies are trapped at both 

the ferroelectric-electrode interface and domain and grain boundaries in the bulk.72,82 

 
2.8.9 Applications of Ferroelectric Materials 

Ferroelectric materials are currently used in a variety of applications, including 

optical switches, memory devices, sensors, actuators, electron emission devices,83 and 

surface and bulk84 acoustic wave devices.  The large piezoelectric constants of 

ferroelectric materials make them very attractive for use in micro-electromechanical 

systems (MEMS),85 and the high dielectric constant of some materials (BaxSr 1-xTiO3  has 

ε ~ 500ε0 for x ~ 0.7) make ferroelectrics promising for dynamic random access memory 

(DRAM) capacitors.86,87 Perhaps the most relevant application for the scope of this 

dissertation is NV-FRAM.88-93   

 In NV-FRAM, a positive or negative voltage is used to write a bit value. As such, 

the positive and negative remenant polarizations represent the “1” and “0” for this type of 

memory. Since the bit values continue to exist (remenant polarization) after the 

application of a writing voltage, this type of memory is considered non-volatile.  FRAMs 

are considered to be much faster than existing memory technologies and also have the 

advantage of potentially unlimited usage.93  Recently, both Samsung and Toshiba 

announced production of 32Mb FRAMs, and a number of companies are working to 

further increase FRAM device capacity. 

 
2.9 Summary 

In this chapter, a phenomenological treatment of piezo- and ferroelectric materials 

has been presented, which provides the necessary mathematical description and 
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background to address the research discussed in this dissertation.  The relationship 

between the physical principles of piezoelectricity and the measurement of piezoelectric 

properties has also been shown. In the next chapter, the employment of scanning probe-

based techniques to study piezoelectric materials is discussed. 
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Ferroelectric Nonferroelectric 

 

  

Figure 2.1 The 32 crystal classes.  Crystal classes of ferroelectric and piezoelectric 

materials.  Of the 32 crystal classes, 21 lack a center of symmetry.  A centrosymmetric 

crystal does not possess polar properties, and cannot be piezoelectric.  The crystal classes 

are depicted schematically in Figure 2.1.  Of the 21 noncentrosymmetric classes, 20 are 

piezoelectric (Class 432 is the only non piezoelectric noncentrosymmetric class).8   
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Figure 2.3  Piezoelectric convention for a piezoelectric with d33>0. (a) A tensile strain 

parallel to the -direction produces positive charge on the positive side of the -

direction for a piezoelectric material with a positive d

3x̂ 3x̂

33.9  The arrows in (a) represent the 

tensile strain.  The dashed line represents the initial shape. (b) Conversely, an electric 

field applied parallel to the -direction will cause the piezoelectric material to expand 

for a positive d

3x̂

33.9 
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Piezoelectric
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Figure 2.4  Schematic of a double-beam interferometer system.  The laser beam is 

incident from the top and is split by the first mirror into two beams shown in black and 

gray.  The optical path length of the gray beam changes as the piezoelectric crystal 

expands and contracts.  The two beams recombine at the photodiode where the intensity 

is measured.  From the intensity, the displacement of the piezoelectric can be calculated. 
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Figure 2.5  A schematic of the wurtzite structure of GaN indicating the direction of 

spontaneous polarization for Ga- and N-face GaN.  The figure is Ambacher et al.32 

 48



 
 

 

 

P E

A (Pb) 

B (Zr or Ti) 

O 

P E

 

Figure 2.6  A representation of the tetragonally distorted perovskite structure.  When an 

external field (E) is applied, the polarization (P) direction switches as the B atom shifts 

towards an oxygen atom.  The tetragonal distortion is along the polarization direction. 

The figure is from the “FRAM Technology Backgrounder.”95   
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Figure 2.8  Schematic of the possible orientations of polarization in tetragonal PZT. 
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Figure 2.9  Schematic of the possible orientations of polarization in rhombohedral PZT. 
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Figure 2.10  Domain structure of crystalline BaTiO3 (initially completely polarized to the 

left) during polarization reversal as a field is applied to the right as deduced from a 

polarization micrograph.  The largest arrow is the applied electric field direction, which is 

parallel to the tetragonal c-axis, and the other arrows show the polarization direction for 

individual domains.  Adapted from Merz et al.34 
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Figure 2.11  Example polarization hysteresis loop for a ferroelectric material. 
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Figure 2.12 Intrinsic and extrinsic contributions to the piezoelectric effect.  The pictures 

on the right represent the effects of a vertical electric field applied to the domain on the 

left. The upper diagram represents the intrinsic response, since the domain elongates due 

to an applied field, while the lower picture represents the extrinsic contribution.  In this 

case the polarization direction rotates as a field is applied, and there is a length increase 

in the vertical direction since c > a for a tetragonal material.   
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Figure 2.13 Schematic representation of thickness clamping.  When an electric field (E) 

is applied to a ferroelectric material with domains of alternating polarization (P),  the 

domains with polarization parallel to the applied field will expand, and the domains with 

polarization antiparallel to the applied field will contract. 
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Figure 2.14 Compositional dependence of effective d33 for PZT from Chen et al.60 
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Figure 2.15  Measured compositional dependence of d33 for PZT from Kholkin et al.61 
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Figure 2.16  Schematic of imprint.  Imprint is an important failure mechanism in non-

volatile ferroelectric random access memory (NV-FRAM) since a voltage shift in the 

hysteresis loop can lead to both an increase in the coercive voltage, Vc (possibly causing 

a write failure) and a decrease in remenant polarization, Pr (possibly causing a read 

failure)   
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Figure 2.17 Piezoelectric hysteresis loop of a ferroelectric material.  Figure taken from 

Kholkin et al.52 
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Figure 2.18  Schematic (a) bulk locking of the domain walls and (b) inhibition of 

switching at the polarization seeds located at the ferroelectric-electrode interface.  This 

figure is taken from Colla et al.77 
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Table 2-I Fundamental piezoelectric equations with tensorial notation omitted for 

convenience (adapted from Ikeda).11 The relationships between the various constants are 

given by Ikeda.11 

(a) Polarization scheme 
 

Independent variable Piezoelectric relation Thermodynamic potential 

S, P 

PaSE
aPScT

S

D

χ+−=

−=
 

Helmholtz free energy 

T, E 

EdTP
dETsS
T

E

κ+=

+=  
Gibbs free energy 

T, P 

PbTE
bPTsS

T

D

χ+−=

+=
 

Elastic Gibbs energy 

S, E 

EeSD
eEScT

S

E

κ+−=

+=  
Electric Gibbs energy 

 
(b) Electric flux density scheme 
 

Independent variable Piezoelectric relation Thermodynamic potential 

S, D 

DhSE
hDScT

S

D

β+−=

−=
 

Helmholtz free energy 

T, E 

EdTD
dETsS
T

E

ε+=

+=  
Gibbs free energy 

T, D 

DgTE
gDTsS

T

D

β+−=

+=
 

Elastic Gibbs energy 

S, E 

EdSD
eEScT
S

E

ε+=

+=  
Electric Gibbs energy 
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Table 2-II  Voigt notation convention. 

 
α, β ij, kl 

1 11 

2 22 

3 33 

4 23,32 

5 13,31 

6 12,21 
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Table 2-IIII  Piezoelectric constants of various materials in pC/N (or pm/V).  All 

piezoelectric constants are taken from Landolt-Börnstein14 unless otherwise noted. 

 
Material d33 d31 d15 

ZnO 12.4 -5.0 -8.3 

AlN 5 -2 4 

CdS 10.3 -5.2 -14.0 

GaN95 ~ 2   

PZT-5H 585 -265 730 
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Table 2-IV  Lattice parameters and piezoelectric properties of III-nitrides. 
 

 A31(Å) c/a31 u31 P31
sp 

(C/m2) 
d33

33 
(C/m2) 

d31
33 

(C/m2) 
d15

33 
(C/m2) 

GaN 3.1986 1.6339 0.3772 -0.034 2.7 -1.4 1.8 
InN 3.614 1.628 0.377 -0.042 7.6 -3.5 5.5 
AlN 3.1095 1.6010 0.3819 -0.090 5.4 -2.1 2.9 
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3. Scanning Probe Techniques for Characterizing Piezoelectric Materials 
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3.1 Introduction 

In this chapter, the scanning probe microscopy (SPM) techniques utilized in this 

dissertation are introduced and explained with emphasis on the information that can be 

obtained from piezoelectric thin films.  I begin with a historical development of the 

atomic force microscope (AFM) and a brief timeline of the use of SPM to study 

piezoelectrics, before extending the discussion to electrostatic force microscopy (EFM), 

and scanning Kelvin probe microscopy (SKPM). I end with an in depth description of 

piezoresponse force microscopy (PFM), the main technique used in this research, and 

how it can be used to measure piezoelectric coefficients and polarity.1,2 

 

3.2 The Atomic Force Microscope 

The investigation of local electronic properties with atomic-scale resolution 

became possible after the invention of the scanning tunneling microscope (STM) in 1981 

by Binnig and Rohrer.3  STM was limited to conductive surfaces, however, which 

spawned the development of AFM in 1986 by Binnig, Quate and Gerber.4  AFM is the 

subject of numerous books5-8 and is described in the literature9 so we do not dwell on its 

description here.  AFM was initially developed to measure sample topography by 

employing a tip and force sensor to detect repulsive forces; however, many additional 

techniques have been developed to probe other forces (and hence various film properties) 

on the nanometer scale (nanoscale), including EFM,9-18 SKPM,19-22 magnetic force 

microscopy (MFM),23 lateral force microscopy (LFM),24 and conductance imaging.25,26 

An AFM is primarily composed of three components; a micro-fabricated 

cantilever, which serves as a force sensor, a device to detect cantilever deflection, and a 
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scanner which scans either the cantilever or sample stage and adjusts tip-sample distance.  

The cantilevers are usually made of Si3N4 or Si, are rectangular (beam) or triangular in 

shape, and are coated on the backside with metal to increase reflectivity. At the end of the 

other side of the cantilever is a sharp probe tip that contacts the sample.  The properties of 

the tips used in this research are presented in Table 3-I. 

In our primary AFM (Park Scientific Instruments M5), a laser and position 

sensitive photodetector (PSPD) are used to detect cantilever deflection.  The PSPD is 

composed of four photodiodes built into one circular device. The top half of the PSPD is 

called “A” while the bottom half is called “B.”  The difference in intensity (current 

generated by laser beam striking a photodiode) between A and B is called “A-B” or the 

“error signal.”  In AFM, a laser beam is reflected off the backside of a cantilever and 

directed onto the PSPD. Initially, the A-B signal is minimized, then as the tip is rastered 

(or sample is scanned), the cantilever deflection is detected as a change in the A-B signal. 

The third component is either a tip-scanning or sample-scanning mechanism.  The 

M5 is a tip-scanning system and so a stationary sample is scanned by a tip mounted to the 

end of a PZT scanner with a maximum scan size of 100µm.  The lateral and vertical 

position of the scanner can be controlled by application of an appropriate voltage. 

Sample-scanning systems, like our secondary AFM (ThermoMicroscopes CP-Research) 

are smaller and have better resolution; however, they can generally handle only samples 

< 1” in diameter. The CP-Research (CP-R) is also configured for PFM, EFM and SKPM, 

although all results presented here were obtained with the M5, unless otherwise noted. 

The two main imaging modes for measuring surface topography in AFM are 

contact and non-contact modes. In non-contact mode, the tip is held at a distance of tens 
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to hundreds of Ångstroms from the sample, and is driven (made to oscillate) near its 

resonance frequency.  Force gradients on the tip cause the resonant frequency (or 

effective spring constant) of the tip to shift, which leads to a change in the oscillation 

amplitude of the tip as the AFM attempts to operate at a constant frequency (and 

subsequently a constant tip-sample separation) using a feedback loop.  By detecting the 

oscillation amplitude of the tip (or feedback required to keep the frequency or tip-sample 

separation constant), an image of the surface topography can be generated. 

In contact mode, the tip is in contact with the sample, and an image is generated by 

measuring either the tip deflection in constant height mode or the voltage applied to the 

scanner in constant force mode.  In constant height mode, the cantilever is kept at a 

constant vertical position, and the voltage applied to the scanner is kept constant.  In this 

case, the cantilever deflection represents the sample topography, and the A-B signal can 

be imaged.   

In constant force mode, a voltage is applied to the scanner by means of a feedback 

loop in order to maintain a constant force between the tip and the sample (or, 

equivalently, a constant tip deflection).  A topographic image is generated by recording 

the voltage applied to the scanner (in the Z direction) by the feedback loop while the tip 

is rastered.  This is an important distinction: tip deflection doesn’t represent surface 

topography since the cantilever’s vertical position is being changed by the feedback loop. 
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3.3 Review of SPM for Piezoelectric Materials 

SPM-based measurements of piezoelectric thin films have been used by a number 

of investigators to probe local properties on the nanoscale.  Here we present a timeline of 

the development of these techniques.  Later, we discuss the various techniques in detail. 

One of the first instances of using an AFM to investigate piezoelectric (in this 

case, ferroelectric) properties was a study by Güthner and Dransfeld in 1992 where they 

locally poled ferroelectric polymers using SPM.27  Franke et al. were the first to observe 

a poled region in PZT.28 Gruverman et al. were the first to observe as grown domain 

structure within PZT grains and also presented the first results on poling of BTO and PZT 

in 1995.29,30 The formation and observation of nanoscale domains using SPM was also 

performed by Hidaka et al. in 1996 with PZT thin films.31  Also in 1996, Gruverman et 

al. were the first researchers to report on the nanoscale properties of fatigue in PZT thin 

films.32  In 1998 the use of PFM to measure piezoelectric constants was investigated by 

Christman et al.  They measured the piezoelectric constant of several materials and 

reported on the importance of minimizing electrostatic effects.1  In 1999, Eng et al. 

reported for the first time the use of PFM to measure the three-dimensional polarization 

distribution in barium titanate ceramics.33  In 2000, Christman et al. reported on the 

spatial variation of ferroelectric properties in PZT capacitors, noting that SPM-based 

techniques can measure variations undetectable by macroscopic P-V methods.34  In 2002, 

we were the first to investigate imprint in ferroelectric thin films on the nanoscale.35  A 

possible future direction for SPM-based techniques was proposed by Kalinin et al. in 

2002, in which complex nanostructures can be fabricated by modifying ferroelectric 

surfaces using SPM.36 
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The first case of III-nitrides being studied by SPM to measure local electronic 

properties came in 1999 when Bridger et al. measured induced surface charges, contact 

potentials, and surface states in GaN by EFM.13  More progress was made on the III-

nitrides in 2000 and 2001 by Smith and Yu and Koley and Spencer who measured local 

properties of AlGaN/GaN heterostructures using scanning capacitance microscopy 

(SCM) and SKPM, respectively.20,37  We demonstrated for the first time in 2002 the use 

of PFM to investigate the piezoelectric properties of III-nitrides.38   

Ferroelectric domains have also been observed by AFM and lateral (or friction) 

force microscopy (LFM). In single crystal BaTiO3 (barium titanate) and PbTiO3 (lead 

titanate), large (~several microns) domains have been observed as surface corrugations 

due to the elastic distortion at domain walls.39-41 LFM has been used to image 

ferroelectric domains in cleaved single crystals of triglycine sulfate42 as well as in 

epitaxial PbTiO3 and BaTiO3 thin films.43 In LFM, the torsion of the cantilever due to 

friction is imaged. Since topographic features can also lead to torsion of the cantilever, 

smooth surfaces are ideal.  We direct our attention to EFM, SKPM and PFM for the 

investigation of the piezoelectric properties of III-nitrides and ferroelectrics. 

 

3.4 Electrostatic Force Microscopy 

In both III-nitrides and ferroelectric materials, there exists a spontaneous 

polarization that leads to the existence of polarization bound surface charge.  Surface 

charge will exert an electrostatic force on a tip, and as a result, EFM has been used to 

measure the electrostatic force on the tip resulting from the bound charge.  The 

electrostatic force can be measured independent from the tip deflection due to 
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topographic changes.9-18 Since the electrostatic force on the tip depends on the magnitude 

and direction of the surface polarization, a map of the electrostatic force is an image of, in 

the case of ferroelectrics, ferroelectric domains.  

EFM is a non-contact imaging mode. There are several different ways to 

implement EFM; some techniques utilize a mechanically driven cantilever (force gradient 

technique) while others utilize an electrically driven (voltage modulation) cantilever as 

well.  The most common technique is the force gradient technique, which is essentially 

just non-contact mode as described above; however, the tip first acquires surface 

topography and then retraces (lift mode) the topographic profile to collect electrostatic 

data.  In our case, we use a combined approach developed by Saurenbach and Terris, 

which uses both modulations, allowing topographic (mechanical modulation of the tip) 

and electrostatic (electrical modulation of the tip) images to be acquired 

simultaneously.17,18  

The force between a tip and surface is a combination of electrostatic and 

capacitive forces: 
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where Qs is surface charge, Qt is the charge on the tip, z is the tip-surface separation, C is 

the tip-surface capacitance and voltage V is 

 ( ) sacdc VtVVV −+= ωcos , (3.2)

where V  and Vdc tac ωcos  are dc and ac voltages applied to the tip and V  is the surface 

potential.  The total charge on the tip is given by 

s

 ( )tCVCVQQQQQ acdcsacdcst ωcos' ++−=++= . (3.3)
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Substituting relations for voltage and charge on the tip, we can obtain the total force on 

the tip.  The static component of this force is 
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The first harmonic component of the force is 
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Finally, the second harmonic component of the force is 
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The force exerted by the cantilever spring is related to the electrostatic force on the tip by 

this relation 

 δkFelastic −= , (3.7)

where k is the force constant of the cantilever and δ is the cantilever deflection. We can 

measure the tip deflection using EFM, and thus, by equating the forces at the first 

harmonic, we can solve for the surface charge if we have an expression for the tip-surface 

capacitance.  If we model the tip-surface capacitance as a small sphere17 a distance z from 

a surface, 

 ( )∑
∞

=

−=
1

1
0 sinhsinh4

n
nRC ααπε , (3.8)

where R is the radius of the sphere and alpha is 
 

 ( )RzR )(cosh 1 += −α . (3.9)

Solving Equations 3.5 and 3.7 for surface charge, we obtain 
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where C’ is the derivative of the capacitance.  Note that if we equate the second harmonic 

of the forces (Equations 3.6 and 3.7), then the second harmonic of the tip deflection 

measures the tip-surface capacitance. 

 

3.5 Scanning Kelvin Probe Microscopy 
 

SKPM is an extension of EFM.  In EFM, a voltage is applied between the tip and 

the sample while operating in non-contact mode, and the change in vibration amplitude 

due to variation in the force gradient on the tip is imaged.  Therefore, changes in surface 

potential and surface charge on the sample surface induce changes in the vibration 

amplitude of the tip.  With EFM, however, it can be difficult to obtain accurate 

quantitative data since the total force gradient can be due to both the electrostatic and the 

van der Waals force gradient.  A related technique, commonly referred to as scanning 

Kelvin probe microscopy (SKPM) or scanning surface potential microscopy (SSPM) can 

be used to measure the local potential and work function.19-21 SKPM measures the contact 

potential difference between tip and sample.  Surface state densities, surface charge 

densities, surface barrier heights, and even the diffusion length of minority carriers have 

all been measured using SSPM techniques.13,22  In SKPM, a dual pass imaging or lift 

mode technique is typically utilized, in which a line scan of topography is first acquired 

in contact mode, and then retraced in non-contact mode with the tip maintained at a 

constant distance from the sample surface in order to obtain surface potential data.  The 

tip is held anywhere from 10-100 nm above the sample surface while both a dc and a 

sinusoidal ac voltage (at frequency 2πω) are applied to the tip.  A dc feedback loop is 
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employed which varies the dc offset potential such that the amplitude of the ω tip 

vibration is minimized.  This value of dc offset which minimizes the ω (or first harmonic) 

signal is equal to the surface potential, and by recording the value of the dc offset, an 

image of the surface potential can be constructed. 

As before, the force on the tip is 
 

 2
2

0 2
1

4
V

z
C

z
QQ

F ts

∂
∂

+=
πε

, (3.11)

where V and Qt are given by Equations 3.2 and 3.3, respectively.  The equations for the 

static component and the first and second harmonic components are the same as in EFM.  

Note that when a dc bias is applied to the tip, we are effectively nullifying the second 

term in Equation 3.5.  The value of dc bias which minimizes the first harmonic of the 

force is equal to 

 φχφ ∆−∆−−= fnsms EV , (3.12)

 
where mφ is the metal workfunction of the tip coating, sχ  is the electron affinity of the 

surface,  is the position of the fermi level with respect to the conduction band 

and

fnE∆

φ∆ is the band bending.  Thus, from SKPM we can obtain information about the local 

band-structure.  Furthermore, in the presence of an electron depletion region near the 

surface, it is possible to estimate the width, W of this region using 
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where sε  is the dielectric constant and  is the number of donors.  Note that it is also 

possible to use SKPM as a point-by-point measurement tool to obtain information about 

local electronic properties with a stationary tip. 

dN
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3.6 Piezoresponse Force Microscopy 
 

PFM was initially primarily used to monitor the phase of the tip oscillation with 

respect to the modulation voltage in order to image ferroelectric domains.27-30,44,45    Note 

that in ferroelectrics, the piezoresponse is directly related to the polarization direction, 

therefore, by monitoring the phase of the piezoresponse, it is possible to determine the 

orientation of ferroelectric domains.  This is demonstrated in Figure 3.1.  The sign of the 

piezoelectric constant (and hence the polarity) of non-ferroelectric materials can be 

determined from the piezoelectric sign convention discussed in Chapter 2, as is 

demonstrated in Figure 3.2. 

Several studies have used PFM to measure piezoresponse magnitude as well. 

Gruverman et al.44,47,48 and Zavala et al.49,50 performed measurements on PZT thin films 

by applying a voltage between a conducting tip and a bottom electrode to image 

piezoresponse magnitude.  Zavala et al.49,50 also made single point measurements with a 

conductive tip in contact with a top electrode.  One of the main advantages of PFM is that 

it is a nondestructive technique for measuring domain structure. 

 

3.6.1 PFM Experimental Setup 

The experimental setup for PFM is shown in Figure 3.3.  Like EFM, during PFM, 

a voltage is applied between the tip and a back electrode; however, unlike EFM, PFM is a 

contact mode imaging technique.  The voltage can be applied to either the tip or to the 

bottom electrode, and in the absence of a bottom electrode, the voltage can be applied to 

the backside of the sample. The applied voltage (modulation or driving voltage) creates 

an alternating electric field that causes the piezoelectric to expand and contract at the 
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modulation frequency.  This, in turn, causes the tip to deflect, and this tip deflection at the 

modulation frequency is measured using a standard lock-in technique (described in more 

detail below).  Thus by monitoring the first harmonic of the A-B signal, we can measure 

the tip deflection, and if the deflection is due entirely to the sample deformation as a 

result of the converse piezoelectric effect, we can measure the piezoresponse of the 

sample. The modulation frequency is kept above the AFM feedback loop response 

frequency to avoid a cross talk between surface topography and measured piezoresponse, 

and below the resonant frequency of the cantilever to eliminate resonance between 

oscillations of the cantilever and the sample. 

There are two main approaches to PFM depending on the homogeneity of the 

applied field.  When a homogeneous electric field is applied, we can measure the 

effective longitudinal piezoelectric constant, d33.  A homogeneous field is generally 

generated when a top electrode larger than the tip-sample contact area is used to excite 

piezoelectric oscillations.  In this case, the driving voltage can be applied by using either 

an external standard electrical probe or the conductive SPM tip.  The homogeneous field 

allows quantitative information to be obtained about the piezoelectric or ferroelectric 

properties of the sample being studied.  In general, when a top electrode is used, the 

electric field is homogeneous, the piezoelectrically excited region is large compared to tip 

radius, there is no mechanical constraint resulting from nearby unexcited regions, and 

there is no electrostatic interaction with the tip if an external probe is used which is at the 

same potential as the tip.  Spatial variation, including domains in ferroelectric capacitors, 

can be observed with this technique; however, one disadvantage is that there may be 

some averaging since we are imaging through the top electrode.  The presence of a top 
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electrode allows standard polarization, capacitance, and current measurements to be 

performed.  When a top electrode is present, the sample is often referred to as a capacitor.  

When there is no top electrode present, the sample is often referred to as a thin film. 

In the other approach, the piezoelectric oscillation is generated on a bare surface 

by the conductive tip and sensed by the same tip.  This method is advantageous because it 

allows one to study the material directly; a correlation can be made between the film 

microstructure and the piezoresponse, and in the case of ferroelectrics, with the domain 

configuration.  This high-resolution approach also makes it possible to investigate 

individual domains and to switch (e.g. cause polarization reversal) individual ferroelectric 

domains and grains. With this approach it may be possible to investigate the microscopic 

mechanism of switching and domain wall motion.  The main disadvantages of this 

technique are that it is difficult to obtain accurate results for the piezoelectric constant 

without modeling the (inhomogeneous) tip-generated electric field distribution, and that 

the local piezoelectric deformation could be mechanically constrained by adjacent non-

vibrating regions. In addition, there could be an electrostatic interaction between the tip 

(and cantilever beam) and the surface.  Moreover, there is commonly a contamination 

layer on a surface of a material, which can increase the resistance between the tip and the 

surface. 

 The tips used for PFM are listed in Table 3-I. The conducting diamond tips are 

prepared by deposition of 1000Å of 0.1 Ω-cm p-type diamond onto Si tips and have been 

shown to be long lasting.  These tips are expensive, however, and a number of less 

expensive metal-coated tips are used despite the fact that the metal coating wears off 

quickly.51,52  The diamond coated tips have been shown to have incomplete diamond 
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coverage in some instances, as shown in Figure 3.4, a scanning electron microscope 

(SEM) micrograph of an as-received diamond coated tip.  The tips are mounted on an 

alumina square to electrically isolate the tip from the clip that holds the chip carrier in 

place.  Some combination of silver epoxy and/or colloidal silver liquid is used to connect 

a copper wire to the chip so that the modulation voltage can be applied to the tip.  The 

modulation voltage used depends on the sample properties and ranged from 0.2 to 5.0 V 

RMS. 

 Our PFM system is capable of measuring both piezoresponse phase and 

magnitude and can measure local piezoelectric hysteresis loops, allowing us to image 

spatial variations in piezoelectric properties and to measure ferroelectric properties at 

individual points.   Our system was first assembled by Christman who optimized the 

system by minimizing the electrostatic tip-surface interaction.1,2  He also demonstrated 

the accuracy of the technique by comparing it with established techniques of double 

beam interferometry and polarization hysteresis measurements.2 Christman measured the 

piezoelectric constant of several piezoelectric materials as shown in Figure 3.5 and also 

demonstrated that variations in local ferroelectric properties that were not observable by 

macroscopic methods can be measured by PFM.1,34 

 

3.6.2 Electronics 

In PFM imaging, the tip is rastered while the lock-in amplifier outputs connected 

to inputs of the AFM are imaged.  The output of the dual phase lock-in amplifier 

(Stanford Research System SR830) is the 10kHz component of the tip vibration.  The 

dual-phase lock-in amplifier measures both the phase (θ) and magnitude (R) of the 10kHz 
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vibration, and the output can be phase and magnitude or a mixed signal.  The lock-in 

output of the R signal is connected to the CN2 input on the M5 interface module, which is 

an A/D converter accessible by the AFM imaging software.  The lock-in output of the θ 

signal is connected to the CN7 input on the M5 interface module, which is an RMS-to-

DC converter accessible by the AFM imaging software. To make use of this signal, the 

lock-in output of the θ value is first sent to a potentiometer, which decreases the voltage 

amplitude by half.  This reduced voltage is used as the amplitude modulation signal for a 

function generator (HP33120A) whose (sinusoidal) output is then connected to the CN7 

input on the M5 interface module.  The output is a sine wave with amplitude proportional 

to the θ value, which is input to the RMS-to-DC converter at CN7.  Thus, the output of 

the RMS-to-DC converter is proportional to the lock-in amplifier θ value. 

As the tip is rastered, the voltages of the CN2 and CN7 signals are recorded.  In 

this way, PFM phase, magnitude and sample topography can be imaged simultaneously.  

By convention, the phase is always adjusted (with a lock-in phase offset) such that a 

ferroelectric that has been polarized with a positive voltage (applied to the top electrode) 

has a piezoelectric oscillation with a phase of 90°.  Thus, light regions in PFM phase 

have a polarization vector oriented towards the substrate, while dark regions have 

polarization oriented out of the plane of the film.  Note that real phase is equal to 

measured phase plus the phase offset.  Typically, the measured phase is 90° for positively 

poled ferroelectric capacitors with a phase offset of -82° (i.e. ~ in-phase with respect to 

the modulation voltage). 

When both ac and dc signals are applied to the tip as in the case with EFM and 

piezoelectric loop measurements, the output of the lock-in amplifier function generator is 
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added to a dc voltage with a home-built summing amplifier.  A schematic of the summing 

amplifier is shown in Figure 3.6.  A Keithley source measure unit (SMU 236) is used as 

the dc supply.  For piezoelectric hysteresis loop measurements, the tip is not rastered and 

the amplitude of the ac voltage remains constant during the measurement, while the DC 

voltage is cycled (typically from 0 to +3 V to –3V to +3V for positively poled 

ferroelectric capacitors, for instance), through computer control, and the lock-in amplifier 

outputs are recorded. 

 

3.6.3 Piezoelectric Measurements 

In this section, we discuss how to measure the piezoelectric constant using PFM. 

This can be accomplished in a point by point mode using the values on the digital readout 

of the lock-in amplifier or by analyzing the PFM magnitude image. 

 
3.6.3.1 Determining the Piezoelectric Constant From the Lock-In 

The 10kHz component of the A-B signal is measured by the lock-in amplifier.  

This voltage can be converted to a distance using a calibration procedure, which is 

performed by lowering the tip (with the AFM scanner) and measuring the tip deflection 

(with the photodiode) while the tip is in contact with the surface.  The scanner must first 

be calibrated with a known step height in order to calibrate the photodiode signal to a 

known scanner displacement, and the conversion constant must be measured again 

anytime the laser position is changed or the cantilever is replaced. The method for 

measuring this conversion constant, AFMMicronPerEsig, is outlined in an addendum to 
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the AFM user’s manual. Values for this constant are ~ 0.04 - 0.2 Å/mV depending on the 

cantilever used.  Typical values of AFMMicronPerEsig are presented in Table 3-I. 

We begin by considering the total strain of the film under an applied field, which 

is given by Equation 2.16, with zero strain and tensor notation dropped for simplicity, as: 
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where t is the film thickness and ∆t  is the change in film thickness.  If we apply a 

modulation voltage V )sin(0 tV ω= , and assume that tVE /=  (only valid if we assume a 

parallel plate capacitor structure), then the change in sample thickness is given by 
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The lock-in filters all but the second term, and the output of the lock-in is the 

RMS value of this term.  If the 10kHz tip deflection is due to the 10kHz sample 

deformation, the amplitude of the 10kHz component of the change in thickness is 

 LIkHz VdVt α==∆ 010  (3.16)

assuming the modulation voltage is in V RMS, where the photodiode conversion constant 

is α [Å/mV], and the lock-in voltage output is VLI [mV RMS].  Rearranging Equation 

3.14, the piezoelectric constant (d) is related to the lock-in output voltage by 
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where V0 is in units of V RMS.  
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3.6.3.2 Determining the Piezoelectric Constant from PFM Images 

We can rewrite Equation 2.57 as 
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The tip deflects due to the strain in the material, and the photodiode (A-B) signal will 

contain the tip deflection for all frequencies. As before, the lock-in filters all but the 

second term (the 10kHz component), thus the R and θ outputs of the lock-in amplifier 

represent the magnitude and phase of the second term in Equation 3.18.  These signals 

are input into the M5 so that they may be imaged simultaneously with the topography. 

When viewing PFM magnitude and phase images with the AFM software, the 

vertical scale is a voltage proportional to the magnitude and phase, respectively, of the 

piezoresponse.  Here, we explain how to convert as-recorded image of the PFM 

magnitude into an image with a vertical scale in units of Å/V.  The process of converting 

the scale of the PFM phase image from voltage to degrees is also described.  These 

procedures were developed by Christman.2 

The AFM software saves images as hdf files.  The hdf file contains a header 

16384 bytes long followed by a 256 x 256 array of 16-bit signed integers when an image 

is obtained in 256 x 256 mode.  The phase of the piezoelectric constant ( ) is 

calculated by applying the following equation to each point of the image: 

θ
33d
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where Zθ is an integal pixel value in the PFM phase image hdf file.  This equation takes 

into account the function generator in the experimental setup which is set to have a 

maximum output of 7.07VRMS. 

 The magnitude of the piezoelectric constant ( 33d ) can be obtained by applying 

the following equation to each point in the PFM magnitude image: 
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Vd α        [Å/V], (3.20)

where ZR is an integral pixel value in the PFM phase image hdf file, the conversion 

constant is α [Å/mV], and Vsens is the sensitivity setting of the lock-in amplifier (typically 

1-5mVRMS in PFM).  The magnitude of the modulation voltage is given by Vdrive in V 

RMS.  Note that the A/D converter (CN2) on the M5 interface module has a small 

voltage offset (Voffset = -0.084V).  There is also a small offset in CN7 which is ignored 

since the phase offset can be adjusted using the lock-in amplifier. 

 By converting the integral pixel values into values that represent PFM phase and 

magnitude, it is possible to generate images with appropriate scales and to perform 

statistical analysis of the PFM magnitude and phase distributions. 

 
3.6.4 Dependence of the Piezoelectric Coefficients on the Testing 

Conditions 

In PFM, if the polarization vector is normal to the plane of the film, then the 

piezoelectric constant can be measured accurately.  However, if, for instance, there is an 

angle between the probing AFM tip and the polarization vector, then the piezoelectric 

coefficients for a particular orientation of the coordinate system are being measured.  We 
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now discuss how to measure the piezoelectric coefficients for a film with an arbitrary 

orientation following the example set by X. Du et al.43-55 

The transformation matrix of coordinates from one system to another system is 

discussed by Cady56 and given by A: 
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The components of the piezoelectric tensor will transform as 

 0
mnl

l
k

n
j

m
iijk dAAAd = . (3.22)

In compressed notation, this is given by 

 NAdd 0= , (3.23)

where N is 
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and A is given by 
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where phi is a counter clockwise rotation about the z-axis, and theta is the angle between 

the new z-axis and the old one (a counter clockwise rotation about the new x-axis). 

 For tetragonal films and for wurtzitic AlN and GaN (all 4mm point groups), 
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and the piezoelectric constant dzz for an arbitrary rotation is given by 

 ( ) ( ) .coscossin 3
33

2
1531 θθθθ dddd zz ++=  (3.27)

An important consequence of this result is that if the piezoelectric constant is not 

measured along the direction of polarization, it becomes a function of other piezoelectric 

coefficients from the piezoelectric tensor.  Also, note that theta is the angle between the 

measurement direction and the [001] crystallographic axis for a (001) film. 

Barium Titanate is tetragonal with d33=85pm/V, d31=-35pm/V and 

d15=400pm/V.55 A plot of dzz is shown in Figure 3.7.  Note that the maximum value of dzz 

occurs at an angle of about 50°. Lead titanate (PTO) is also tetragonal with d31=-23pm/V, 

d15=56pm/V and d33=79pm/V.57 A plot of the piezoelectric surface for PTO is shown in 

Figure 3.8.  For (111) tetragonal PZT with a Zr/Ti ratio of 40/60, d31=-59pm/V, 

d15=169pm/V d33=162pm/V.57 In Figure 3.9(a), a 3-dimensional plot of the piezoelectric 

surface for a tetragonal PZT film with a Zr/Ti ratio of 40/60 is shown.  For a (111) 

oriented tetragonal film, we have the situation presented in Figure 3.9(b) where there is 

an angle between the measurement direction (along the [111] axis) and the [001] axis. In 

the case of the tetragonal (111) PZT unit cell, there are 6 possible orientations of the 

polarization vector, 3 upward and 3 downward along the pseudocubic principal 

crystallographic axes, as shown in the inset of Figure 1(b). Both AlN and GaN and the 

tetragonal ferroelectrics have similar piezoelectric surfaces since they are in the same 

point group.  The piezoelectric surface of GaN is shown in Figure 3.10 with d31= -

1.4pm/V, d15=1.8 pm/V d33= 2.7pm/V.58  

For rhombohedral PZT, the piezoelectric tensor is given by (point group 3m): 
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and the piezoelectric constant dzz for an arbitrary rotation is given by 

 ( ) ( ) ( ) .cossincoscossincos3sin 3
33

2
1531

323
22 θθθϕϕϕθθ ddddd zz +++−=

 
(3.29)

 
For rhombohedral PZT (60/40), d31=-11pm/V, d15=360pm/V, d22=75pm/V and 

d33=71pm/V,53 the piezoelectric surface for rhombohedral PZT is shown in Figure 3.11.  

 

3.6.5 Lateral Piezoresponse Force Microscopy 

As we demonstrated in the previous section, when the piezoelectric constant is not 

measured along the direction of polarization, it becomes a function of other piezoelectric 

coefficients from the piezoelectric tensor. Therefore, when we measure the piezoresponse 

off-axis, we gain information about these other coefficients. A logical extension of this 

result is to try to measure the in-plane polarization in order to reconstruct the three-

dimensional polarization vector 

It is also possible to detect the in-plane polarization using lateral piezoresponse 

force microscopy (LPFM) using the converse piezoelectric effect.  In this dissertation, 

PFM will still refer to vertical piezoresponse force microscopy (VPFM), however, when 

appropriate, we will refer to it as VPFM.  In LPFM, the 10kHz component of the LFM 

signal is measured by the lock-in in the same way the 10kHz component of the A-B 

signal is measured in VPFM.  LPFM works by detecting piezoelectric shear deformations 

that result from any in-plane polarization (any component of polarization that is parallel 

to the sample surface).  If, for example, the polarization vector is perpendicular to the 
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electric field, there will be no piezoelectric deformation along the field direction; 

however, there will be a shear strain, which leads to displacements of the sample surface 

along the direction of the polarization as detected by the torsion of the cantilever.  As the 

surface shears, there will be torsion of the cantilever at the modulation frequency, which 

can be measured using the photodiode and lock-in combination.  This is demonstrated in 

Figure 3.12.    Note that the tip does not have to raster in order to measure this signal 

(only a modulation voltage needs to be applied), unlike LFM, which can only measure a 

signal if the tip is scanning.  We have only applied this technique to ferroelectrics, 

although it could be applied to other piezoelectrics as well.  As mentioned earlier, this 

technique was pioneered by Eng et al. on ferroelectric crystals.33 In this dissertation, we 

apply LPFM to thin films and, for the first time, to ferroelectric capacitors. 

 

3.6.6 PFM Experimental Errors and Resolution 

 There are a number of potential sources of error in PFM.  In addition to the 

normal AFM-related sources of error, which are discussed first, there are several errors 

specific to PFM. Both of these types of errors determine the ultimate resolution of PFM. 

Tip imaging is probably the most common imaging artifact and results when 

surface features are sharper than the tip.  Similarly, tip imaging will occur if features on a 

surface have a smaller apex angle than the tip.  When tip imaging is present, the 

measured topography does not represent the true surface topography.  The presence of tip 

imaging justifies using a new cantilever whether you are performing AFM, or more 

complicated measurements such as PFM.  Other common AFM errors such as hysteresis, 

creep, aging, and cross coupling are discussed in detail elsewhere and result from the 
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scanner being made of bulk PZT.59  In AFM, lateral resolution is generally limited by the 

tip radius.  Vertical resolution is limited by various sources of noise in the AFM system.  

In our M5 system, the sources of noise are considered to be due to optical path-length 

drift, Johnson noise (generated by the PSPD), lever thermal noise and shot noise 

(generated by the detector).6 The vertical resolution of the M5 is ultimately determined 

by the sensitivity of the PSPD. The PSPD can detect displacements of the beam as small 

as 10 Å.  This vertical resolution is amplified as the ratio of path length to the length of 

the cantilever and is considered to be approximately 2.5 pm. 

 Other sources of error are related directly to PFM and result mainly from having a 

voltage applied to the tip.  It has been shown that tip motion can be due to a combination 

of piezoelectricity, electrostriction, and electrostatic interactions between the tip and 

electric field.28  The electrostatic tip-sample interaction has been discussed extensively by 

Christman et al. and Kalinin et al., and subsequently eliminated when performing 

measurements with stiff conducting tips upon top electrodes.1,60  Another possible source 

of error is wafer bending, in which in-plane stress as a result of the applied field and 

subsequent piezoelectric deformation causes the sample to bow, artificially increasing the 

measured piezoelectric constant.  This is discussed extensively by Kholkin and 

Christman.2,61,62 

As mentioned above, the lateral resolution of AFM is generally limited by the tip 

radius.  This is still considered to be the case in PFM when measurements are performed 

on a bare surface.  When top electrodes are used, resolution is slightly reduced, and may 

be limited by electrode grain size; however, we demonstrate it to be less than 50 nm on 

ferroelectric capacitors.  Vertical resolution of PFM will be limited by the overall vertical 
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resolution of the AFM system itself; however, the signal to noise ratio can be 

significantly improved using the lock-in amplifier.  The limit of resolution of our PFM 

experimental setup was determined experimentally by Christman to be 0.004 Å/V by 

measuring the piezoresponse of amorphous (non-piezoelectric) SiO2.1 

Since PFM of bare surfaces requires that the tip be conductive, it is important that 

the tip does not loose its conductivity.  This can happen rapidly when gold coated Si3N4 

cantilevers are used if a voltage is applied for too long. Also, as a result of repeated 

scanning, the metal coating eventually wears off from all metal coated tips.  

Another PFM-only experimental error can occur when the imaging voltage is too 

high. One of the main goals of PFM is to be able to image piezoresponse non-

destructively. If the modulation voltage is too high when investigating the domain 

structure within ferroelectric capacitors, it is possible to alter the domain structure.  Care 

must also be taken not to alter the domain structure when electrodes are not present.  In 

addition, surface contamination whether on bare surfaces or on electrodes (such as 

photoresist residue) can be detrimental to PFM imaging. 

Special care must also be taken when using PFM to study samples with finite 

conductivity.  Ideally, with PFM, the material being studied is an insulator; a voltage is 

applied across the parallel plate capacitor structure, but no current flows.  When free 

carriers are present, the carriers will tend to screen any existing polarization. In the case 

of pyroelectrics, the free carriers act to screen the spontaneous polarization.  This is 

shown schematically in Figure 3.13.  Note that in the case that free carriers partially 

screen the existing polarization, only a portion of the thin film can be piezoelectrically 

excited; however, this region sees a larger field, thus the piezoelectric displacement is 
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larger, and the overall displacement is the same as it would have been in the absense of 

free carriers. 

The last source of error that we will discuss is especially a problem for PFM of 

bare surfaces when quantitative information is desired.  As previously stated, the electric 

field generated by the AFM tip is inhomogeneous when used without a top electrode.  If 

one wishes to obtain quantitative information about the piezoelectric properties of a 

sample it is necessary to use a model that correctly approximates the field in the sample.  

The simplest model is to consider a sphere near a conducting surface.  More accurate 

models, which take into account the interaction between the cantilever beam and the 

surface, have been proposed by Kalinin.63,64 

With a parallel plate capacitor configuration, d33 can be calculated from: 

 ( )
( ) acac

LI

V
deflectiontip

VRMSV
mVRMSV

d ==
α

33        [Å/V]. (3.21)

 
If we were required to integrate the field in order to determine the voltage applied to the 

sample, the piezoelectric coefficient could be calculated from: 

 

( )∫
= t

dzzE

deflectiontipd

0

33        [Å/V]. 
(3.22)

If the electric field is approximated as a small sphere (or point charge) near the surface of 

the sample, we can write: 

 

 ( ) 2
0

2
0 4

cos
4 z

tCV
z

QzE act

πε
ω

πε
== , (3.23)

where C is the capacitance of a sphere, which to second order, is given by: 
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Substituting this into Equations 3.23 and 3.22 and integrating, 
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(3.25)

 
To first order, Equations 3.21 and 3.25 will only be in agreement for films as thick as the 

tip radius.  For typical films and tips used in this research, d33 calculated with Equation 

3.21 will be one order of magnitude lower than d33 calculated with Equation 3.25. 

 
 
3.7 Summary 
 

In this chapter, the scanning probe microscopy (SPM) techniques utilized in this 

dissertation are presented. PFM, in particular, is discussed in detail, and the distinctions 

between the two approaches of PFM are outlined with emphasis on the type of 

information that can be revealed by PFM.  We demonstrate that it is possible to measure 

both piezoresponse phase and magnitude of piezoelectric (and ferroelectric) films, that 

we can obtain information about both in-plane and out-of-plane polarization, and we 

discuss sources of error and the limitations of PFM.  In subsequent chapters, we present 

results related to this dissertation as we endeavor to investigate the relationship between 

crystal polarity (and spontaneous polarization) and local piezoelectric (and electric) 

properties in III-nitrides and ferroelectrics. 
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Figure 3.1 A schematic demonstrating the response of a ferroelectric domain to an 

applied electric field (a) parallel to the polarization and (b) antiparallel to the polarization. 

By convention, we define in-phase to mean a sample expands when the applied field is 

generated by a positively biased tip.  Therefore, when the applied field is parallel to the 

polarization, the domain oscillates in-phase with the modulation voltage and when the 

applied field is antiparallel to the polarization, the domain oscillates out-of-phase with the 

modulation voltage. 
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Figure 3.2  A schematic demonstrating the response of a material with d33>0 to an applied 

electric field (a) parallel to the Z axis and (b) antiparallel to the Z axis. By convention, an 

electric field applied parallel to the Z axis will cause a piezoelectric material to expand 

for d33>0.  We define in-phase to mean a sample expands when the applied field is 

generated by a positively biased tip.  A sample with d33>0 will therefore oscillate out-of-

phase with the modulation voltage.  The sign of d33 is related to the crystallographic 

orientation of the sample, which also defines the direction of spontaneous polarization in 

III-nitrides.  Therefore, a measurement of the sign of d33 (from PFM phase) is also a 

measurement of crystal polarity and polarization direction. 
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Figure 3.3  Schematic of AFM piezoelectric measurement system. 
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Figure 3.4 SEM micrograph of an as-received diamond coated silicon tip demonstrating 

incomplete diamond coverage. 
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Figure 3.5 Example AFM piezoelectric measurements for (a) thin film PZT, (b) thin film 

ZnO, (c) single crystal X-cut quartz, and (d) thin film amorphous SiO2. 
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Figure 3.6 Schematic of summing amplifier based on LM1458N op-amp. 
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Figure 3.7 Longitudinal piezoelectric coefficient (a) dzz for tetragonal BaTiO3 and (b) a 

cross section of (a) in the (010) plane following the example of X. Du et al.53 and C. 

Harnagea et al.65 The units are pm/V.  The subscripts imply the electric field is applied 

along the z direction, and the displacement is measured along the z direction. 
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Figure 3.8 (a) dzz for tetragonal PbTiO3 and (b) a cross section of (a) in the (010) plane 

following the example of X. Du et al.53 and C. Harnagea et al.65  The units are pm/V. 
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Figure 3.9 A three-dimensional plot of the piezoelectric surface for a tetragonal PZT film 

following the example of X. Du et al.53 and C. Harnagea et al.65 Z indicates the 

measurement direction in VPFM for a randomly oriented grain. (b) Cross section of the 

piezoelectric surface by (010) plane for (111)-oriented tetragonal PZT film. A schematic 

of tetragonal (111) PZT indicating 6 possible polarization directions is presented as an 

inset of (b). 
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Figure 3.10 (a) dzz for GaN and (b) a cross section curve of dzz.  The units are pm/V. 
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Figure 3.11  (a) dzz for (111) rhombohedral PZT (60/40) and (b) a cross section curve of 

dzz following the example of X. Du et al.53 and C. Harnagea et al.65  The units are pm/V. 
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Figure 3.12 A schematic demonstrating the detection of in-plane polarization using 

LPFM.  The experimental setup is the same as in VPFM, although a different signal is 

monitored.  As the piezoelectric shears, the torsion of the cantilever is measured using the 

photodiode. 
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Figure 3.13 Schematic demonstrating the internal electric field due to spontaneous 

polarization (on left) and the band structure when free carriers are taken into account (on 

right). Then free carriers screen the polarization bound charge. 
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Table 3-I  Specifications of cantilevers used in this research. 

 
Manufacturer Material Shape Tip 

Coating 
Force 

constant 
(N/m) 

Resonant 
frequency 

(kHz) 

AFMMicron
PerEsig 
(Å/mV) 

Mikromasch Si beam Pt 5.0 160 0.05 
Olympus Si3N4 beam Au/Cr .42 

.06 

.82 

.11 

64 
17 
66 
17 

0.09 
0.08 
0.09 
0.09 

Olympus Si3N4 V Au/Cr .61 
.16 

68 
22 

0.09 
0.07 

Nanosensors n+-Si beam PtIr5 0.07-0.4 10-17 0.14 
Nanosensors n+-Si beam PtIr5 1.0-2.6 23-31 0.16 

Veeco Si V p-
diamond 

1.6 
2.1 

140 
160 

0.05 
0.05 
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4.1 Abstract 
 

Piezoelectric constants and polarity distributions of epitaxial AlN and GaN thin 

films are investigated by piezoresponse force microscopy (PFM). The magnitude of the 

effective longitudinal piezoelectric constant d33 is determined to be 3±1 pm/V and 2±1 

pm/V for wurtzite AlN and GaN/AlN layers grown by organo-metallic vapor phase 

epitaxy (OMVPE) on SiC substrates, respectively.  Simultaneous imaging of surface 

morphology as well as the phase and magnitude of the piezoelectric response is 

performed by PFM on a GaN film with patterned polarities on a c-Al2O3 substrate.  We 

demonstrate that the polarity distribution of GaN based lateral polarity heterostructures 

can be deduced from the phase image of the piezoresponse with nanometer scale spatial 

resolution.  We also present images of AlN/Si samples with regions of opposite 

piezoresponse phase, which indicate the presence of antiphase domains.  We discuss the 

potential application of this technique for determination of the orientation of bulk 

crystals. 

 

4.2  Introduction 

The measurement of the piezoelectric properties of III-nitrides with high spatial 

resolution is of importance for the design and performance of GaN based electronic and 

optoelectronic devices.1,2  Additionally, nanoscale level investigation of the piezoelectric 

behavior of nitride thin films, bulk crystals and heterostructures is of considerable interest 

for determining how interfaces, defects and inversion domain boundaries affect device 

performance. 
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III-nitrides are piezoelectric as well as pyroelectric materials in their wurtzite 

phase and have piezoelectric constants dij which are about one order of magnitude higher 

than in other III-V compound semiconductors.2  The spontaneous polarizations calculated 

for GaN and AlN are PSP = -0.034, and -0.090 C/m2, respectively.2  In GaN the [0001]-

axis points from the N-face to the Ga-face.  The orientation of spontaneous polarization is 

defined by convention to be parallel to the crystallographic [0001] axis.  Since the sign of 

the spontaneous polarization is predicted to be negative, the spontaneous polarization is 

oriented pointing from the Ga-face towards the N-face side of the crystal (i.e. in the 

]1000[  direction).1-3  At the surfaces of relaxed GaN and AlN crystals, a divergence in 

the spontaneous polarization induces a polarization bound surface charge with a density 

of 2.12x1013 and 5.62x1013 cm-2, respectively.  The sign of the polarization induced 

charge at each surface is related to the orientation of the polarization and therefore to the 

polarity of the crystal.  For epitaxial layers of GaN with Ga-face polarity, the bound 

surface charge is negative, whereas for N-face GaN the bound surface charge is positive. 

While spontaneous polarization is independent of strain, piezoelectric polarization 

is strain-induced.3  The total polarization of a nitride layer is the sum of the spontaneous 

and of the piezoelectric polarizations.  As shown by Ambacher, et al.1,3 the piezoelectric 

and the spontaneous polarizations are parallel for tensile strain and are antiparallel for 

compressive strain. 

Scanning probe microscopy based techniques have been employed to perform 

high-resolution characterization of the local electronic properties of III-nitrides.4-6  We 

have applied a scanning probe technique termed piezoresponse force microscopy (PFM) 

to investigate the local electromechanical properties of III-nitrides.  PFM offers a 
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significant advantage compared to macroscopic techniques7-9 in studying the properties of 

piezoelectric films in that PFM can resolve nanometer variations in the piezoelectric 

properties of a sample and is ideally suited for a nanoscale level investigation of the 

piezoelectric properties. 

 

4.3  Experimental 

As discussed in Section 3.6, the PFM imaging method was developed to visualize 

the domain structure in ferroelectric thin films and has been described in detail 

elsewhere.10-16  With PFM, when a modulation voltage is applied to a piezoelectric 

material, the vertical displacement of the probing tip, which is in mechanical contact with 

the sample, accurately follows the piezoelectric motion of the sample surface.  The 

voltage V applied across a film of thickness t, generates an electric field E3 along the c-

axis, which strains the film by a thickness ∆t.  The d33 piezoelectric coefficient is then 

proportional to the applied voltage: d33 = ∆S3/E3 = ∆t/V, where E3 = V/t and ∆S3 = ∆t/t is 

the change of strain along the c-axis. Thus, the amplitude of the tip vibration measured by 

the lock-in technique, provides information on the piezoelectric strain, and the 

piezoelectric coefficient, d33, can be determined. The polarity of III-nitride domains, 

films or crystals can be determined based on the dependence of the sign of the 

piezoelectric coefficient on the crystallographic axis; the oscillation of the film is either 

in-phase or out-of-phase with the modulation voltage, corresponding to either a N- or Ga-

face film, respectively.  This effect is shown schematically in Figure 4.1 (a) and (b). 

Therefore, in a PFM phase image, Ga- and N-face polarities will exhibit opposite 

contrast. 
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 With PFM, there are two main approaches: measurements can be performed by 

applying a voltage between a conducting tip and a bottom electrode, or between 

deposited top and bottom electrodes.  For example, Gruverman et al.11 performed 

measurements of Pb(Zrx,Ti1-x)O3 (PZT) thin films by applying a voltage between a 

bottom electrode and a conducting tip which is used as a moveable electrode.  With this 

configuration, the polarization distribution in PZT thin films were imaged with a lateral 

resolution of about 10 nm.11  However, the electric field generated by the PFM tip is 

highly inhomogeneous which makes quantitative measurements of the field dependent 

parameters difficult.  Alternatively, Christman et al.15 made measurements by applying a 

voltage between deposited top and bottom electrodes and demonstrated a sub-micron 

variation of piezoelectric properties in PZT capacitors.  With this configuration, a 

homogeneous electric field is generated throughout the piezoelectric layer and the 

electrostatic tip-sample interaction is suppressed, although at the expense of lower lateral 

resolution. 

  Both approaches were utilized in this study to perform PFM with a TM 

Microscopes AutoProbe M5, conducting tips and a dual-phase lock-in amplifier 

(SR830).16  The commercially available conducting cantilevers (force constant 2.1 N/m) 

had a 1000 Å layer of 0.1 Ω-cm p-type diamond over the Si tips and were mounted on 

alumina squares.  A schematic of the PFM setup is shown in Figure 4.2. 

 

4.4  Results and Discussion 

For measurements of d33 using epitaxial GaN/AlN and AlN layers prepared by 

OMVPE on SiC, a frequency of 1 kHz was used and the driving voltage (0.5 – 5.0 V 
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RMS) was applied to a 800 Å Pt top electrode.  In order to determine the effective 

piezoelectric coefficient, once a piezoresponse magnitude image was obtained, a 

histogram was generated, and the peak value noted.  For GaN/AlN/SiC films we observe 

d33 = 2±1 pm/V, and for AlN/SiC, we observe 3±1 pm/V. The reported uncertainty 

represents the standard deviation and is indicative of variation in piezoelectric properties 

across a film’s surface.  For d33 = 2.0pm/V, the application of 5V would result in a tip 

deflection of 10pm.  We attribute this tip deflection to a change in sample thickness, and 

while such small displacements are difficult to measure accurately, we have previously 

reported that the measurement limit of our experimental setup is less than 0.5 pm/V.16 

The results of our microscopic measurements can be compared to data of 

macroscopic methods such as interferometric techniques.  Using an interferometric 

method, C. M. Lueng et al. reported d33 = 3.9±0.1 pm/V for AlN/Si(111) and 2.6±0.1 

pm/V for both GaN/AlN/Si(100) and GaN/AlN/Si(111) heterostructures (all films were 

prepared by MBE).17  I. L. Guy et al. reported 2.0±0.1 pm/V for polycrystalline 

GaN/Si(100) grown by laser assisted chemical vapor deposition (CVD); 2.8±0.1 pm/V 

for single crystal GaN/SiC grown by hydride vapor phase epitaxy; and 3.2±0.3 pm/V and 

4.0±0.1 pm/V for polycrystalline AlN/Si(100) heterostructures grown by plasma assisted 

and laser assisted CVD respectively.18   

 To explore the imaging capability of PFM and the influence of polarity on the 

amplitude and the phase of the measured piezoresponse, a plasma induced molecular 

beam epitaxy (PIMBE) grown GaN film with patterned Ga- and N-face polarities was 

examined at a modulation frequency of 10 kHz with a driving voltage of 5 V applied to 

the tip, as reported previously.19,20  The Ga-face GaN (1 µm thick) was grown on an AlN 
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nucleation layer (10 nm thick), while the N-face GaN (1 µm thick) was grown directly on 

the sapphire substrate.21 

Figure 4.3(a) shows a topographic image of the GaN film with alternating 

concentric squares of Ga- and N-faces (the innermost square is Ga-face).  In Figures 

4.3(b) and 4.3(c), PFM magnitude and PFM phase images, respectively, are displayed.  It 

is interesting to note that the piezoresponse magnitude, which should be independent of 

polarity, is higher (as denoted by a lighter contrast in Figure 4.3(b)) for the N-face GaN.  

Several effects could contribute to this effect, including differences in material quality, 

differences in total polarization and differences in surface charge.  The difference in 

piezoresponse magnitude could result from the slightly different compressive in-plane 

stress, which was measured using Raman spectroscopy to be 0.20 GPa and 0.05 GPa for 

the Ga- and N-face regions, respectively.  This stress causes a piezoelectric polarization 

of  +0.00010 C/m2 for the Ga-face and of –0.00003 C/m2 for the N-face.  Accounting for 

spontaneous polarization (-0.034C/m2 and +0.034C/m2 for Ga- and N-face, respectively), 

the magnitude of the total polarization is slightly larger for the N-face (P = 0.03397 

C/m2) in comparison to the Ga-face GaN (P = -0.03390 C/m2), which could lead to a 

higher magnitude of the piezoresponse of the N-face.  From Figure 4.3(b) we also 

observe a higher piezoresponse close to the inversion domain boundaries (IDBs) between 

Ga- and N-face regions.  This could result from differences in band bending at the IDB 

and is discussed in Chapter 5.  A schematic of the spontaneous and piezoelectric 

polarizations in the N- and Ga-face regions is shown in Figure 4.4. 

In the PFM phase image (Figure 4.3 (c)), the N-face regions have a lighter 

contrast than the Ga-face regions. A histogram representation of the relative areas of the 
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Ga- and N-polarity phases is shown in Figure 4.3 (d).  From Figure 4.3 (d) it can be seen 

that while the N-face vibrates almost in-phase with the modulation voltage (~ 0 degrees), 

the oscillation of the Ga-face is out-of-phase with respect to the applied voltage (~ -140 

degrees).  Out-of-phase vibration is an indication that the crystallographic [0001] axis 

points toward the surface while the total polarization points toward the substrate, which is 

consistent with Ga-face polarity.  Accordingly, a region with in-phase vibration should 

have the crystallographic [0001] axis directed toward the substrate, as in the N-face 

region.  The fact that the phase difference between the Ga- and N-polarity regions is not 

exactly 180 degrees may be attributed to parasitic capacitance of the tip-sample structure.   

A line scan cross-sectional analysis of the PFM phase image of the GaN 

heterostructure (Figure 4.5) reveals that the lateral resolution achieved in imaging of the 

Ga-and N-face regions is about 100 nm.  The lateral resolution is limited by the width of 

the IDB.  We expect that in the case of a sharp IDB, the Ga-and N-face regions can be 

imaged with higher resolution.11 

Since we have demonstrated the ability of PFM to image polarity in a sample 

purposely prepared to have patterned polarities, an additional test would be to image the 

polarity of a film with mixed or random polarity.  Lebedev et al. grew a 200nm AlN thin 

film on a silicon substrate by plasma-assisted molecular beam epitaxy (PAMBE) and 

observed mixed polarity by x-ray photoelectron diffraction (XPD).22  We investigated a 

similar film with PFM and observed contrast inversion on specific 300-400nm domains 

of hexagonal shape as illustrated in Figure 4.6.  Phase contrast suggests the hexagonal 

domains are Al-face and that the surrounding regions are N-face, but the apparent large 
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tip-sample capacitance could affect the interpretation of the phase contrast. The lateral 

resolution in these measurements is less than 30nm. 

In the PFM experimental setup, both electrostatic forces and the 

electromechanical response of the surface could contribute to the measured signal.  

However, diamond coated tips have been shown to be long lasting and ideally suited for 

PFM since the tip-field electrostatic interaction is minimized when they are used in 

contact mode due to the high force constant.16  In addition, the observed PFM contrast 

was stable and did not change after subsequent measurements.  On the other hand, images 

obtained using electrostatic force microscopy (EFM) were found to be sensitive to 

preceding PFM measurements, apparently due to changes in the surface charge 

distribution which takes place during the PFM imaging scans.  Therefore, we attribute the 

observed PFM contrast mainly to the piezoelectric effect. 

 Since III-nitrides are both piezo- and pryoelectric they have unique advantages for 

device design.  Devices made with III-nitrides can utilize the bound surface charges that 

result from the spontaneous polarizations, and the difference in spontaneous polarizations 

between film layers, to trap electrons or holes (depending on the heterostructure polarity) 

in two-dimensional gases.  Therefore, it is important to be able to measure the polarity of 

a thin film.  Moreover, a film with mixed polarity would deplete the total charge density 

on a two-dimensional gas, and being able to identify such defects is advantageous.  We 

can also utilize PFM to determine the polarity of III-nitride bulk crystals.  Measurements 

of bulk samples would have the advantage of an ideal capacitor structure where there is 

no substrate to influence the piezoresponse.  Special care must be taken when using PFM 

to determine absolute polarity of bulk crystals and thin films.  As stated above, surface 
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charges could affect PFM and it becomes imperative to know the state of the surface; in 

particular whether there are bound or adsorbate charges on the surface.  The state of the 

surface can be determined by employing EFM.  With EFM, an oscillating voltage is 

applied to the tip, which interacts with charge on the sample surface and produces a force 

on the tip.  With EFM it is possible to determine polarity, but only if the surface charge is 

known.  For this reason, it is essential to develop a consistent cleaning method so that the 

state of the surface can be controlled.   

The extent of the role of electrostatic effects on PFM contrast can be determined 

quantitatively using a combination of EFM and scanning kelvin probe microscopy 

(SKPM).  EFM gives information regarding the charge on the surface, while SKPM 

measures the surface contact potential.  With these tools we can explore the local band 

structure and measure the bound surface charge of III-nitride thin films and bulk crystals.  

The combination of PFM, EFM and SKPM will be used in future work to give a 

complete picture of the piezoresponse, surface charge, and surface Fermi level, and a 

more complete understanding of the electrostatic and piezoelectric effects, and hence, the 

relationship between such factors as strain and surface charge density. Preliminary results 

are presented in Chapter 5. 

 
4.5  Summary 

In summary, we have demonstrated the applicability of piezoresponse force 

microscopy for nanometer scale imaging and piezoelectric measurements of III-nitride 

thin films.  The magnitude of the effective longitudinal piezoelectric constant d33 is 

determined to be 3±1 pm/V and 2±1 pm/V for wurtzite AlN and GaN/AlN layers grown 

by OMVPE on SiC substrates, respectively, and these values are in agreement with other 
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values reported in the literature.  The N- and Ga-face polarities of a patterned GaN film 

were verified using PFM, and regions of opposite polarity were observed in an AlN/Si 

thin film.  The PFM method enables us to identify the location of inversion domain 

boundaries as well as the polarity of the adjacent crystals and to perform evaluation of the 

piezoelectric parameters at the nanoscale level.  The applicability of PFM for determining 

the polarity of bulk crystals was also discussed. 
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Figure 4.1  Schematic showing that the piezoelectric response of a film is (a) in-phase for 

a N face film and (b) out-of-phase for a Ga-face film. 
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Figure 4.2  Schematic of the PFM experimental setup.  A modulation voltage is applied 

to the conducting tip, which causes the piezoelectric film to oscillate at the same 

frequency as the applied voltage.  The tip displacement at that frequency is used to 

calculate the piezoelectric coefficient d33. 
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Figure 4.3  Topographic (a), PFM magnitude (b) and PFM phase (c) images of a GaN-

based lateral polarity heterostructure. The innermost 5x5 µm2 square is the Ga-face 

region. The N-face region has a higher piezoresponse magnitude as indicated by contrast, 

and there is a sharp contrast difference in the piezoresponse phase image, demonstrating 

inversions in film polarity. (d) Histogram of the PFM phase image (Figure 4.3(c)). The 

magnitudes of the Ga- and N-face peaks correspond to the relative areas of each region. 
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Figure 4.4   A schematic of the spontaneous and piezoelectric polarizations in the N- and 

Ga-face regions. 
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Figure 4.5  PFM phase image of  Ga- and N-face regions with corresponding cross-

sectional profile.
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Figure 4.6  Topography, PFM magnitude, and PFM phase images of  AlN/Si antiphase 

domains. 
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5.  Nanoscale Investigation of GaN-based lateral polarity 

heterostructures by Photo-Electron Emission Microscopy (PEEM), 

PFM, EFM and SKPM 
 

Photo-electron emission microscopy observation of inversion domain boundaries of 

GaN-based lateral polarity heterostructures, Journal of Applied Physics, Vol. 94, (2003), 

W.-C. Yang, B.J. Rodriguez, M. Park, R.J. Nemanich, V. Cimalla, and O. Ambacher. 
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5.1 Introduction 

The measurement of the dielectric properties of III-nitrides with high spatial 

resolution is of importance for the design and performance of novel electronic and 

optoelectronic devices based on polarization effects. Nanoscale characterization of III-

nitride thin films has been performed by piezoresponse force microscopy (PFM), 

electrostatic force microscopy (EFM) and scanning Kelvin probe microscopy (SKPM) to 

explore the relationship between polarity, surface charge density and surface potential of 

Ga- and N-face GaN.  In addition, photo-electron emission microscopy (PEEM) has been 

used to understand the surface electronic properties of III-nitrides. The combination of 

PEEM with scanning probe techniques allows a detailed picture to be developed of the 

piezoelectric and electronic properties of III-nitrides, opening the door to fabricating 

devices based on electron emission and surface charge modification.  In Chapter 4, PFM 

of LPH-GaN was examined. Chapter 5 is composed of two related papers. First, PEEM 

results are presented, after which PFM and the related scanning probe microscopies of 

EFM and SKPM are discussed. 

 

5.2 Photo-Electron Emission Microscopy (PEEM) observation of inversion 

domain boundaries of GaN-based lateral polarity heterostructures  

UV-photo-electron emission microscopy (UV-PEEM) is used to study polarity-

related emission effects in a GaN thin film with an intentionally grown lateral polarity 

heterostructures.  Following chemical vapor cleaning of the surface, the N-face regions 

exhibited more emission than the Ga-face regions, indicating the emission threshold of 

N-face regions to be lower than that of Ga-face regions, and bright emission was detected 
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near inversion domain boundaries.  The polarity-related PEEM contrast and bright 

emission from inversion domain boundaries are discussed in terms of the surface band 

bending induced by the polarization bound surface charges and the presence of a built-in 

lateral field. 

 

5.2.1  Introduction 

As discussed in Section 4.2, the large spontaneous and piezoelectric polarization 

present in wurtzite GaN makes GaN an important material for heterostructures devices.1,2 

At the surfaces of GaN crystals, a divergence in the spontaneous polarization induces a 

polarization bound surface charge whose sign depends on the orientation of the 

polarization. The Ga-face surface has a negative bound charge, while the N-face surface 

has a positive bound charge.  These charges are screened by free carriers and ionized 

donors in the bulk of the n-type GaN, and also by surface and interface state charges.   

The orientation of spontaneous polarization is defined by convention to be 

parallel to the crystallographic [0001] axis. A GaN film with Ga-face polarity is 

designated [0001] orientation (and has spontaneous polarization along the [000-1] 

direction) while N-face polarity is designated [000-1] orientation.3 The polarization-

induced built-in field can modify the energy bands at the surface and lead to surface band 

bending.4  The band bending is expected to be upward for Ga-face regions and downward 

for N-face regions, which, will lead to a built-in field along the surface in the region of 

the IDB.5  

Intentionally grown GaN-based lateral polarity heterostructures (LPHs), in which 

Ga- and N-face regions were grown on the same surface and separated by inversion 
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domain boundaries (IDBs), have recently become of interest for use in novel optoelectric 

devices.1,2   

Theoretical studies of the IDB have proposed that the IDB should exhibit atomic 

scale dimensions; however, the structural and electrical properties of the IDB have not 

been studied in detail, and the built-in lateral field is expected to vary over a larger lateral 

dimension of up to a µm from the IDB.6 In addition, during film growth, a morphological 

and structural transition region will be created near the IDB, which is called the inversion 

domain boundary region (IDBR).7 Previously, photoluminescence measurements of LPH-

GaN revealed bright emission from the IDBR, which was attributed to shallow, optically 

active traps.5,8 The surfaces of a LPH have also been investigated using PFM and Raman 

scattering.9,10 A slightly higher piezoresponse observed for the N-face regions was 

associated with a larger total polarization and the correspondingly larger bound surface 

charge.9 This result was consistent with Raman measurements of the relative peak shifts 

across the IDBR, which indicated that the N-face region is under less compressive stress, 

implying a smaller piezoelectric polarization and a larger total polarization for the N-

face.  

In this section, the IDBR of a GaN-based LPH is explored using in-situ UV 

photoelectron emission microscopy (UV-PEEM). PEEM is an emission microscopy 

technique in which images are formed by photo-excited electrons.11 In this technique the 

surface is uniformly illuminated with UV light, and the photoemitted electrons are 

imaged with electron optics. The UV light is near the threshold for photoelectric 

emission. In UV-PEEM the image contrast originates from variation in the photoelectric 

yield, and the density of states and the photoelectric threshold both affect the PEEM 
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image contrast.  In metals, the photoelectric threshold is the work function, while for 

semiconductors the photoelectric threshold is dependent on the electron affinity, the band 

gap and the doping. The band bending can also contribute to the photoelectric yield with 

enhanced emission for downward band bending.11,12  

Differences in band bending in each region (Ga- and N-face) are expected to lead 

to differences in the free carrier density in the near surface region, with an accumulation 

layer of electrons in the conduction band of the N-face regions. Note that recent studies 

of metal contacts on Ga- and N-polarity surfaces indicate substantially different Schottky 

barrier heights, which suggests that the electron affinity (which is a function of the 

surface dipole) of the regions can be different. The different bonding of the Ga- and N-

polarity surfaces could result in different surface dipole terms and consequently in 

different electron affinities.13  The role of these effects on PEEM contrast of GaN films 

with different local polarities is explored. Furthermore, with tunable UV free electron 

laser (FEL) radiation, images can be obtained with controlled photo excitation to 

maximize the PEEM image contrast and to determine the photo-thresholds of local 

regions of the GaN film surface. A higher photoyield is observed from the N-face regions 

and strongly enhanced emission intensity and a photo-threshold reduction is observed 

near the IDB. An energy band variation in the IDBR and accumulated charge at the IDB 

is proposed. 

 

5.2.2 Experimental Details 

The experiments were performed in an UV-PEEM system (with base pressure 

below 5 x 10-10 Torr) which is connected via a UHV sample transfer system to a custom 
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gas source molecular beam epitaxy (GSMBE) system. The photoelectrons were excited 

with UV-light from the tunable UV free electron laser (FEL) at Duke University. 

The GaN-based LPH film was fabricated using plasma induced molecular beam 

epitaxy (PIMBE). The Ga-face GaN (1 µm thick) was grown on an AlN nucleation layer 

(10 nm thick), while the N-face GaN (1 µm thick) was grown directly on the sapphire 

substrate. The IDBs are at the boundaries between the Ga- and N-face GaN. The details 

of the growth processing can be found elsewhere.7,14 The free electron concentration was 

determined to be Nd = 4.1x1017 cm-3 for the N-face region and 2.5 x 1017 cm-3 for the Ga-

face region by Raman scattering measurements.10 

Prior to loading the sample into the system, the film was degreased sequentially in 

trichloroethylene, acetone, and methanol baths for 10 minutes each. For in-situ cleaning, 

the film was loaded into the UHV-GSMBE chamber (base pressure of 3 x 10 –10 Torr) for 

an ammonia-based high-temperature chemical vapor clean (CVC).15 The sample was 

initially heated to 600 ± 20oC, and the ammonia vapor was initiated. The sample was then 

heated to 800 ± 20 oC and held for 15 minutes at a pressure of 1 x 10-5 Torr. Upon 

completion of the CVC process, the sample was cooled under the flow of ammonia. The 

ammonia flow was terminated below 600 oC. When the temperature reached ~150 oC, the 

sample was transferred in UHV to the PEEM chamber. 

The film surface was explored by PEEM before and after in-situ cleaning, and 

PEEM images were obtained with photon energies ranging from 4.5 to 6.3 eV. The 

spontaneous radiation of the FEL is pulsed with a repetition rate of 15 MHz and a pulse 

duration of ~300 psec. The average FEL power was ~ 2 mW and was focused to 

approximately 20 W/cm2. The typical output spectrum of the FEL is nearly Gaussian with 
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a full width at half maximum of ~ 0.1 eV. The capabilities of the PEEM-FEL are 

described in more detail elsewhere.11 PEEM images are enhanced with a microchannel 

plate and displayed on a phosphor screen. The images were observed with a CCD 

camera, and stored digitally. For the data presented here, sixteen successive frames were 

integrated to form one image. 

 

5.2.3 Results 

Figure 5.1 is a cross section TEM image of a region of the inversion domain 

boundary of a GaN-based LPH.7 The left side of the IDB is Ga-polar while the right side 

is the N-polar. The IDB was expected to be located at the edge of the patterned AlN 

buffer layer. However, it is apparent from Figure 5.1 that the IDB is shifted by several 

100nm towards the Ga-face region. Note that a structural transition region is present, 

which exhibits a slightly higher density of threading dislocations than in the nearby Ga- 

and N-face regions.  

In Figure 5.2, PEEM images of the GaN film with laterally different polarities are 

presented before and after in situ cleaning. For the as-loaded GaN surface, the brightness 

contrast between the Ga- and N-face regions is negligible, and the emission from the 

boundary regions is only slightly more intense than from either polar region (Figure 

5.2(a)). For photon energies from 5.0 eV to 6.3 eV, the contrast did not change, but 

rather, the whole surface became slightly brighter at higher photon energies, which 

indicates that the photoelectron yield of the as-loaded GaN surface is independent of the 

surface polarity.  
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After the CVC cleaning process, however, the contrast between the different 

polarity regions was significantly enhanced (Figure 5.2(b)). By comparing high 

magnification PEEM and AFM topography images shown in Figure 5.3, the polarity of 

the each surface region could be identified; the darker region in the PEEM image is 

recognized as a Ga-face surface while the brighter region is a N-face surface.  In addition, 

as displayed in Figures 5.2 and 5.3, stronger emission intensity was observed from the 

IDBR.   

From the AFM topography image, the apparent region between the IDB to the N-

face side has a width of ~ 2 µm (Figure 5.3(a)).  The solid line in Figure 5.3(a) that 

crosses the IDBR has hatchmarks that indicate the IDB location and the observed lateral 

extent of the IDBR.  The origin of the topography that distinguishes the IDBR is unclear. 

As indicated from the TEM cross section (Figure 5.1) and XRD studies7 of similar films, 

a structural transition region is present which extends from the IDB towards the N-face 

side. Note that the AFM measurements confirm that the morphology associated with the 

N-face region extends to the IDB. Interestingly, intense emission in the PEEM was only 

observed from the N-face side of the IDBR as shown in Figure 5.3(b). 

To explore the electronic properties of the different regions and how they relate to 

PEEM contrast, PEEM images with photon energies from 4.5 eV to 6.3 eV in steps of 0.1 

eV (Figure 5.4) were obtained.  Contrast between the two regions was not detected for 

photon energies below 4.8 eV (Figure 5.4(a)); however, for photon energies greater than 

4.9 eV, emission from the N-face regions was observed, which led to distinct emission 

contrast between the two domains (Figure 5.4(b)). The emission from the N-face regions 

continued to increase with increasing photon energy, leading to enhanced contrast (Figure 

 138



 
 

5.4(c)); however, at 6.3 eV, the emission from the Ga-face region became more 

significant, and the emission contrast difference was reduced as shown in Figure 5.4(d). 

The photo-threshold of N-face regions is less than ~ 4.9 eV while that of the Ga-face 

regions is greater than 6.3 eV. The bright emission from the IDBR suggests an emission 

threshold of less than 4.9 eV (Figure 5.4(b)). 

 
5.2.4  Discussion 

First, the origin of the difference in the photoemission yield from the Ga- and N-

face regions is considered. Photoelectric yield is strongly related to the photo-threshold 

and for a semiconductor with flat bands at the surface, the photo-threshold is equal to the 

sum of band gap and electron affinity.  For the Ga-face GaN, photoemission studies have 

indicated an electron affinity of 2.9-3.6 eV depending on surface processing.16-18 A band 

gap of 3.4 eV for GaN places the photo-threshold at 6.3 to 7.0 eV.  Emission is observed 

at photon energies of greater than 6.3 eV, which is consistent with this analysis.   

Surface termination, surface reconstruction, adsorbate layers and atomic steps 

could significantly affect the electron affinity.19  Current voltage and photoresponse 

measurements indicate that the Schottky barrier for Pt on n-type GaN is larger on the Ga- 

face than on the N-face.4  Based on the Schottky-Mott model, the electron affinity of the 

N-face is expected to be larger than that of the Ga-face.  Thus, it seems unlikely that 

variation in electron affinity could explain the observed difference in emission intensity 

and photo-threshold for the N- and Ga-face regions.  

The effect of the polarity on the band structure is now considered in order to 

explain the much lower photo-threshold at the N-face surface. The energy band diagrams 

for the Ga- and N-face surfaces of n-type GaN are presented in Figure 5.5. The bulk 
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Fermi level position can be determined using the relationship, (Ec – EF) = kT ln(Nc/Nd), 

where k is the Boltzmann constant, Nd is the doping concentration and Nc is the effective 

density of states in the conduction band (Nc = 2.6 x 1018 cm-3). Thus, the value of (Ec – 

EF) in the bulk of our GaN film is estimated to be ~ 0.05 eV below the conduction band 

edge for both Ga- and N-face regions.  

For the Ga-face region, the spontaneous polarization (-0.034 C/m2) points from 

the surface to the substrate, inducing a negative bound charge at the GaN surface (σ/e =   

-2.12 x1013 cm-2) and an equal but opposite positive bound charge at the GaN/AlN 

interface. This takes into account only the spontaneous polarization, which dominates the 

total polarization.9 The negative bound charge at the surface is screened by the positively 

ionized donors close to the surface, which leads to upward band bending in the depletion 

region at the Ga-face surface (Figure 5.5(a)). Similarly, downward band bending should 

occur at the N-face surface due to the opposite direction of the spontaneous polarization. 

The positive bound surface charge at the N-face surface gives rise to a free electron 

accumulation layer, thus fixing the Fermi level close to the conduction band edge. This 

leads to a slight downward bending of the conduction band edge at the N-face surface 

(Fig. 5 b). A theoretical calculation has indicated that the band bending difference 

between the Ga- and N-face surfaces is equal to the band gap of ~3.4eV in GaN4; 

however, high-resolution photoemission measurements demonstrated a much lower value 

of 1.4 eV.13 Moreover, ultraviolet photoelectron spectroscopy has been used in our 

laboratory to measure a value of ~ 0.3 eV for upward band bending at CVC-treated Ga-

face surfaces of GaN film grown on SiC.20 These differences could be due to the 
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compensation of polarization bound charges by adsorbed molecules, structural defects, or 

oxidation of the surfaces.  

Surface band bending leads to a variation in the photo-threshold at opposite polar 

surfaces. For the upward band bending of the Ga-face region, the photo-threshold at the 

bulk increases by the amount of band bending, while the photo-threshold at the surface 

does not change and is still χs + Eg (Figure 5.5(a)). Thus, for a photon energy greater than 

χs + Eg, the electrons are photo-emitted from the valence band edge at the surface. For the 

downward band bending of the N-face region, on the other hand, the conduction band 

minimum is slightly below the Fermi level due to the electron accumulation layer. Thus, 

the electrons in the accumulation layer can be photo-emitted from the conduction band, 

and the photo-threshold at the surface would be essentially equal to the electron affinity 

(Figure 5.5(b)). The relatively bright emission intensity from the N-face regions is 

therefore attributed to electron emission from the conduction band due to downward band 

bending. Thus, the polarity dependent photo-threshold results in a photoelectric yield 

difference between the Ga- and N-face regions, which leads to the polarity contrast in the 

PEEM images.  Adsorbed ions at the as-loaded GaN surface could compensate the 

polarization charges on both polar surfaces, effectively reducing the photoelectric yield 

difference induced by the difference in band bending, thus explaining why polarity 

contrast was not observed in the as-loaded case. 

Now the possible emission mechanisms for the strong emission intensity at the 

IDBRs in the PEEM images is considered. First, while topographic effects due to the 

surface morphology of the sample could cause a local enhancement in electron 

emission11, the AFM cross-section profile shows that the height and curvature variation 
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across the IDBs are essentially negligible (Figure 5.3(a)). This suggests that the surface 

topography does not significantly affect the emission intensity.  

Second, the possibility of a photo-excitation process aside from the normal 

electron excitation from the valence band edge is considered. The band bending 

difference between the Ga- and N-face surfaces can play a significant role and could lead 

to an additional emission process at the IDBR. A lateral band diagram of a LPH surface 

in the vicinity of the IDB is illustrated in Figure 5.6. For the N-face surface of an n-type 

GaN film, the Fermi level is close to the surface conduction band edge since the positive 

bound surface charge results in an electron accumulation layer at the surface. On the 

other hand, for the Ga-face surface the Fermi level moves towards the surface valence 

band edge according to the magnitude of the upward band bending. If there are no 

charged defects at the IDB, the band edges will shift from the Ga-face to the N-face 

across the IDB. As such, the potential energy difference leads to a built-in lateral field 

and a surface space charge region. 

This built-in potential energy, ∆E, would be approximately equal to the band 

bending difference between Ga- and N-face regions, which is dependent upon the 

screening of the bound surface charges (∆E ~ 1 eV).13 In addition, the width of the space 

charge region into the bulk of the GaN film will be several µm according to W = 

(2ε∆E/eNd)1/2,  where ε is dielectric constant of GaN (~ 9.5ε0) and Nd is the density of 

polarization-induced surface charges (the density of polarization bound charge). 

Therefore, it is suggested that on the surface near the IDB there exists a built-in lateral 

electric field of  ~ 10 kV/cm.   
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The structural transition region and the IDB can also contribute to the band 

structure. In order to draw the modified band diagram, Poisson’s equation should be 

solved across the IDB. However, assuming that the sheet charge density of the n-type, N-

face regions is larger than the polarization surface charge (~ 2 x 1013 cm-2), and including 

a band edge discontinuity at the IDB and a slight downward band bending from the N-

face side of the IDBR, an approximate diagram can be sketched without a detailed 

calculation as indicated by the dotted lines in Figure 5.6.  

There appear to be two possible mechanisms to account for the electron emission 

from the IDBR as indicated by Figure 5.6.  First, for photon energies greater than (ET - 

∆E) and less than ET (χs + Eg), the photo-excited electrons from the valence band 

maximum of the Ga-face side in the IDBR cannot be emitted into the vacuum. However, 

because of the built-in field, some of the electrons will be able to traverse the IDB and 

diffuse into the N-face side in the IDBR.  These diffused hot electrons can be emitted 

directly into the vacuum at the N-face side since they are above the vacuum level. 

Second, the electrons originating from the conduction band edge of the N-face side of the 

IDBR can directly contribute to the photoemission yield as a result of the downward band 

bending.  The second process would have the lower photo-threshold and although both 

effects could contribute to the intense emission from the N-face side of the IDBR, the 

second mechanism is expected to be dominant. 

 

5.2.5 Conclusions 

Emission from a GaN-based LPH has been imaged using UV-PEEM with 

enhanced emission from N-face regions compared to Ga-face regions, and intense 
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emission from the IDBR.  Enhanced emission from the N-face surface is attributed to 

photoemission from electrons in the conduction band at the surface induced by band 

bending.  It is proposed that the intense emission from the IDBR is due to the emission of 

electrons in an accumulation layer of the conduction band as well as to the emission of 

hot electrons diffused by the laterally built-in field. 

 

5.3 PFM, EFM, and SKPM of III-Nitrides 

 

5.3.1 Introduction 
 
Scanning probe microscopy (SPM) based techniques have been employed to 

perform high-resolution characterization of the local electronic properties of III-

nitrides.7,9,22-31  The first case of III-nitrides being studied by SPM to measure local 

electronic properties was reported in 1998 by Hansen et al. where scanning capacitance 

microscopy (SCM) was used to investigate threading dislocations in GaN.22  Since then, 

EFM23,24, SKPM7,25-28, PFM9 and conductive-tip AFM22,28,31 have all been employed to 

characterize III-nitride films and surfaces. In 1999, Bridger et al. measured induced 

surface charges, contact potentials, and surface states in GaN by EFM.23  Jones et al. 

measured surface potentials of +25±10 mV and -30±10 mV with respect to the sapphire 

substrate for Ga-face and N-face GaN, respectively.24 In 2002, Hsu et al. measured 

surface contact potential variations of GaN surfaces by SKPM.25 Hsu et al. reported that 

the surface contact potential varied from that of an oxidized surface from –130mV to 

245mV depending on the cleaning treatment used.25  For an HCL clean, for example, Hsu 

et al. reported a change in surface contact potential of –100mV, while for an H3PO4 
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clean, the change in surface contact potential was –130mV and domain boundaries and 

threading dislocations had a ~30mV lower surface contact potential than the surrounding 

GaN.25 Cimalla et al. reported a potential decrease of 0.1 to 0.12 V across an IDB (from 

N- to Ga-face side) in a LPH-GaN sample.7 Koley et al. reported that surface potential 

decreases from ~1.4 to ~0.6eV with increasing doping in GaN.26 

It is expected that the piezoresponse signal will be in-phase with the piezoelectric 

oscillation of the N-face regions, which would indicate that the polarization of the N-face 

region points away from the substrate.  EFM is expected to measure a positive surface 

charge with magnitude 2.12x1013 for the N-face of an ideal GaN crystal with no internal 

or external screening. SKPM measurements of an ideal crystal are expected to reveal a 

potential difference approximately equal to the band bending differences between the 

polar faces, 0.3 – 0.4 V, with the larger potential for the N-face regions.  

In this study, PFM, EFM and SKPM have been employed to measure polarity and 

to obtain values for surface charge density and surface potential of Ga- and N-face GaN, 

which are compared to expected values.  The measurements are made before and after a 

wet chemical cleaning, and the differences are discussed in terms of adsorbate screening 

charge. 

 

5.3.2 Experimental Details 

The GaN-based LPH film was fabricated using plasma induced molecular beam 

epitaxy (PIMBE). The Ga-face GaN (1 µm thick) was grown on an AlN nucleation layer 

(10 nm thick), while the N-face GaN (1 µm thick) was grown directly on the sapphire 

substrate. The IDBs are at the boundaries between the Ga- and N-face GaN. The details 
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of the growth processing can be found elsewhere.7,14 As mentioned earlier in this chapter, 

the free electron concentration was determined to be Nd = 4.1x1017 cm-3 for the N-face 

region and 2.5 x 1017 cm-3 for the Ga-face region by Raman scattering measurements.10 

For the surface cleaning, first, the sample was cleaned sequentially in 

trichloroethylene, acetone, methanol and DI water ultrasonic baths for 10 minute 

durations.  The sample was then placed into HCL for an additional 10 minutes, before 

being rinsed for 3 minutes in DI water and dried with N2. During the surface cleaning it is 

expected that organic contaminants, adsorbed molecules and native oxides are thoroughly 

removed.32-36 

PFM imaging was used to image domain polarity and has been described in detail 

in Chapter 3.9  The modulation voltage (typically 5.0 Vrms at 10 kHz) was applied to the 

film surface using a conductive PFM tip, which was also used to detect the piezoelectric 

response of the film.  The PFM tips used were commercially Pt coated Si (5 N/m force 

constant) tips with rectangular beam cantilever shape.  

In III-nitride materials, there exists a spontaneous polarization that leads to the 

existence of polarization bound surface charge.  Surface charge will exert an electrostatic 

force on a tip, and as a result, EFM can be used to measure the electrostatic force on the 

tip resulting from the bound charge.  The electrostatic force can be measured independent 

from the tip deflection due to topographic changes. Since the electrostatic force on the tip 

depends on the magnitude and direction of the surface polarization, a map of the 

electrostatic force is essentially an image of the surface polarization.  One must be 

careful, of course, to address whether the surface charge is polarization charge or 
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screening charge (external or internal), or a superposition of both.  EFM is discussed in 

detail in Section 3.4. 

The capacitance given by Equation 3.8 (where R is the radius of the tip apex and z 

is the tip sample separation) can be approximated as 

 BzRAeC 04πε= , (5.1)

where A and B can be determined by fitting to be 2.51 and 0.0654, respectively for 

typical tip-sample separations and tip apex size used in this research. Substitution of 

Equation 5.1 (and the derivative of Equation 5.1) into Equation 3.10 yields 
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where as before, z is the tip-sample separation, R is the radius of the tip apex, k is the 

force constant of the cantilever, δ is the cantilever deflection, Vac is the modulation 

voltage, Vdc is an applied dc bias, Vs is the surface potential as measured by SKPM, and 

A and B are constants. 

 EFM images are acquired with units of volts, and this voltage is related to the 

electrostatic force on the tip.  By multiplying the measured voltage by the error signal 

sensitivity (‘AFMMicronPerEsig’ value discussed in Chapter 3), the tip deflection can be 

obtained.  This tip deflection is then equal to the electrostatic force on the cantilever 

divided by the force constant. From this tip deflection, Equation 5.2 can be used to 

determine the magnitude of the charge on the surface, while the EFM phase signal can be 

used to determine the sign of the dominant surface charge (it should be noted that surface 

charge could be a combination of bound polarization charge, internal screening charge 

and external screening charge). 
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As discussed in Section 3.5, SKPM measures surface potential by minimizing the 

first harmonic of the force on the tip. The value of dc bias which minimizes the first 

harmonic of the force is equal to the surface potential, 

 φχφ ∆−∆−−= fnsms EV , (5.3)

where mφ is the metal workfunction of the tip coating, sχ  is the electron affinity of the 

surface,  is the position of the fermi level with respect to the conduction band 

and

fnE∆

φ∆ is the band bending.  Thus, from SKPM information about the local band-

structure can be obtained. 

 

5.3.3 Results 
 

PFM measurements reveal that the N-face GaN oscillates in-phase with the 

modulation voltage and that the d33 is positive and the polarization points away from the 

substrate.9  Similarly, the Ga-face GaN is found to oscillate out-of-phase with the 

modulation voltage and has a negative d33 and a polarization which points toward the 

substrate.9 The PFM phase contrast before and after the surface clean was found to be the 

same, although the phase difference between faces varied, and was typically much less 

than 180°. This should be no surprise since phase is a function of tip-sample capacitance, 

modulation frequency and sample resistance. 

Prior to cleaning, the piezoresponse measured on electrodes was found to be 

roughly 30% lower than those performed on the bare surface. Therefore, piezoelectricity 

accounted for roughly 70% of the piezoresponse signal.  The piezoresponse magnitude 

was not measured after cleaning the surface. It was also found that PFM does not depend 
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heavily on the frequency of the modulation voltage.  A measurement that did depend 

heavily on the frequency of the modulation voltage would be dominated by capacitance.  

Figure 5.7 (b) shows an EFM image and an EFM line profile of a 20x20 µm2 scan 

of a GaN lateral polarity heterostructures with topography shown in Figure 5.7(a).  Note 

that the electrostatic force on the tip is stronger for the N-face GaN.  EFM phase 

measurements revealed the net surface charge (superposition of polarization and 

screening charge) is positive for the N-face surface and negative for the Ga-face surface. 

Using the tip sample separation of 70 nm, a tip radius of 20 nm, a force constant 

of 5 N/m, a modulation voltage of 14 V (5 Vrms), and a dc bias of 0 V, the surface 

charge for both faces can be calculated from the EFM results. A surface potential of 0.6 

V was used for the surface potential of Ga-face GaN as per Koley et al.26, and the surface 

potential of N-face GaN was taken to be 0.1 V higher as per Cimalla et al.7 Tip 

deflections of 6 pm and 30 pm for the Ga- and N-face regions, respectively, were 

calculated from the EFM image (Figure 5.7(b)).  From Equation 5.2, the magnitude of the 

surface charge is determined to be 2x10-19 C and 1x10-18 C for the Ga- and N-face 

regions, respectively.  The values for surface charge seem low, which indicates a more 

accurate model needs to be developed. If the probing tip experiences force from a surface 

region of roughly a circle with radius 40 nm (this value depends on the distribution of the 

electric field near the tip and the tip-sample separation as discussed in Appendix 1), the 

polarization can be determined to be -4x10-5 C/m2 and 2x10-4 C/m2 for the Ga- and N-

face regions, respectively, which corresponds to a surface charge density of -2x1010 cm-2 

and 1x1011 cm-2 for the Ga- and N-face regions, respectively. These densities are 

significantly lower than the surface charge expected from the total polarization, 
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indicating that while the bound polarization charge is primarily screened by internal 

charge, the tip measures a superposition of charge distributions.  

Figure 5.8 (a, b) shows topography and EFM, respectively, of Ga- and N- face 

regions, half of which are covered by Pt. Note that there is no contrast in the EFM image 

across the IDB on the Pt top electrode, suggesting that the metal effectively screens the 

surface charge.  The edge of the Pt coverage is not well defined as a result of the 

sputtering process used to deposit the metal. 

In general, it is possible to improve the image quality of EFM by applying a dc 

bias to the tip or to the sample.39 It was found that application of a dc bias could improve 

and even invert EFM magnitude contrast as shown in Figure 5.9. Figure 5.9 (a, d, g) 

shows topography, EFM magnitude and phase, respectively, for a dc bias of 0 V, while 

Figure 5.9 (b, e, h) shows topography, EFM magnitude and phase, respectively, for a dc 

bias of 1 V and Figure 5.9 (c, f, i) shows topography, EFM magnitude and phase, 

respectively, for a dc bias of 2 V.  Note that the magnitude of the electrostatic force 

changes on the surface of the LPH-GaN structure with the application of dc bias.  It was 

found that the electrostatic force on the tip from the Ga- and N-face regions is equivalent 

at a bias of 1.5 V and reverses above 1.5 V.  The phase contrast, however, does not 

reverse, indicating that only the magnitude of the surface charge has been altered. At 0 V 

bias, the tip responds to a net negative charge on the Ga-face GaN and a net positive 

charge on the N-face GaN.  The net surface charge on the N-face is greater, presumably 

because the external screening charge density is larger on the Ga-face region, which 

would act to reduce the measured surface charge, since EFM is sensitive to a 

superposition of charge layers.  As the bias is increased, the second term in Equation 3.10 
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is nullified, which explains the change in magnitude contrast. This is demonstrated 

graphically in Figure 5.9(j). Note that PFM was not influenced by a dc bias of this 

magnitude, which is a further indication that PFM is a measurement of electromechanical 

response and not dominated by an electrostatic effect. 

Following the surface cleaning, it is found that the electrostatic force on the N-

face is still greater than on the Ga-face GaN, as shown in Figure 5.10(a, b), topography 

and EFM (with line profile), respectively of a 20x20 µm2 region. EFM phase 

measurements revealed the net surface charge (superposition of polarization and 

screening charge) remained positive for the N-face surface and negative for the Ga-face 

surface. Tip deflections of 4x10-12 m and 1x10-11 m for the Ga- and N-face regions, 

respectively, were calculated from the EFM image (Figure 5.10(b)).  From Equation 5.2, 

the magnitude of the surface charge is determined to be 1x10-19 C and 3x10-19 C for the 

Ga- and N-face regions, respectively. These correspond to polarizations of –3x10-5 C/m2 

and 7x10-5 C/m2 for the Ga- and N-face regions, respectively, and surface charge 

densities of -2x1010 cm-2 and 4x1010 cm-2 for the Ga- and N-face regions, respectively, 

which are significantly lower than the surface charge expected from the total polarization, 

indicating that the EFM measures a superposition of charge distributions. The EFM 

results are summarized in Table 5-I. 

Prior to cleaning, SKPM measurements revealed a surface potential of 0.3 V for 

the Ga face and 0.9 V for the N-face for a potential difference of 0.6 V as shown in 

Figure 5.11(a, b), topography and SKPM (with line profile), respectively. Using Equation 

5.3 with 5.65 eV for the workfunction of the Pt coated tip, 0.05 eV for the Fermi level 

position with respect to the conduction band, and an upward band bending value of 0.3 
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eV, the electron affinity of the Ga-face GaN can be determined to be 5.0 eV, which is 

significantly higher than the reported range of 2.9-3.6 eV, however, the band bending 

value is reported for a clean surface. Using Equation 5.3 with 5.65 eV for the metal 

workfunction, 0.05 eV for the fermi level position with respect to the conduction band, 

and a downward band bending value of 0.1 eV, the electron affinity of the N-face GaN 

can be determined to be 4.8 eV, which is also significantly higher than the reported range 

of 2.9-3.6 eV, however, the band bending value is reported for a clean surface. SKPM 

measurements should have been performed on the Pt surface in order to obtain a 

reference point from which the surface potential values measured for GaN could be 

analyzed. 

After cleaning, the surface potential was measured to be 0.3 V for the Ga-face and 

0.6 V for the N-face for a potential difference of 0.3 V as shown in Figure 5.12(a, b) 

topography and SKPM (with line profile), respectively. As before, the electron affinity 

and Fermi level position for each face can be calculated. The calculated electron affinity 

for Ga-face remained unchanged, while the electron affinity for the N-face increased to 

5.10 eV. Note that the values obtained for electron affinity are nearly the same for each 

face. 

 

5.3.4 Discussion 

As discussed in Chapter 3, the inhomogeneous electric field distribution and the 

low d33 constant make it extremely difficult to accurately measure the effective 

longitudinal piezoelectric constant of III-Nitrides. However, as mentioned in Chapter 4, 

electrostatic forces have some effect on the magnitude of the piezoresponse. As such, the 
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main goal of measuring PFM before and after a surface clean was to investigate to what 

extent the adsorbed screening charge influenced the piezoreponse. Of critical importance 

was to determine if the piezoresponse phase depended on the surface charge. If it did, the 

determination of crystal polarity and polarization direction by PFM would have been 

shown to be dependent on surface rather than bulk properties. 

There are two contributions to the piezoresponse signal – piezoelectric and 

coulombic. For measurements performed on electrodes, the piezoresponse signal is 

expected to be purely piezoelectric since it is expected that the electrodes will screen any 

charging effects. It was determined that piezoelectricity accounted for roughly 70% of the 

piezoresponse signal.  Note also that PFM was not influenced by dc biases of several 

volts, a further indication that PFM is a measurement of electromechanical response and 

not dominated by an electrostatic effect. 

PFM measurements of the LPH-GaN sample before and after the surface cleaning 

treatment revealed that PFM is dominated by electromechanical response and not a 

capacitive component. The PFM phase contrast before and after a clean was found to be 

the same, although the phase difference between faces varied, and was typically much 

less than 180°. More work needs to be performed in order to determine what factors 

influence the phase difference between regions of opposite polarity. 

By comparing PFM to EFM, which gives the sign and magnitude of the surface 

charge, it should be possible to further quantify the effect of external screening charge on 

the tip sample interaction; however, the current lack of reliable quantitative data of 

piezoresponse magnitude before and after a surface clean, makes this task challenging. 
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EFM measurements before and after the surface cleaning revealed no change in 

the surface charge on the Ga-face regions, and a reduction in surface charge of 6x1010 cm-

2 on the N-face regions.  This would seem to suggest that the surface cleaning treatment 

removed some adsorbed charge from the N-face regions. It is possible, however, that the 

screening mechanisms are different for each polar surface and that the surface cleaning 

treatment also removed adsorbed charge from the Ga-face region. One possible 

explanation as to why the measured surface charge is higher for the N-face side (ideally 

for a clean surface, one would expect to measure nearly the same surface charge for both 

faces) is that the location of the internal screening charge is different for each face. An 

electron accumulation layer, which acts to screen the bound polarization charge, is 

expected to be close to the surface of the N-face GaN.  Also, the magnitude of internal 

screening could vary for each polar surface. It is expected that there are more electrons 

available to screen the positive polarization charge at the N-face surface. Therefore, prior 

to cleaning, less adsorbed charges would be required to compensate for the polarization 

bound charges. In that case, the probing tip would experience a larger electrostatic force 

due to the N-face than to the Ga-face, which would have a larger component of adsorbed 

charge that would effectively cancel the force due to some of the negative bound 

polarization charges. Since the state of the surface is not known as a result of performing 

the measurements in air, it is not possible to determine the exact cause of the contrast or 

the reduction in electrostatic force on the tip on the N-face regions after surface cleaning. 

In air, the sample surface is not well characterized, and a charged tip acts to ionize the 

region near the tip, which could affect the charge being measured. 
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EFM is very sensitive to a number of scanning parameters, including the tip-

sample separation. Our EFM measurements appeared to be consistent over a tip sample 

separation of 0.05 – 0.10 µm and were sensitive to the modulation frequency. A 

dependence on modulation frequency has previously been observed by Labardi et al. with 

regards to EFM measurements of periodically poled lithium niobate crystals.40 Choosing 

an appropriate set point value can be difficult because the tip needs to be as close as 

possible without touching the sample surface.  The finite roughness of the sample 

surface, which is on the order of the tip sample separation from Figure 5.3(a), does not 

preclude the possibility of tip-sample contact, which could be a source of charge transfer 

that would disturb the surface charge being measured. It should be noted that EFM 

performed several days after the surface cleaning revealed that the effect of the surface 

cleaning was reduced, suggesting charge had adsorbed to the surface to screen the 

polarization. 

SKPM measurements before and after the surface cleaning revealed no change in 

the surface potential of the Ga-face regions, and a reduction in the surface potential of 0.3 

V for the N-face regions.  This would also seem to suggest that the surface cleaning 

treatment removed some adsorbed charge from the N-face regions. More importantly, a 

reduction of 0.3V in the potential difference (0.6 V pre-clean and 0.3 V post-clean) 

between the two polar surfaces was measured, which suggests that charge was added or 

removed from the surface, which lessened the difference in surface potential between the 

two faces.  From EFM results, it would appear that the reduction in surface potential 

difference is a result of the removal of adsorbed charge.  The measured potential 

difference is higher, but the of the same order of magnitude, than that measured by 
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Cimalla et al.7 This difference could be due to differences in the samples or sample 

surface conditions. Hsu et al. reported a reduction of 0.1 V in the surface potential of a 

GaN surface following a HCL clean, which is consistent with the SKPM results presented 

here. 

The calculated values for electron affinity are greater than the expected values, 

which may indicate that adsorbed charges are still on the surface, but a more reasonable 

explanation is that SKPM is more useful as a tool for measuring potential differences as 

opposed to absolute surface potentials. As demonstrated by Koley et al. it is possible to 

obtain reliable absolute values of surface potential.26 The SKPM measurements presented 

here should be repeated and referenced to SKPM of the Pt layer which is already present 

on the sample. SKPM, like EFM is extremely sensitive to scan and modulation 

parameters, perhaps even more so. Measurements performed in air are somewhat 

unreliable. Part of the trouble is that the surface is difficult to control. Perhaps more care 

should be taken in determining how long a surface stays clean following the surface 

clean. In addition, SKPM is somewhat more complicated than what has been presented so 

far. Note, from Equation 5.2, application of a dc bias to determine the surface potential 

modifies the surface charge. This coulombic component could give an offset to the 

measured SKPM signal. As a result, changes in surface potential are probably more 

important than absolute values. Furthermore, Kalinin et al. reported that it is necessary to 

include tip geometry and cantilever contributions in interpreting SKPM data.39 Lastly, 

our current SKPM system is designed to measure a mixed signal. In the future, care 

should be taken to monitor both phase and magnitude signals. 
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5.3.5 Summary 
  
   PFM measurements revealed the polarity and polarization direction of the LPH-

GaN sample, remained unchanged following surface cleaning and was found to be 

primarily a function of the electromechanical response.  EFM and SKPM were employed 

to measure surface charge and surface potential, and the results are consistent with the 

PFM determination of polarity (i.e. polarization charge was measured).  Surface cleaning 

effectively removed adsorbed screening charge, resulting in a reduction in measured 

surface charge and surface potential.  
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Figure 5.1  A cross section TEM micrograph of a GaN film with laterally patterned Ga- 

and N-face polarities fabricated using PIMBE. The N-face region extends over the AlN 

buffer layer to the IDB. 
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Figure 5.2 PEEM images of a GaN-based lateral polarity heterostructure (a) before the 

CVC process and (b) after the CVC process. The field of view is 50 µm, and the FEL 

photon energy is 5.4 eV. 
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Figure 5.3  (a) AFM image (scan size of 20 x 20 µm2 ) of the GaN lateral polarity 

heterostructure and a cross-section profile along the indicated line.  (b) PEEM image (20 

µm field of view) obtained with a photon energy of 5.6eV. 
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Figure 5.4 PEEM images of the CVC-cleaned GaN film showing the lateral polarity 

heterostructure. The images were obtained with photon energies of (a) 4.8eV (b) 4.9eV 

(c) 5.6eV and (d) 6.3eV, respectively. The field of view is 150 µm. 
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Figure  5.5  Energy band diagrams for (a) Ga-face and (b) N-face GaN. The quantities 

χ , φ, Eth, and Lsc are the surface electron affinity, work function, photo-threshold, and 

space charge layer, respectively. The arrows represent the directions of spontaneous 

polarization, Psp, and the internal electric field, E.   

s
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Figure 5.6  Proposed lateral band diagram of the GaN surface in the vicinity of an IDB. 

The electron affinities of two faces surfaces are assumed to be equal. The excitation 

photon energy, hν, is greater than Eg and less than Eth (= Eg + χ).  W is a lateral space 

charge region with the IDB is located in the middle. The left side of W is Ga-face while 

the right side is N-face. ∆E is the built-in potential energy induced by the band bending 

difference between Ga- and N-face GaN. The dotted lines represent the modified bands 

near the IDB ascribed to a band edge discontinuity.  
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Figure 5.7 A 20x20 µm2 scan before surface cleaning of (a) topography and (b) EFM 

(with line profile) of a GaN lateral polarity heterostructure. 
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Figure 5.8  (a) topography and (b) EFM of Ga- and N- face regions, half of which are 

covered by Pt.  
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Figure 5.9  (a, b, c) Topography, (d, e, f) EFM magnitude and (g, h, i) EFM phase images 

of a 10x10 µm2 region on the LPH-GaN sample with a dc bias of 0 V, 1 V, and 2 V, 

respectively. (j) A plot of  electrostatic force as a function of applied dc bias 

demonstrating how the electrostatic force on the tip is higher for the Ga-face when the 

bias is greater than 1.5 V. 
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Figure 5.10 A 20x20 µm2 scan after surface cleaning of (a) topography and (b) EFM 

(with line profile) of a GaN lateral polarity heterostructure. 
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Figure 5.11  A 20x20 µm2 scan before surface cleaning of (a) topography and (b) SKPM 

(with line profile) of a GaN lateral polarity heterostructure. 
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Figure 5.12 A 20x20 µm2 scan after surface cleaning of (a) topography and (b) SKPM 

(with line profile) of a GaN lateral polarity heterostructure. 
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Table 5-I  Surface charge density before and after surface cleaning treatment. 

 

Polarity Pre-clean Post-clean 
Ga-face σ/e=-2x1010 cm-2 σ/e=-2x1010 cm-2 

N-face σ/e=1x1011 cm-2 σ/e=4x1010 cm-2 
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6. Nanoscale Characterization of Ferroelectric Thin Films by 
Piezoresponse Force Microscopy 
 
Nanoscale Observation of Photoinduced Domain Pinning and Investigation of Imprint 
Behavior in Ferroelectric Thin Films, Journal of Applied Physics, Vol. 92, 2734 (2002), 
A. Gruverman, B. J. Rodriguez, R. J. Nemanich, and A. I. Kingon. 
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6.1 Introduction 

In this chapter, we discuss the use of PFM for nanoscale characterization of 

ferroelectric thin films. In this research we employ a nondestructive measurement 

technique to study a material directly, with the objective of gaining insight into the 

mechanisms of imprint and switching.  We investigate the nanoscale mechanism of 

imprint behavior in PbTiO3 (PTO) by measuring changes in piezoelectric hysteresis loops 

following UV illumination. 

 

6.2 Nanoscale Investigation of Imprint Behavior and Observation of 

Photoinduced Domain Pinning in Lead Titanate Thin Films 

Ferroelectric thin films are promising materials for nonvolatile random access 

memories.1 One of the main concerns for the application of ferroelectric thin films in 

memory devices is their long-term reliability, which can be reduced by degradation 

effects such as imprint and fatigue.  In this section, we employ PFM to investigate 

imprint in PbTiO3 (PTO) thin films. Imprint is the tendency of one polarization state to 

become more stable than the opposite one.2,3  Imprint is typically observed as a shift in a 

polarization or piezoelectric hysteresis loop along the voltage axis, and is discussed in 

some detail in Chapter 2.  A shift in a hysteresis loop along the voltage axis can lead to a 

write failure of a ferroelectric capacitor in a memory cell.   

A number of macroscopic techniques4-11 have been used to investigate imprint 

behavior in ferroelectric capacitors, and several5,7,10 of these have employed 

photoinduced effects.  Few studies have been made to explore the microscopic 

mechanism of imprint12; however, PFM has the potential for nondestructive high-
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resolution investigation of the mechanism of imprint behavior at the nanoscale.13-22 In 

this study, we use PFM to investigate the photoinduced changes in the voltage shift of 

local hysteresis loops and in nanoscale domain switching in PbTiO3 (PTO) thin films. 

 

6.2.1 Experimental Details  

The details of the PFM imaging method (Autoprobe M5) used in this study are 

described in Chapter 3.  A conductive gold coated Si3N4 cantilever with a spring constant 

of 0.1 N/m and a resonant frequency of 34 kHz was used for both imaging (modulation 

voltage of 1.5V RMS at 10kHz) and for hysteresis loop measurements. Experiments were 

performed on a 180-nm thick PTO film deposited by a sol-gel technique onto a 

Pt/TiO2/Si substrate. The film was annealed at 625 °C for 30 minuntes after deposition.  

The hysteresis loop measurements were performed by first positioning the tip on a 

specific grain and then by measuring the piezoresponse of the grain as a function of a dc 

voltage superimposed on the modulation voltage. In these studies, the dc voltage was 

changed by 0.25 V increments every 2 seconds from –3 V to 3 V.14 Hysteresis loops were 

measured before and after UV illumination of the sample using a 254 nm 5 W Pen-Ray 

Hg lamp. Imprint behavior was studied by measuring the hysteresis loops of grains with 

polarization along the z-axis, as deduced from the PFM phase image. The voltage shift 

can be determined from the phase loop as the average of the negative and positive 

coercive voltages: 

 Vshift = (Vc
+ + Vc

− ) / 2. (6.1)
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6.2.2 Results and Discussion 

 

6.2.2.1 Hysteresis and Switching In As-Grown PTO Film 

The topography and mixed piezoresponse (magnitude and phase) of PTO are 

shown in Figure 6.1.  The average grain size, as deduced from the topographic image, is 

about 130 nm. White regions in Figure 6.1(b) correspond to domains with the 

polarization vector oriented toward the bottom electrode (“positive” domains), while the 

black regions correspond to domains oriented upward (“negative” domains).  As 

estimated by histogram analysis of a number of PFM images, the film does not show any 

significant macroscopic imprint as there does not appear to be a preference for positive or 

negative domains.  Some grains are neither positive nor negative. These gray grains have 

polarization vectors that deviate from the direction normal to the sample. There is also a 

nonpiezoelectric region in the upper left corner of Figure 6.1(b).  This region has a 

different surface morphology and is suggested to be an amorphous phase.  

In Figures 6.2 and 6.3, hysteresis loops before and after UV illumination are 

presented for both positive and negative grains. The hysteresis loop of the negative grain 

is nearly symmetric, while the hysteresis loop for the positive grain is shifted toward a 

negative voltage.  Note that after the first measurement, the loops of the negative grains 

tend to shift toward a negative voltage, while hysteresis loops in the positive grains did 

not appear to change.  

The switching behavior of the grains was also asymmetric, a behavior that has 

previously been observed in PZT thin films.22 The application of a switching pulse to a 

negatively polarized grain resulted in complete inversion of the PFM contrast; however, a 
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positively polarized grain became gray after the application of an opposite voltage pulse 

of the same amplitude.  

In Chapter 2, we discussed that the voltage shift of the hysteresis loops in 

ferroelectric capacitors can be explained by the formation of screening charges at the 

film/electrode interface.2,3  In poled capacitors, the depolarizing field is partially 

compensated by charge on the electrodes, resulting in a residual depolarizing field, Erd , 

which is compensated via redistribution of electronic charges in the bulk of the film and 

subsequent formation of the screening charge trapped near the film/electrode interface.23 

The screening charge field leads to a voltage shift in hysteresis loops, which can be in a 

positive or negative direction.  In negatively poled capacitors, for instance, the hysteresis 

loop is shifted toward positive voltage.2 The PFM hysteresis loop of the negative grain is 

nearly symmetric, however, indicating the presence of an additional internal field in our 

PTO sample that opposes the screening field.  Since the PFM hysteresis loop of the 

positive grain is shifted toward negative voltage, this field must be independent of 

polarization and must point toward the bottom electrode.  This built-in bias is likely due 

to the asymmetry of the sample structure.  It has been suggested that a Schottky barrier at 

the bottom interface could be responsible for asymmetric switching22 and self-

polarization in PZT.24 Non-through domains (such as a “tail-to-tail” domain structure) 

would lead to gray contrast in PFM images (as is the case with positive grains after 

application of a switching pulse).  These non-through domains could be formed if the 

electric field applied between the tip and the bottom electrode was insufficient to reverse 

the polarization in an entire grain. 
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6.2.2.2 Photoinduced Changes  

As discussed above, in Figures 6.2 and 6.3, hysteresis loops before and after UV 

illumination (for 30 seconds) are presented for both positive and negative grains.  UV 

illumination does not affect the domain image, nor does it heat the sample.  It does, 

however, have a significant effect on hysteresis loops, with a photoinduced polarization 

dependent voltage shift.  In addition to the voltage shift, there is also an apparent 

asymmetric suppression of piezoresponse magnitude, as demonstrated in Figures 6.2(b) 

and 6.3(b).  Note that the relaxation behavior of the photoinduced voltage shifts is also 

polarization dependent, as illustrated in Figure 6.4; the photoinduced voltage shift in the 

negative grain lasts longer than that in the positive grain, which relaxes to its original 

value after about 20 minutes. 

These photoinduced voltage shifts are opposite to what has been reported for PZT 

and (Pb, La)(Zr, Ti)O3 (PLZT) thin film capacitors, where the hysteresis loop is shifted 

to positive voltage in negatively poled capacitors following UV illumination.4, 5 We 

observe a negative voltage shift in hysteresis loops performed on negative grains 

following UV illumination.  Similarly, we observe a positive shift for grains with positive 

polarization.  By taking into account the presence of a thin dielectric surface layer, which 

has been reported for PTO, we can account for the differences between our results for 

thin films, and those reported in the literature for capacitors.25,26 In Figure 6.5(a), a band 

diagram of PTO with a dielectric layer is shown. 

In PTO thin films, space (screening) charge near the ferroelectric-dielectric 

interface and accumulated surface charge both act to screen the polarization.  The electric 

field within this surface layer can be written as 

 180



 
 

 
Esl =

Ps
ε0

d
(ε ld + εdl)

, (6.2)

 

where l is the thickness of the surface layer, εl  is the dielectric constant of the layer, d  

is the ferroelectric film thickness, εd  is the dielectric constant and  is the spontaneous 

polarization.  

Ps

The residual depolarizing field will be compensated by the field of the space charges: 

 
Esc =

Ps
ε0

l
(εl d + εdl)

 (6.3)

 and the resulting voltage shift due to the screening charges can be calculated as  

 Vshift = 2Esll + Escd . (6.4)

Electons and holes are generated in the dielectric layer as a result of UV 

illumination.27  These photoinduced charges interact with the bound polarization charges; 

in the negatively polarized grains the electrons are driven toward the ferroelectric-

dielectric interface, while holes are repelled from the interface, as shown in Figure 6.5(b). 

This photoinduced charge forms an interfacial charge density σ  that leads to the 

formation of a photoinduced field, which modifies the electric field within the dielectric 

layer. 

The photoinduced field, Ei  is given by 

 
Ei =

σ
ε0

d
(ε ld + εdl)

. (6.5)

The direction of Ei , which depends on the grain polarity, opposes Esl . Therefore, the 

field in the dielectric layer, under UV illumination is given by 
'
slE
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 Esl
' = Esl − Ei . (6.6)

Thus, for negative grains, we see a shift of the hysteresis loop toward negative voltages 

and for positive grains, we see a positive voltage shift. 

 We attribute this voltage shift to photoinduced charges in the surface dielectric 

layer and not in the interior of the film for two reasons. First, electron entrapment is 

expected to occur at the positive end of the polarization vector,  and since Pb vacancies 

favor electron entrapment closer to the ferroelectric-dielectric interface, we would expect 

to see different relaxation times for negative and positive grains.  As shown in Figure 6.4, 

for negative grains we observe an increased endurance of the voltage shift.  Second, the 

migration of the photoinduced charges in the film is likely to be hindered by interactions 

with defects and domain boundaries. These charges will be unable to accumulate at film 

interfaces as they will be trapped throughout the film interior. 

 

6.2.2.3 Experimental Evidence of Domain Pinning 

The observation that photoinduced charges stabilize the negative polarization 

indicates we can further enhance this imprint by applying a negative bias to the sample 

with simultaneous UV illumination. 

Initially, a 2x2 µm2 area was poled by rastering with tip while applying a dc bias 

of +9 V. PFM images of the film acquired before and after the application of the dc bias 

(Figures. 6.6(a, b)) demonstrate the area was poled. As shown in Figure 6.6(c), 

differential processing of the PFM images28 allowed an image of the unswitched grains 

that still maintain negative polarization after poling to be observed. The area fraction of 

pinned domains (domains that maintained negative polarization after the application of dc 
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bias) was only about 4% (with a standard deviation of about 20% for several 

measurements across the film surface) of the film area that was initially in the negative 

polarization state. After the initial poling, the film was illuminated with UV light while a 

different 2x2 µm2 area was scanned with –1 V dc applied to the tip. This area was 

subsequently poled by applying a positive dc bias of +9 V to the tip. This UV/-dc 

treatment led to a significant increase in the area fraction of suppressed domain switching 

(due to domain pinning) as illustrated in Figures 6.6(d-f). After the UV/-dc treatment, the 

area fraction of pinned domains was about 47% of the film area that was initially in the 

negative polarization state. 

In Figure 6.7 we show that domain pinning is also observed in grains that were 

initially in a polydomain (multi-contrast) state. However, as shown in Figure 6.8, 

hysteresis loops measured in polydomain grains did not show a voltage shift following 

UV illumination.  Furthermore, these loops exhibited weaker piezoresponse compared to 

single domain grains. It has been reported that trapped charge at domain boundaries 

results in reduced polarization.3,5,29  This implies that the photoinduced carriers that are 

generated in the interior of the film are trapped at domain boundaries, which reduces 

switchable polarization, but does not cause a voltage shift. 

 
6.2.3 Summary 

PFM was used to investigate the photoinduced changes in imprint behavior and 

domain switching in PTO films.  There is a polarization dependent voltage shift in the 

hysteresis loops of individual grains when the film is exposed to UV illumination. The 

voltage shift is opposite to the shift reported for ferroelectric capacitors and is explained 
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by the existence of a surface dielectric layer, which has an electric field as a result of the 

interaction between polarization charges and photoinduced charges.  Combined UV/dc 

treatment resulted in the pinning of domains, providing direct evidence of the mechanism 

of imprint behavior.  Also, photoinduced carriers generated in the film interior are 

trapped at domain boundaries, which reduces switchable polarization, but does not cause 

a voltage shift.   

 

 

 184



 
 

6.3 References 

1. O. Auciello, J. F. Scott and R. Ramesh, Physics Today, July 1998, p. 22.  

2. W. L. Warren, D. Dimos, G. E. Pike, B. A. Tuttle, M. V. Raymond, R. Ramesh, 

and J. T. Evans, Appl. Phys. Lett. 67, 866 (1995). 

3. H. N. Al-Shareef, D. Dimos, W. L. Warren, and B. A. Tuttle, J. Appl. Phys. 80, 

4573 (1996). 

4. D. Dimos, W. L.Warren, M. Sinclair, B. A. Tuttle and R. W. Schwartz, J. Appl. 

Phys. 76, 4305 (1994). 

5. W. L. Warren, D. Dimos, B. A. Tuttle, R. D. Nasby, and G. E. Pike, Appl. Phys. 

Lett. 65, 1018 (1994). 

6. G. Arlt and H. Neumann, Ferroelectrics 87, 109 (1988). 

7. A. Kholkin, V. Yarmarkin, B. Goltsman, and J. Baptista, Integrated Ferroelectrics 

35, 261 (2001). 

8. J. Lee, and R. Ramesh, Appl. Phys. Lett. 68, 484 (1996). 

9. T. Fukami, and S. Fujii, Jpn. J. Appl. Phys. 24, 632 (1985). 

10. M. Grossmann, O. Lohse, D. Bolten, R. Waser, W. Hartner, G. Schindler, N. 

Nagel, and C. Dehm, Mat. Res. Soc. Symp. Proc., 541, 269 (1999). 

11. M. Grossmann, O. Lohse, D. Bolten, U. Boettger, R. Waser, W. Hartner, M. 

Kastner, and G. Schindler, Appl. Phys. Lett. 76, 363 (2000). 

12. M. Alexe, C. Harnagea, D. Hesse, and U. Gösele, Appl. Phys. Lett. 79, 242 

(2001). 

13. A. Gruverman, O. Auciello, and H. Tokumoto, Annu. Rev. Mater. Sci. 28, 101 

(1998). 

 185



 
 

14. J. A. Christman, S.-H. Kim, H. Maiwa, J.-P. Maria, B. J. Rodriguez, A. I. Kingon, 

and R. J. Nemanich, J. Appl. Phys. 87, 8031 (2000). 

15. S. Hong, J. Woo, H. Shin, J. Jeon, Y. E. Pak, E. L. Colla, N. Setter, E. Kim and K. 

No, J. Appl. Phys. 89, 1377 (2001). 

16. T. Hidaka, T. Maruyama, I. Sakai, M. Saitoh, L. A. Wills, R. Hiskes, S. A. 

Dicarolis and J. Amano, Integrated Ferroelectrics 17, 319 (1997). 

17. C. Harnagea, A. Pignolet, M. Alexe, and D. Hesse, Integrated Ferroelectrics 38, 

23 (2001). 

18. H. Shin, J. Woo, S. Hong, J. Jeon, Y. E. Pak, and K. No, Integrated Ferroelectrics 

31, 163 (1998). 

19. C. S. Ganpule, A. Stanishevsky, Q. Su, S. Aggarwal, J. Melngailis, E. Williams, 

and R. Ramesh, Appl. Phys. Lett. 75, 409 (1999). 

20. J. W. Hong, W. Jo, D. C. Kim, S. M. Cho, H. J. Nam, H. M. Lee, and J. U. Bu, 

Appl. Phys. Lett. 75, 3183 (1999).  

21. S. V. Kalinin and D. A. Bonnell, Phys. Rev. B 63, 125411 (2001). 

22. A. Gruverman, A. Kholkin, A. Kingon, and H. Tokumoto, Appl. Phys. Lett. 78, 

2751 (2001). 

23. V. M. Fridkin, Photoferroelectrics (Springer-Verlag, Berlin, 1979). 

24. A. Kholkin, K. Brooks, D. Taylor, S. Hiboux, and N. Setter, Integrated 

Ferroelectrics 22, 525 (1998). 

25. B.-D. Qu, Y.-G. Wang, W.-L. Zhong, K.-M. Wang, and Z.-L. Wang, J. Appl. 

Phys. 71, 3467 (1992). 

26. S. S. Dana, K. F. Etzold, J. Clabes, J. Appl. Phys. 69, 4398 (1991).  

 186



 
 

27. H. E. Brown, Lead Oxide: Properties and Applications (International Lead Zinc 

Research Organization, NY, 1985). 

28. A. Gruverman, Appl. Phys. Lett. 75, 1452 (1999). 

29. D. Dimos, H. N. Al-Shareef, W. L. Warren, and B. A. Tuttle, J. Appl. Phys. 80, 

1682 (1996). 

 

 187



 
 

 

 
 

Figure 6.1  Topographic (a) and piezoresponse (b) images of the PTO film. White and 

black regions in the piezoresponse image correspond to positive and negative domains, 

respectively. 
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Figure 6.2  Phase (a) and amplitude (b) PFM loops of the negatively polarized grain 

before and after UV illumination. 
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Figure 6.3  Phase (a) and amplitude (b) PFM loops of the positively polarized grain 

before and after UV illumination. 
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Figure 6.4 Dynamics of voltage shift relaxation in oppositely polarized grains after UV 

illumination. 

 191



 
 

 
 

 
Figure 6.5 A schematic diagram illustrating formation of the field within the surface 

dielectric layer under UV illumination. 
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Figure 6.6  Suppression of domain switching as a result of the UV/dc treatment. PFM 

images of the (a), (d) as-grown PTO film, (b) poled PTO film, (e) PTO film poled after 

UV/-1V treatment, and (c), (f) differential PFM images obtained from the images (a) and 

(b) and (d) and (e), respectively, depicting dark regions where domain switching has been 

suppressed. Poling was performed by scanning the 2x2 µm2 area with a 9 V dc bias 

applied to the tip. 
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Figure 6.7 PFM images of the film subjected to UV/-1V treatment (a) before, and (b) 

after poling, illustrating domain pinning at the sub-grain level. Black lines correspond to 

the grain boundaries. 
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Figure 6.8 Hysteresis loop measured in polydomain grain of Figure 6.7 does not show a 

voltage shift following UV treatment. 
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7. Nanoscale Characterization of Ferroelectric Capacitors by 
Piezoresponse Force Microscopy   
 
Spatial Inhomogeneity of Imprint and Switching Behavior in Integrated Ferroelectric 
Capacitors. Applied Physics Letters, Vol. 82, 3071 (2003), A. Gruverman, B. J. 
Rodriguez, A. I. Kingon, R. J. Nemanich, J. S. Cross, M. Tsukada, and Y. Horii. 
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Kingon, R. J. Nemanich, A.K. Tagantsev, J. S. Cross, M. Tsukada, and Y. Horii. 
 
3-Dimensional High-Resolution Reconstruction of Polarization in Ferroelectric Capacitors 
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Kingon, R. J. Nemanich, and J. S. Cross. 
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7.1 Introduction 

In this chapter I discuss the use of piezoresponse force microscopy (PFM) for 

nanoscale characterization of ferroelectric capacitors. In this research, a high-resolution, 

nondestructive measurement technique is employed to study quantitatively the piezo- and 

ferroelectric properties of ferroelectric capacitors, with the objective of gaining insight 

into the mechanisms of imprint and switching. 

Nanoscale characterization of the spatial variations in the imprint and switching 

behavior of (111)-oriented PZT-based ferroelectric random access memory (FRAM) 

capacitors by PFM have revealed a significant difference in imprint and switching 

behavior between the inner and outer parts of capacitors. The inner regions of the 

capacitors are typically negatively imprinted and consequently tend to switch back after 

being poled by a positive bias, while regions at the edge of the capacitors tend to exhibit 

more symmetric hysteresis behavior. Negative imprint is characterized by a shift in the 

hysteresis loop to positive voltage, which indicates that the preferential direction of the 

normal component of polarization is upward. Unexpectedly, the application of an ac 

switching voltage has resulted in an increase of negatively imprinted regions, suggesting 

that mechanical stress conditions in the central regions of the capacitors can lead to 

incomplete switching.  

Evidence has also been obtained which suggests that mechanical stress (via 

substrate bending) influences imprint and switching properties. PFM imaging and d33-V 

hysteresis loop measurements of individual ferroelectric capacitors before and after the 

application of stress have demonstrated the mechanism of stress-induced changes in 

polarization. Mechanical stress caused elastic switching in capacitors, with the direction 
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of the resulting polarization determined by the sign of the applied stress. In addition, 

capacitors became heavily imprinted after the application of stress, as demonstrated by 

shifted hysteresis loops and nearly complete backswitching after application of a 

switching bias. 

A combination of vertical and lateral piezoresponse force microscopy (VPFM and 

LPFM, respectively) has also been used to map the out-of-plane and in-plane polarization 

distribution, respectively, of (111)-oriented PZT-based capacitors.  While VPFM and 

LPFM have previously been used to determine the orientation of the polarization vector 

in ferroelectric crystals, this is the first time the technique has been applied to thin-film 

ferroelectric capacitors, and as such, is of importance to the characterization and 

application to capacitors used in nonvolatile ferroelectric random access memory.  

Sequential VPFM and LPFM imaging of poled 1x1.5 µm2 capacitors when combined 

with LPFM of the same capacitors after a 90-degree rotation of the sample with respect to 

the scanning direction, allows the visualization of the polarization distribution in the 

poled capacitors and the subsequent reconstruction of the polarization vector of the 

underlying (111)-oriented PZT tetragonal thin film.  Regions larger than the average PZT 

grain size have been found to have the same orientation.  The results obtained are 

discussed in terms of polycrystalline thin films and non-through domains and charged 

domain walls. 

Chapter 7 is composed of 3 papers (two accepted, one submitted for publication).  

The first two papers are presented in Section 7.2, and the third is presented in Section 7.3. 
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7.2 Spatial Inhomogeneity of Imprint and Switching Behavior in 

Ferroelectric Capacitors 

 

7.2.1 Introduction 

Ferroelectric random access memory (FRAM) is considered to have an 

unparalleled combination of high-speed, high-density and nonvolatility which make it an 

attractive memory technology.1 Recently, both Samsung and Toshiba announced 

production of 32Mb FRAM, and a number of companies are working to further increase 

FRAM density.  Some of the challenges being faced in increasing FRAM density are 

intrinsic capacitor-to-capacitor variations resulting from fewer grains per capacitor as the 

lateral and vertical dimensions are scaled down, and reliability issues associated with 

FRAM bit failure mechanisms, such as imprint and fatigue. 

Imprint is the preference of one polarization state over the opposite one, and 

manifests itself as a voltage shift in hysteresis loops.  This voltage shift can cause a write 

or read failure in a FRAM capacitor.  Imprint can also manifest itself as polarization 

reversal, which can lead to a loss of remenant polarization, a phenomenon commonly 

called retention loss.  The macroscopic imprint behavior of ferroelectric capacitors has 

been the subject of numerous studies;2-7 however, there have been few attempts to 

investigate the microscopic imprint behavior of ferroelectric capacitors.  The 

development of a non-destructive, high-resolution scanning probe technique, namely 

PFM, allowed micro- and nanoscale characterization of ferroelectric memory devices to 

become a reality.8-10 
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PFM has been used to characterize domain structure and to observe polarization 

reversal at the nanoscale, thus providing an insight into variability issues for ferroelectric 

capacitors.11-17 PFM has also uncovered a capacitor size effect on ferroelectric 

properties.18-20 These capacitor-to-capacitor variations can be attributed to the 

inhomogeneity of the ferroelectric thin film or to capacitor geometry associated withthin 

film stress or processing conditions.  In this chapter, we present the results of PFM 

characterization of spatial variations in the ferroelectric properties of integrated PZT 

FRAM capacitors with the objective of understanding which factors contribute to the 

switching behavior of ferroelectric capacitors. 

 
7.2.2 Experimental Details 

In this study, 200 nm thick layers of (111)-oriented PZT with Zr/Ti ratio 40/60 

and dopants Ca, Sr and La were sputtered onto a Pt bottom electrode.  1x1.5 µm2 50 nm 

thick IrO2 top electrodes were patterned on the PZT surface by reactive ion etching.  PFM 

imaging was used to image domain patterns and has been described in detail elsewhere.8-

20 In this study, the modulation voltage was applied to the capacitor top electrode via a 

conductive PFM tip, which was also used to detect the piezoelectric response of the 

ferroelectric capacitor. The images revealed the underlying domain structure with a 

lateral resolution of less than 30 nm.  For PFM imaging, the tip was scanned while an 

oscillating tip bias of 0.8 V at 10 kHz was applied. Local hysteresis loop measurements 

were performed by first positioning the PFM tip at various locations on the top electrode 

and then measuring the piezoresponse signal as a function of a dc bias (in the range of -3 

to +3 V) superimposed on a 0.2 V modulation voltage. The effect of mechanical stress on 

imprint and switching properties was studied by inducing compressive and tensile stress 
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in the PZT layer by bending the Si substrate (with a curvature radius, R of about 30 cm) 

using a homemade apparatus. 

 
7.2.3 Results and Discussion 

In Figures 7.1(a) and (b), PFM amplitude and phase images of an array of as-

grown 1x1.5 µm2 capacitors are shown. Regions in the phase image (Figure 7.1(b)) that 

have dark contrast represent domains with the normal component of the polarization 

oriented upward (“negative” domains), while bright regions represent domains with the 

polarization oriented downward (“positive” domains). From the amplitude image (Figure 

7.1(a)), we deduce that domains of both polarities extend from the bottom to the top 

interface in most of the capacitors, since the amplitude contrast is the same across domain 

boundaries (dark lines in the amplitude image). Had the PFM magnitude varied across 

domain boundaries, it would be an indication of non-through domains or surface 

contamination.  Regions with non-through domains would have phase contrast consistent 

with the larger volume domain, however, the piezoelectric oscillation of the two domains 

would be out of phase, thus reducing the piezoelectric response of the domain as 

compared to the response of a through domain. Moreover, there does not appear to be an 

initial preference in as-processed capacitors, as indicated by the polarization distribution 

in Figure 7.1(b).  A preference in polarization would be an indication of imprint and 

manifest itself as a shift in hysteresis loops. An asymmetry in the polarization 

distributions of poled capacitors, however, is demonstrated in Figures 7.1(c) and (d), 

PFM images that include two capacitors poled by applying voltage pulses of the same 

amplitude and duration (5 V, 3s) but of opposite polarity. The capacitor poled by –5 V 

exhibits uniform phase and amplitude contrast, which indicates complete switching to a 
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stable negative polarization state. On the other hand, the capacitor poled by +5 V exhibits 

non-uniform contrast, suggesting incomplete switching or back-switching (e.g. regions 

that may have switched back to the original polarization state after the voltage was turned 

off).  This asymmetry in switching behavior indicates that the inner regions of the 

capacitor are negatively imprinted because they have a preference for the negative 

polarization state.  Consequently, a noticeable voltage shift in the hysteresis loop would 

be expected for measurements performed on this region. In support of this assumption, 

inner regions of the capacitors that remained dark after the application of +5 V, exhibit 

asymmetric loops that are shifted toward positive voltages and have suppressed positive 

switchable polarization (Figure 7.2(a)). Therefore, PFM imaging and hysteresis loop 

results suggest strong negative imprint in the inner regions of these ferroelectric 

capacitors. Outer regions of the capacitors that appeared to be easily switchable in PFM 

images tend to exhibit symmetric hysteresis behavior as shown in Figure 7.2(b). 

As discussed in Chapter 2, imprint can be explained by the formation of an 

internal field of screening charge that stabilizes the existing polarization state.21 The 

depolarizing field in a ferroelectric (that exists as a result of the abrupt change in 

spontaneous polarization near an interface) is minimized by the accumulation of charges 

on electrodes and the redistribution of electronic charges in the interior of the film. This 

screening (space) charge becomes trapped near the film/electrode interface and stabilizes 

the existing polarization state.  The space charge field can cause spontaneous back-

switching and can also lead to asymmetric hysteresis behavior if a capacitor is poled in 

one direction and to symmetric hysteresis behavior if a capacitor is randomly split into 

opposite domains. 
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Typically, imprinted capacitors can be rejuvenated by ac training (i.e. the 

application of an ac voltage with amplitude higher than the coercive voltage for typically 

<105 cycles). This ac training should lead to the relaxation of space charges through 

repeated polarization reversal in the capacitor, resulting in a decreased coercive voltage, 

more symmetric hysteresis loops, increased switchable polarization, more effective 

poling and improved retention.  

In order to explore the effect of ac training on imprint behavior, four FRAM 

capacitors were ac trained (4 Vrms, 500Hz) for five minutes and then poled by the 

application of 5 V for 3 seconds to each capacitor.  In addition, four other capacitors were 

poled by the same conditions without ac training.  We present results of capacitors that 

were ac trained and poled in Figure 7.3(b). These capacitors have larger regions of dark 

contrast after poling by 5 V, which is an indication of negative imprint.  The ac training 

appears to result in even less effective poling when compared to the four capacitors that 

were poled without prior ac training.  Note also that some regions exhibit bright phase 

contrast (Figure 7.3(b)) and gray amplitude contrast (Figure 7.3(a)) after poling by 5 V. 

This could be due to the presence of non-through domains with a larger positive domain-

volume, and could arise as a result of incomplete switching across the thickness of the 

PZT layer and the presence of residual negative domains, most likely at the bottom 

electrode interface. 

In Chapter 6, we discussed the presence of pinned (non-switchable) domains in 

ferroelectric thin films. In order to determine if the dark contrast regions in Figure 7.3(b) 

are due to pinned domains or are a result of back-switching, PFM imaging was performed 

with a dc bias of 3 V.  As shown in Figure 7.4, this results in uniform phase and 
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amplitude contrast in all capacitors, indicating complete polarization reversal. Subsequent 

PFM imaging without a dc bias, however, revealed a domain pattern that more resembled 

the as-processed domain pattern, indicating that the dark regions in the positively poled 

capacitors of Figure 7.3(b) are formed as a result of back-switching, a further indication 

of negative imprint in the inner regions of the capacitors. 

 It is possible that the ac voltage used for ac training is insufficient to induce 

complete polarization reversal in negatively polarized states which may explain why ac 

training does not improve the poling efficiency of these ferroelectric capacitors.  In these 

imprinted regions, incomplete switching could reinforce the existing negative 

polarization state due to the injection and entrapment of electronic charges, which would 

increase the space charge field.  Thus, application of a non-switching ac voltage would 

further imprint the negative polarization state.  This would also occur for the case of 

complete switching in both directions with different switching times, i.e. if the switching 

time to a negative state was much shorter than to a positive state.22,23  The capacitor 

would then be in the negative polarization state for a longer time than the positive state 

and lead to stronger negative imprint. 

We also observed a spatial inhomogeneity of the switching and imprint behavior; 

the inner region of a capacitor tends to be negatively imprinted, while the outer region 

does not show strong imprint. Recently, Stolichnov et al.20 reported an anomaly in the 

polarization distribution of 2x3 µm2 (111)-oriented PZT capacitors. They observed a 

tendency of the inner region of the capacitors to switch to the direction opposite to the 

direction of the applied field when the field is turned off. They explained this effect in 

terms of a strain-induced phase transition, indicating a relationship between mechanical 
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stress and imprint behavior.  The size of the 1x1.5 µm2 capacitors studied in this chapter 

is in between the 2x3 µm2 capacitors, where anomalous polarization switching was 

reported, and the 0.5x0.5 µm2 capacitors, where no polarization inversion was 

observed.20 

Thus, the apparent difference between the switching patterns observed in our 

study and by Stolichnov et al. can be attributed to a capacitor size effect on polarization 

distribution.  We suggest that the misfit strain in the 1x1.5 µm2 capacitors may not be 

sufficient to induce polarization reversal in the central regions. From Stolichnov et al.20 it 

can be assumed that the central regions of our PZT capacitors are under tensile stress, 

which could result in a phase transition from tetragonal to rhombohedral phase.24 

Recently, Kelman et al.25 observed this effect and reported that the rhombohedral phase is 

characterized by a higher coercive field compared to the tetragonal phase. If the applied 

ac switching voltage was less than the increased coercive field, polarization reversal will 

not occur. Therefore, tensile stress may have caused incomplete switching in the central 

regions of the capacitors if the ac switching voltage used for ac training was less than this 

increased coercive field. 

As these results indicate, mechanical stresses have a profound effect on the piezo- 

and ferroelectric behavior of PZT thin films. This is no surprise. In fact, the formation of 

multiple domains in epitaxial thin films results from the misfit strain between a substrate 

and a thin film.26,27 Misfit strain could also lead to the presence of ferroelectric phases in 

thin films which are forbidden in bulk samples.24 Furthermore, it has been suggested that 

mechanical clamping of non-180º domain walls by a substrate could account for the 

difference between the piezoelectric properties of thin films and bulk ceramics.28,29 In 
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tetragonal PZT films, it has been demonstrated that ferroelastic switching (via the the 90º 

rotation of a polarization vector) can be generated by external stress.30 Hysteresis loop 

behavior has also been found to depend on external stress conditions.31,32  In addition, 

changes in internal stress have been used to explain the effect the size of nanoscale 

ferroelectric structures has on piezoelectric response.33 This size effect has also been 

explained by a reduction in the number of a-domains due to less thermal mismatch stress 

in nanoscale capacitors.34 In this work, the effect of mechanical stress on imprint and 

switching properties was studied by inducing compressive and tensile stress in the PZT 

layer by bending the Si substrate (with a curvature radius, R of about 30 cm). 

PFM imaging and loop measurements of PZT capacitors were performed before 

and after the application of stress (via substrate bending). The total stress has been 

estimated as  

 
1.0

2
≅≅≅

R
hccUσ  GPa, (7.1)

where c is the elastic constant of PZT, U is uniaxial in-plane strain and h is the substrate 

thickness. This stress is sufficient to produce a noticeable domain rearrangement and has 

been well-documented in bulk PZT.35 The effect of this applied stress should be 

comparable to the effect of an applied electric field,  

 Eeq = σUs / Ps ≅100 kV/cm (7.2)

(Us ≈ 0.03 and Ps ≈ 0.3 C/m2  are typical values of the spontaneous strain and 

polarization in PZT films), which is on the order of the coercive field of PZT thin films. 

In Figures 7.5(a) and (b), PFM amplitude and phase images of an array of as-

processed 1x1.5 µm2 capacitors are shown. The phase image (Figure 7.5(b)) shows the 

presence of both negative and positive domains. As before, we deduce that domains of 
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both polarities extend from the bottom to the top interface in most of the capacitors, and 

that there is no initial polarization preference. PFM images after the application of stress 

(Figures 7.5 (d-i)), demonstrate a strong effect of mechanical stress on the domain 

structure and switching behavior of PZT capacitors.  

After the application of tensile stress by substrate bending, all capacitors switch 

into a single-domain negative polarization state and become negatively imprinted (as 

indicated by the voltage shift of the hysteresis loop in Figures 7.5 (d-f).  In addition, the 

application of a positive poling voltage (up to 7 V) did not produce stable positive 

polarization as capacitors back-switched shortly after the bias was removed. Interestingly, 

no noticeable imprint has been observed as a result of electric-field poling. 

On the other hand, the application of compressive stress resulted in complete 

switching into the positive polarization state and negative voltage shifts in hysteresis 

loops of capacitors, indicating strong positive imprint in all capacitors (Figures 7.5 (g-i)). 

In general, stress-induced single-domain polarization states were unstable and 

back-switched over the course of several hours to several days. Moreover, there were 

significant variations in relaxation patterns as a function of capacitor location in the array, 

suggesting an inhomogeneous distribution of elastic fields and a possible mechanical 

coupling between neighboring capacitors (Figure 7.6) or non-uniformly applied external 

stress. 

The results demonstrate that the substrate bending generates a strain gradient 

across the film thickness, which creates a preference for a certain polarization state and 

results in polarization switching in the capacitors.  The results suggest that the observed 

stress-induced poling can be attributed to the flexoelectric effect. The flexoelectric effect 
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is a linear polarization response to a strain gradient (in materials of any symmetry), which 

is described by a fourth-rank tensor.36,37  In our case, the strain gradient is normal to the 

film plane and equals 

 ∂U
∂z

= ±
1
R

 (7.3)

(the sign depends on the direction of substrate bending). The normal component of the 

strain-induced polarization can be written in a scalar form as  

 P = f
∂U
∂z

, (7.4)

where f is the corresponding component of the flexoelectric coefficient and z is the 

coordinate along the axis of the film thickness. An order-of-magnitude estimate of the 

flexoelectric coefficient, , can be obtained from: f

 
a
ef

π
ε

4
= , (7.5)

where ε  is a relative dielectric permittivity, e is the charge of an electron and 

 is the lattice constant of the material. a ≈ 4 ⋅ 10 m10−

To understand the effect of substrate bending on switching, we estimate the 

effective electric field equivalent of the strain gradient to be 

 Eeff =
f

εε0

∂U
∂z

=
e

4πε0 a
1
R

≈10 V/m, (7.6)

which is too small to cause switching. However, the above consideration takes into 

account only the lattice contribution to the flexoelectric effect; we should also include 

domain-related contributions, which are significant in the case of polydomain PZT 

capacitors. For example, Ma and Cross38 reported a flexoelectric dependence similar to 

Equation 7.5 in lead magnesium niobate ceramics, while Zheludev et al.39 reported a 
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flexoelectric coefficient three orders of magnitude larger than our estimation as a result of 

domain-related contributions. 

As noted above, stress-induced poling results in stronger imprint than electric 

field poling.  This could be explained by a change in the in-plane polarization component 

of the (111) tetragonal PZT film following stress-induced poling, which could produce a 

depolarizing field. The depolarizing field would be compensated by the accumulation and 

entrapment of free carriers, which would lead to polarization imprint. For electric field 

induced switching, the electrodes provide effective screening, which results in less 

pronounced imprint. 

 
7.2.4 Summary 

In summary, PFM mapping of polarization distribution as well as local d33-V loop 

measurements of integrated (111)-oriented PZT capacitors revealed significant spatial 

variations in imprint and switching behavior and allowed the effect of mechanical stress 

on the polarization state to be assessed directly. The results obtained suggest the spatial 

variations are a result of a complex combination of mechanical stress and electrical field 

effects. The contribution of each effect may vary significantly not only with the change in 

capacitor size but also with the change in the processing conditions. It has also been 

demonstrated that mechanical stress, generated by substrate bending, can lead to 

polarization switching of ferroelectric capacitors with the sign of the applied stress 

determining the resulting polarization direction. This behavior is consistent with the 

flexoelectric effect. When the stress is removed, the resulting polarization state is 

strongly imprinted and the relaxation of the single-domain patterns is determined by the 

internal electric field and residual mechanical stress distribution. The observed strain-
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gradient induced poling is too strong to be attributed to just the lattice contribution to the 

flexoelectric effect. It is suggested that the observed phenomenon is associated with the 

domain-related contribution to this effect. 

 

7.3 3-Dimensional High-Resolution Reconstruction of Polarization in 

Ferroelectric Capacitors by Piezoresponse Force Microscopy 

 

7.3.1 Abstract 

A combination of vertical and lateral piezoresponse force microscopy (VPFM and 

LPFM, respectively) has been used to map the out-of-plane and in-plane polarization 

distribution, respectively, of (111)-oriented Pb(Zr,Ti)O3-based (PZT) ferroelectric 

capacitors.  While VPFM and LPFM have previously been used to determine the 

orientation of the polarization vector in ferroelectric crystals and thin films, this is the 

first time the technique has been applied to determine the 3-dimensional polarization 

distribution in thin-film capacitors, and as such, is of importance to the implementation of 

nonvolatile ferroelectric random access memory (FRAM). Sequential VPFM and LPFM 

imaging have been performed in poled 1x1.5-µm2 PZT capacitors. Subsequent 

quantitative analysis of the obtained piezoresponse images allowed the 3-dimensional 

reconstruction of the domain arrangement in the PZT layers of the capacitors. It has been 

found that the poled capacitors, which appear as uniformly polarized in VPFM, are in fact 

in a polydomain state as is detected by LPFM and contain 90º domain walls. Despite the 

polycrystallinity of the PZT layer, regions larger than the average PZT grain size are 

found to have the same polarization orientation. This technique has potential for 
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clarifying the switching behavior and imprint mechanism in micro- and nanoscale 

ferroelectric capacitors. 

 

7.3.2 Introduction 

Ferroelectric random access memory (FRAM) is considered to be faster and more 

durable than existing memory technologies and has been the subject of intense 

investigation.1 FRAM density has increased over the past several years, and recently, 

several companies have announced production FRAM chips in the Mb range.  However, 

in order to compete with existing memory technologies, FRAM density must continue to 

increase. One of the challenges faced in increasing FRAM density is intrinsic capacitor-

to-capacitor variations resulting from fewer grains per capacitor as the lateral and vertical 

dimensions are scaled down. In addition, reliability issues associated with FRAM bit 

failure mechanisms, such as imprint and fatigue are a concern.  

With the development of piezoresponse force microscopy (PFM)8,12,17,40,41 it has 

become possible to perform direct, non-destructive, high-resolution investigations of the 

switching behavior of thin films and ferroelectric capacitors in the nanoscale regime, and 

as such, made PFM an indispensable tool for characterization of high-density FRAM 

capacitors. PFM has been used to map domain structure and to gain insight into 

variability issues for ferroelectric capacitors. Typically the spatial variations in switching 

properties at the nanoscale may be attributed to inhomogeneity of the polycrystalline 

ferroelectric thin film. In addition, the role of mechanical stress in the spatial 

inhomogeneity of imprint and switching behavior in FRAM capacitors has been recently 

emphasized.19,20,42-44 It has been suggested that mechanical boundary conditions, which 
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vary with capacitor size, may create preferential conditions for certain directions of 

spontaneous polarization, thus resulting in imprint.20 To understand a nanoscale 

mechanism of imprint in polycrystalline films, it is necessary to be able to reconstruct the 

domain arrangement at the sub-grain level. Detection of only the normal component of 

polarization vector as is usually done in PFM is not sufficient to accomplish this task. 

Therefore, it becomes imperative to measure both the vertical and the lateral components 

of polarization. In this study, we undertake a 3-dimensional high-resolution 

reconstruction of the polarization vectors in (111)-oriented Pb(Zr,Ti)O3 ferroelectric 

capacitors by detecting the in-plane and out-of-plane polarization components using 

PFM. 

 

7.3.3 Experimental Details 

In this study, 200 nm thick layers of (111)-oriented PZT with Zr/Ti ratio 40/60 

and dopants Ca, Sr and La were sputtered onto a Pt bottom electrode. Transmission 

electron microscopy revealed a columnar grain structure with an average grain size of 

approximately 200 nm. Reactive ion etching has been used to fabricate 1x1.5 µm2 

capacitors with 50 nm thick IrO2 top electrodes on the PZT surface. Vertical PFM 

(VPFM) and lateral PFM (LPFM) imaging methods, used to detect out-of-plane and in-

plane polarization components, respectively, have been described in detail elsewhere.5-

7,11-18 The modulation voltage (typically 0.6 Vrms at 10 kHz) was applied to the top 

electrode of the capacitor using a conductive PFM tip, which was also used to detect the 

piezoelectric response of the capacitor.  Commercially available Pt coated Si rectangular 

cantilevers (1.0-2.6 N/m force constant) have been used in this study. 
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In PFM, an ac voltage is applied between the probing tip and the sample, which 

deforms due to the converse piezoelectric effect. This deformation is sensed by the 

cantilever. The perpendicular cantilever displacement is associated with out-of plane 

polarization (VPFM), while the lateral displacement is related to in-plane polarization 

(LPFM). In LPFM, a 10 kHz component of the lateral (or friction) force signal is 

measured by a lock-in amplifier just as a 10 kHz component of the A-B signal is 

measured in VPFM. LPFM works by detecting piezoelectric shear deformations that 

result from any in-plane polarization component.45-50 The shear deformation leads to the 

torsional displacement of the cantilever at the modulation frequency due to the frictional 

force. For in-plane polarization, the amplitude and the phase of this displacement are 

linked to the polarization magnitude and direction, respectively, via the d15 piezoelectric 

coefficient. Note that the tip does not have to raster in order to measure the LPFM signal 

(only a modulation voltage need be applied), unlike a friction force signal, which can be 

measured only if the tip is scanning.  

In VPFM, the piezoresponse signal is always measured along a direction normal 

to the plane of the film. If the polarization vector of a ferroelectric domain is also normal 

to the plane of the film, the detected signal is proportional to the d33 coefficient only, 

which can be accurately measured.5 However, if, there is an angle between normal to the 

film plane and the polarization vector, the measured piezoelectric coefficient dzz (the 

constant measured along the direction normal to the surface) is not equal to d33 nor is it 

proportional to spontaneous polarization.51-55 This is especially a concern when dealing 

with polycrystalline ferroelectric thin films with randomly oriented grains or with 

polarization fixed at an angle from the direction normal to the surface.  
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For tetragonal thin films, the measured piezoelectric constant dzz is given by 

  
( ) ( ) θθθθ 3

33
2

1531 coscossin dddd zz ++= , 
(7.7)

where θ is the angle between the measurement direction and the [001] crystallographic 

axis.55 An important consequence of this result is that the measured piezoresponse (both 

in LPFM and VPFM) will depend on d33, d31 and d15 piezoelectric coefficients. Detailed 

quantitative analysis of a detected PFM signal in a ferroelectric with an arbitrary 

orientation of polarization has been given in Ref. 55. Here, we discuss the relationship 

between LPFM and VPFM signals and polarization in (111)-oriented tetragonal PZT film 

capacitors. 

In Figure 7.7(a), a 3-dimensional plot of the piezoelectric surface for a tetragonal 

PZT film with a Zr/Ti ratio of 40/60 is shown. Calculations have been made using the 

following thin film values for the piezoelectric coefficients: d31=-58.9pm/V, 

d15=169pm/V d33=162pm/V.56 Figure 7.7(b) shows a cross-section of this plot by the 

(010) plane for the particular case of a (111)-oriented film. Note that the angle between 

the dzz measurement direction in VPFM (which coincides with the [111] direction) and 

the [001] axis is fixed. It can be also seen that with regards to VPFM, there are two 

possible components of polarization that can be detected. 

On the other hand, in LPFM, the measurement direction is in the film plane. 

Therefore, the LPFM components can be found from the projection of the piezoelectric 

surface onto the x-y plane. In the tetragonal PZT unit cell there are 6 possible orientations 

of the polarization vector (3 upward and 3 downward along the pseudocubic principal 

crystallographic). Since these polarization directions are ~ 46º away from the plane of a 

(111)-oriented tetragonal PZT film with a Zr/Ti ratio of 40/60, all 6 possible orientations 
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can be distinguished by LPFM.57 The inset in Figure 7.7(b) shows the projections of the 

piezoelectric surfaces for each of the pseudocubic principal crystallographic axes onto the 

x-y plane for (111)-oriented tetragonal PZT. For the case of a poled capacitor with 

domains that extend from the bottom electrode to the top electrode (through domains), 

the interpretation of LPFM data becomes more direct, since there are only 3 possible 

orientations of in-plane polarization, each separated by 120º.  

Generally, the scanning direction makes an arbitrary angle with the projections of 

the crystallographic axes onto the x-y plane. To obtain complete information on the in-

plane orientation of the polarization vector in a given capacitor, its LPFM images have 

been recorded twice. First, with the sample mounted in a known orientation, and then 

with the sample physically rotated by 90º around film normal. Note that the cantilever 

will only detect a shear strain for domains with an x-y projection of the polarization 

component along the scanning direction. If the x-y projection crosses both the x-axis and 

the y-axis, then there will be a component of detectible shear strain for both a 

measurement along the x-axis and for a scan of the same area after a 90º rotation of the 

sample. By comparing the amplitudes of the LPFM response for images obtained in two 

orthogonal sample orientations, it is possible to determine the orientation of the in-plane 

polarization and the angle between regions with opposite phase contrast. For example, if 

a region has bright LPFM phase contrast, maximum bright LPFM amplitude contrast, and 

dark LPFM amplitude contrast for an orthogonal sample orientation, the in-plane 

component of polarization is parallel to the initial measurement direction. Similarly, a 

region that has bright LPFM phase contrast and equal LPFM amplitude contrast for two 

orthogonal sample orientations, would have the in-plane component of polarization that is 
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exactly between the two measurement directions. Thus, with a combination of VPFM and 

LPFM it is possible to perform a 3-dimensional reconstruction of the polarization vector. 

 

7.3.4 Results and Discussion 

In order to understand the spatial variation of domain orientation in ferroelectric 

capacitors, the domain structure of the underlying PZT thin film first has been 

investigated. Figures 7.8(a) and 7.8(b) show LPFM amplitude and phase images, 

respectively, of the same 1×1 µm2 area. The corresponding surface topography is shown 

in Figure 7.8(c), from which the average grain size can be calculated to be 200 nm. 

Regions in the LPFM phase image (Figure 7.8(b)) that have dark contrast, represent 

domains with some in-plane component of polarization oriented to the right, while bright 

regions represent domains with some in-plane component of polarization oriented to the 

left.  Note that while some grains have regions with different LPFM phase contrast, 

larger-than-grain-size regions of uniform polarization orientation are present in PZT thin 

films. It should be noted, however, that x-ray diffraction did not reveal any in-plane 

ordering of the blanket PZT film, nor did a fast Fourier transform of the topography 

image reveal 3-fold symmetry, which would have been an indication of a substrate effect 

on the crystallographic in-plane ordering. 

Figures 7.9(a, b, c) and 7.9(d, e, f) show topography and LPFM amplitude and 

phase images, respectively, of the same 2×2-µm2 area before and after the central 

1.5×1.5-µm2 area has been poled by the application of +8V while the tip was rastered at 1 

Hz.  Analysis of Figure 7.9(c) reveals that roughly 77% of the area is gray and has some 

component of polarization to the left. From Figure 7.9(f), LPFM phase appears to have 
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some dependence on scanning direction, and this does not appear to be the result of a 

scanning artifact, nor does it depend on tip shape. It has been found that an LPFM image 

appears the same whether the fast scanning direction is in the x- or y-direction. Note that 

the phase contrast does not appear to be a result of an electrostatic tip sample interaction 

either since images remain unchanged when imaged while applying a small dc bias of 

either polarity.  When imaged while applying a switching bias, LPFM was dominated by 

capacitance. Analysis of Figure 7.9(f) reveals that roughly 54% of the area is gray and 

has some component of polarization to the left, indicating that some of the polarization 

has been reversed from having a component of polarization to the left to having a 

component of polarization to the right following the application of a positive bias to the 

tip. Figures 7.9(g, h, i) show topography and LPFM amplitude and phase images, 

respectively, of the same 2×2-µm2 area after the central 1.5×1.5-µm2 area has been poled 

by the application of -8V.   Analysis of Figure 7.9(i) reveals that following the 

application of an opposite bias, roughly 71% of the area is gray with some component of 

polarization to the left, indicating that some of the polarization which had been reversed 

has switched back following the application of a negative bias to the tip. 

After PFM examination of the bare PZT surface, PFM analysis of the capacitor 

structures has been performed. In Figures 7.10(a, d) VPFM amplitude and phase images 

are shown for a negatively poled 1×1.5 µm2 capacitor (poling has been carried out by 

applying a –5 V, 3 s voltage pulse to the top electrode). Dark contrast in the VPFM phase 

image (Figure 7.10(d)) represents a negative domain (with the out-of-plane component of 

polarization oriented upward). Figures 7.10(b, e) show LPFM amplitude and phase 

images, respectively, of the same capacitor. Figures 7.10(c, f) show LPFM amplitude and 
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phase images, respectively, after a counter-clockwise rotation of 90º of the same 

capacitor with respect to the measurement direction. It is interesting to note that even 

though the capacitor appears to be in a single domain state as is indicated by uniform out-

of-plane polarization (Figure 7.10(d)), it does not have uniform in-plane polarization, and 

LPFM reveals a complex domain structure. In other words, even after poling, the 

capacitor is in a polydomain state, which may impact its switching behavior. It should be 

noted that the topography has little influence on LPFM imaging therefore this does not 

appear to be an artifact related to scanning direction. 

Figure 7.11(a) shows a polarization distribution map for the capacitor in Figure 

7.10 with regions of uniform polarization outlined. It was generated by overlaying LPFM 

phase images for two orthogonal orientations of the sample. The direction of the arrows 

in Figure 7.11(a) were determined based on both amplitude and phase LPFM images. If, 

for example, a region has dark contrast in both LPFM phase images (Figures 7.10(e) and 

7.10(f)), then the arrow (and hence the direction of the in-plane component of the 

spontaneous polarization) is determined to be down and to the right in the reconstructed 

polarization map (Figure 7.11(a)). However, if the LPFM magnitude (brighter contrast in 

Figures 7.10(b) and 3(c)) is larger for one of the LPFM amplitude images, then the LPFM 

phase for that region is weighted more in determining the orientation of the region. 

Following this procedure, the polarization map presented in Figure 7.11(a) was obtained. 

Figure 7.11(b) presents the corresponding x-y projection of the piezoelectric surfaces for 

the negative out-of-plane polarization. Note that each arrow in Figure 7.11(a) 

corresponds to one of the lobes of the piezoresponse surface projection in Figure 7.11(b). 

In general, an arbitrary angle may be expected between the in-plane polarization direction 
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for adjacent grains in a polycrystalline thin film. Consequently our results suggest that 

even though the film is polycrystalline, the capacitor behaves as if it were single-

crystalline. In Figure 7.11(a) there is a region denoted by “x” which does not have one of 

the three possible orientations of polarization. However, this region is also marked by a 

reduced piezoresponse amplitude, suggesting the presence of non-through domains. 

Therefore, the polarization direction cannot be reliably determined. 

Domain walls are classified as two types: those with antiparallel polarizations on 

either side of the wall (180º domain walls), and those separating domains with orthogonal 

polarization vectors (90º domain walls). In PFM 90º domain walls can be identified as 

adjacent domains with opposite LPFM and uniform VPFM phase contrasts. These types 

of domain walls are illustrated by the solid lines in Figure 7.11(a). In Figure 7.12, VPFM 

and LPFM amplitude and phase images are presented for another ferroelectric capacitor 

with nonuniform out-of-plane polarization. Ideally, it should be possible to determine if 

180º domain walls are present near the region denoted “y” in Figure 7.12(d). The 

presence of non-through domains, however, as revealed by reduced VPFM amplitude in 

Figure 7.12(a), makes distinguishing between 90º and 180º domain walls challenging. 

Unfortunately, due to the presence of the top electrode, it is impossible to determine if the 

90º or potentially 180º domain walls coincide with the grain boundaries or run through 

the grain interior. 

In our previous study [43], we found that inner regions of the capacitors are 

negatively imprinted and tend to switch back after being poled by a positive bias, while 

regions at the edge of the capacitors tend to exhibit more symmetric hysteresis 

behavior.43 However, as is evident in the VPFM amplitude images of the negatively 
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poled capacitors (Figures 7.10(a) and 7.12(a)), there appears to be domain boundaries 

running along the edges of the capacitors at a distance of less than 100 nm from the edge. 

These boundaries separate the edge regions with positive out-of-plane polarization from 

the capacitor interior with negative polarization. Although local piezoresponse loop 

measurements indicated that these along-the-edge regions were switchable [43], they 

could not be completely erased by application of an external negative bias, as 

spontaneous back-switching likely occurs after the voltage bias is removed. Trapped 

charges could lead to the existence of charged domain walls in the interior of the 

capacitors, which would contribute to their imprint behavior. 

It is proposed that switching mechanics and imprint can be investigated by 

reconstruction of the polarization vector before and after the application of a switching 

voltage. This technique has the potential for clarifying the capacitor size effect on imprint 

and switching in ferroelectric capacitors. In Figures 7.13(a, d) VPFM amplitude and 

phase are shown for a negatively poled 1×1.5-µm2 capacitor. Figures 7.13(b, e) show 

LPFM amplitude and phase images, respectively, of the same capacitor, while Figures 

7.13(c, f) show LPFM amplitude and phase images, respectively, of the same capacitor 

after a counter-clockwise rotation of 90º with respect to the measurement direction. 

In Figures 7.14(a, d) VPFM amplitude and phase are shown for the same 

capacitor poled into a positive state. Figures 7.14(b, e) show LPFM amplitude and phase 

images, respectively, of this capacitor, while Figures 7.14(c, f) show LPFM amplitude 

and phase images, respectively, of the same capacitor after a counter-clockwise rotation 

of 90º with respect to the measurement direction. 
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In Figures 7.15(a, b), polarization distribution maps for the capacitors in Figures 

7.13 and 7.14 with regions of uniform polarization outlined are presented for the 

negatively and positively poled capacitors, respectively. Arrows indicate the direction of 

uniformly polarized regions, and Figure 7.15(c) shows the x-y projection of the 

piezoelectric surfaces (Figure 7.15(c)) for both negative (solid lines, black arrows) and 

positive out-of-plane polarization (dashed lines, gray arrows). Unlike Figure 7.11, not 

every arrow corresponds to an x-y projection of the piezoelectric surfaces. The white 

arrow in Figure 7.15(b) corresponds to a domain that does not fit the proposed 

piezoelectric surface cross-sections, implying the underlying PZT is polycrystalline, but 

that regions of uniform crystallinity exist which are larger than the average grain size of 

200 nm. 

As before, 90º domain walls can be identified as adjacent domains with opposite 

LPFM and uniform VPFM phase contrasts. These types of domain walls are present in 

Figures 7.15(a) and (b). Whereas the presence of the top electrode made it difficult to 

distinguish between 90º and 180º domain walls near regions of opposite VPFM phase in 

Figure 7.12(a), in this case, it is possible to determine if there is 180º switching since 

LPFM images have been taken of the capacitor in both polarization states.  For instance, 

in the upper half of the capacitor in Figure 7.15(a, b), the polarization switches from the 

[010] direction to the [0-10] direction.  Similarly, the lower left quadrant of the capacitor 

in Figure 7.15(a, b) is a good example of 90º switching of the polarization vector, in this 

case, from the [010] direction to the [-100] direction.  Analysis of an array of 8 capacitors 

revealed that 90º switching is predominant. 
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7.3.5 Summary 

A combination of VPFM and LPFM revealed the domain orientation of the 

underlying PZT thin film and allowed mapping of the 3-dimensional polarization of 

(111)-oriented 1x1.5-µm2 PZT capacitors. It has been found that the poled capacitors 

were in fact in a polydomain state. Regions larger than the average PZT grain size having 

the same polarization orientation have been measured. A 3-dimensional reconstruction of 

the polarization allowed for the observation of static domain walls and of 180 and 90º 

switching. 
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Figure 7.1 PFM images of eight as-processed PZT capacitors before (a, b) and after (c, d) 

voltage pulses of opposite polarities were applied to two of the capacitors (marked by a 

block). The upper capacitor has been poled by a -5 V, 3 second pulse to the top electrode, 

while the lower one has been poled by a +5 V, 3 second pulse. 
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Figure 7.2 Local piezoelectric hysteresis loops measured in the inner (a) and outer (b) 

parts of a PZT capacitor.  
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Figure 7.3 PFM images illustrating the effect of ac training on imprint behavior. 

Capacitors in the upper row have been trained for 5 minute by an ac voltage (5.6 V peak-

to peak, 1 kHz) and then poled by +5 V, 3 second voltage pulses. For reference, as-

processed capacitors in the bottom row have been also poled by +5 V, 3 second voltage 

pulses. 
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Figure 7.4 PFM images illustrating a back switching effect. (a, b) Conventional (ac 

imaging voltage only) PFM imaging of ac trained capacitors. (c, d) The same capacitors 

imaged with ac/dc bias applied to the tip (dc bias of +3 V). (e, f) The same capacitors 

imaged again using conventional PFM imaging. 
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Figure 7.5 PFM images illustrating a stress effect on polarization and switching behavior 

in PZT capacitors. (a-c) Before stress application: PFM amplitude (a) and phase (b) 

images of as-grown capacitors and a local hysteresis loop (c) measured near the edge of 

one of the capacitors. (d-f) After tensile stress application: PFM amplitude (d) and phase 

(e) images of the same capacitors and a hysteresis loop (f) measured in the same site. (g-

i) After compressive stress application: PFM amplitude (g) and phase (h) images after 

application of compressive stress and a hysteresis loop (f) measured near the edge of one 

of the capacitors. 
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Figure 7.6 PFM  (a, c, e) amplitude and (b, d ,f) phase  images illustrating variations in 

relaxation patterns in FRAM capacitors 10 days after compressive stress was applied. 

Immediately after stress application, the phase images of all capacitors were bright, 

indicating a positive polarization state.  
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Figure 7.7 (a) A three-dimensional plot of the piezoelectric surface for a tetragonal PZT 

film. Z indicates the measurement direction in VPFM. (b) Cross-section of the 

piezoelectric surface by (010) plane for (111)-oriented tetragonal PZT film. Note that an 

angle between the measurement direction and the polarization direction is fixed. Inset in 

(b) is the projections of the piezoelectric surfaces for each of the pseudocubic principal 

crystallographic axes for (111)-oriented tetragonal PZT onto the x-y plane, demonstrating 

there are 6 possible in-plane polarization directions. 
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Figure 7.8 LPFM (a) amplitude and (b) phase of a 1x1µm2 region of a tetragonal (111) 

PZT thin film and the corresponding (c) topography. 
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Figure 7.9 (a) Topography, LPFM (b) amplitude and (c) phase of a 2x2µm2 region of a 

tetragonal (111) PZT thin film.  (d) Topography, LPFM (e) amplitude and (f) phase of the 

same region after the central 1.5x1.5µm2 region has been poled by +8 V.  (g) 

Topography, LPFM (h) amplitude and (i) phase of the same region after the central 

1.5x1.5µm2 region has been poled by -8 V. 
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Figure 7.10 VPFM (a) amplitude and (d) phase of a capacitor in the negative polarization 

state and corresponding LPFM (b) amplitude and (e) phase. LPFM (c) amplitude and (f) 

phase of the same capacitor following a 90º rotation of the sample. Arrows in (e, f) 

indicate the direction of the in-plane component of polarization as deduced by LPFM for 

each sample orientation. 
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Figure 7.11 (a) Reconstruction of the in-plane polarization map of the negatively poled 

(111) PZT ferroelectric capacitor shown in Figure 7.10. (b) Projection of the piezoelectric 

surfaces onto the (111) plane for three possible in-plane polarization directions. 90º 

domain walls are indicated with a solid line in (b) while indeterminate boundaries are 

marked with a dashed line. Due to the presence of the top electrode, it is impossible to 

determine if these domain walls coincide with grain boundaries or run through the grain 

interior. 
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Figure 7.12 VPFM and LPFM images of (a, b) amplitude and (d, e) phase, respectively, 

of a ferroelectric capacitor with nonuniform out-of-plane polarization. LPFM (c) 

amplitude and (f) phase of the same capacitor following a 90º clockwise rotation of the 

sample. The presence of adjacent positive and negative domains in the region marked “y” 

and also along the edge of the capacitor suggests the existence of 180º domain walls. 

However, the possibility of non-through domains makes an exact determination of the 

domain wall type difficult. 
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Figure 7.13 VPFM and LPFM images of (a, b) amplitude and (d, e) phase, respectively, 

of a negatively poled ferroelectric capacitor. LPFM (c) amplitude and (f) phase of the 

same capacitor following a 90º counter clockwise rotation of the sample. 
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Figure 7.14 VPFM and LPFM images of (a, b) amplitude and (d, e) phase, respectively, 

of a positively poled ferroelectric capacitor. LPFM (c) amplitude and (f) phase of the 

same capacitor following a 90º counter clockwise rotation of the sample. 
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Figure 7.15 (a) Reconstruction of the in-plane polarization map of the negatively poled 

(111) PZT ferroelectric capacitor shown in Figure 7.13. (b) Reconstruction of the in-

plane polarization map of the positively poled (111) PZT ferroelectric capacitor shown in 

Figure 7.14. (c) Projection of the piezoelectric surfaces onto the (111) plane for three 

possible in-plane polarization directions. Arrows indicate the direction of uniformly 

polarized regions and correspond to the x-y projection of the piezoelectric surfaces for 

both negative (solid lines, black arrows) and positive out-of-plane polarization (dashed 

lines, gray arrows). The white arrow corresponds to a domain that does not fit the 

proposed piezoelectric surface cross-sections, implying the underlying PZT is most likely 

polycrystalline. 
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8. Summary and Future Work 
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8.1 Summary 

The work presented in this dissertation demonstrates the capabilities of scanning 

probe techniques to investigate the relationship between polarization and materials 

properties in piezoelectric materials. This first required the development (presented in 

Chapter 2) of a mathematical description of piezoelectricity, which, while available 

elsewhere, is rarely presented so as to address both piezoelectric and ferroelectric 

properties.  A detailed discussion of scanning probe techniques and how they can be used 

to gain insight into the piezo- and ferroelectric properties of samples was presented in the 

following chapter. In Chapters 4 and 5, the approaches were employed to characterize III-

Nitride materials. These scanning probe techniques when combined with the quantitative 

approach described by the mathematical description of Chapter 2 made it possible to 

measure the piezoelectric coefficients of III-Nitrides by piezoresponse force microscopy 

(PFM).  The addition of electrostatic and surface potential measurements performed by 

electrostatic force microscopy (EFM) and scanning Kelvin probe microscopy (SKPM) 

established the relationship between surface charge, polarization and piezoresponse. 

Complimentary techniques such as photo-electron emission microscopy (PEEM) 

combined with the scanning probe results provided valuable information about the local 

electronic band structure of a GaN-based lateral polarity heterostructure (GaN-LPH). In 

Chapter 6, PFM was used to study imprint and switching behavior of ferroelectric thin 

films, and in Chapter 7, nanoscale characterization of ferroelectric capacitors was 

performed by PFM.  This dissertation provides a mathematical description of 

piezoelectricity, establishes how the piezoelectric and other polarization related 

properties can be studied by scanning probe based techniques, and explores the nanoscale 
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characterization of specific thin film structures and actual devices, demonstrating the 

realized potential of the techniques presented in Chapter 3 for fundamental investigation 

of physical polarization-related phenomena and also for characterization of 

semiconductor devices on the nanoscale. The results presented are relevant to the 

development of polarization-based devices and will provide the foundation for several 

new projects, which are described now. 

 

8.2 Future Work 

 

8.2.1 III-Nitrides 

While the results presented in Chapters 4 and 5 demonstrate that we can measure 

the electromechanical properties (and hence the polarity) and the surface electronic 

properties of III-nitrides, more quantitative work needs to be completed in this area in 

order to fully understand the role of internal and external screening of the polarization on 

the piezoresponse and the surface band structure.  We propose the work presented in 

Chapter 5 on measuring PFM, EFM and SKPM of the same surface before and after 

cleaning be expanded. It will be necessary to model the tip-sample capacitance in order to 

quantify the charge at the sample surface. This endeavor could be facilitated by means of 

an environmental AFM in which the environmental conditions could be controlled. The 

main challenge to measuring, for example, the surface potential of a surface before and 

after a process that cleans the surface is that it is unknown what happens to a surface after 

cleaning, and how long that surface remains clean. With an environmental AFM, we can 

potentially clean a surface and then control what is adsorbed to it. Note that III-Nitride 
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based heterostructures have been used as sensors to detect adsorbed species and also as 

pH-sensitive field-effect transistors.1 In addition, it would be of interest to repeat the 

experiments of Chapter 5 using an ultra high vacuum AFM (UHV-AFM).  

Another challenge to the measurement of surface charge and surface potential is 

that when scanning in air, a charged tip could attract or repel movable charge and affect 

the surface charge being probed. The use of a UHV-AFM would minimize the effect of 

the charged tip attracting charged species from the air. It may also be of interest to 

explore the relationship between surface charge (as measured by EFM) and temperature 

as a method for controlling surface charge (since the III-Nitrides are pyroelectric). The 

results of Chapter 5 indicate that N-face GaN may be a good material for electron 

emission applications.  Other areas that should be investigated as a follow-up to the work 

presented here are to measure the piezoelectric response of heterostructures and to 

determine the polarity of bulk crystals, which have recently become commercially 

available.  Perhaps the most promising future directions would be to combine III-nitrides 

with ferroelectrics for applications that require a two-dimensional electron gas (2DEG), 

which we now discuss. 

 

8.2.1.1 2DEG 

The high electron mobility transistor (HEMT) was first developed in the early 

1980's and today remains an important heterojunction device for high-speed digital and 

microwave circuits. Information regarding device fabrication specifics can be found 

elsewhere.2-4 
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AlGaN/GaN HEMTs have recently attracted attention for applications in high 

power, high frequency, and high temperature microwave devices.  AlGaN/GaN based 

HEMTs have superior power frequency performance when compared to lower band gap 

semiconductors.  They are also characterized by high breakdown electric field, and high 

thermal conductivity.  A wide band gap leads to low intrinsic carrier concentration, which 

allows for a more precise control of free carrier concentration.  A schematic of an 

AlGaN/GaN HEMT is shown in Figure 8.1.5  It consists of a 0.6µm-thick n-GaN channel 

with a 1000Å thick cap layer of n-type Al.14Ga.86N. 

Group III nitrides have large piezoelectric constants along the (0001) direction 

and the lattice mismatch between AlGaN and GaN also has a strong piezoelectric effect.  

The biaxial strain caused by growing pseudomorphic AlGaN on GaN induces a 

piezoelectric field, which results in a strong interface charge at the HEMT surface. In 

Figure 8.2, a schematic of a modulation doped AlGaN/GaN HEMT and corresponding 

polarization fields is shown.6  The strain resulting from the lattice mismatch manifests 

itself by the creation of a piezoelectric polarization which acts to add an additional source 

of charge at the interface. 

The spontaneous polarization is a result of the inherent piezoelectricity of the 

material whereas the piezoelectric polarization is due to the lattice mismatch.  Since 

AlGaN:Si is a better lattice match to AlGaN than AlGaN is to GaN, the magnitude of the 

piezoelectric polarization is smaller. The magnitude of the 2DEG can be controlled by 

adjusting the Si doping levels for the first interface, and by adjusting the Al content for 

the second interface.  In fact, a 2DEG can be obtained without intentional modulation 

doping at all. For example, an AlInGaN/AlGaN-spacer/GaN-channel heterostructure can 
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be used to obtain a 2DEG from the spontaneous and piezoelectric polarizations alone. 

Moreover, AlInGaN can be completely lattice matched to GaN with 12% Al and 2% In. 

In this scenario, there would be no piezoelectric polarization due to strain.  It has been 

shown that the contribution of the piezoelectric field (or piezoelectric doping as it is 

commonly called) to the 2DEG is roughly 50% of the 2D electrons.7 Spontaneous 

polarization is responsible for the rest of the 2D electrons.  Spontaneous and piezoelectric 

polarization-induced electric fields have been used to achieve a 2DEG at the interface of 

AlGaN/GaN heterostructures with sheet concentrations as high as 2x1013cm-2 in 

unintentionally doped HEMTs.2 Higher 2DEG sheet concentrations can be obtained by 

combining III-nitrides with ferroelectrics, which generally have larger spontaneous 

polarizations. 

The 2DEG density of an AlGaN/GaN HEMT depends on the total polarization of 

the AlGaN.  The surface charge density can be calculated from Equation 8.1. 

 ( ) ( ) ( ){ } ( ) ( ){ } ( ) ( .SPPEPEPEPEPEPESP PPtopPbottomPtopPbottomPPP )σσσ +=−+−=+
 

(8.1)

The total charge density depends on both the spontaneous and piezoelectric polarizations 

of both layers.  For AlGaN/GaN with Ptotal=-0.055 C/m2 for the AlGaN layer and -0.029 

C/m2 for the GaN layer, for example, the charge density (i.e. σ/e) can be calculated to be 

0.026 C/m2, which corresponds to a sheet electron concentration of 1.6x1013 cm-2. Thus, 

by choosing materials with a higher spontaneous polarizations, higher sheet charge 

2DEGs can be generated.  LiNbO3, for instance, which can be grown with a wurtzite 

structure, has a spontaneous polarization of 70-80 µC/cm2 and could generate a sheet 

electron concentration one order of magnitude greater than current AlGaN/GaN HEMT 
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devices. For example, for LiNbO3/GaN with Ptotal=-0.75 C/m2 for the LiNbO3 layer and -

0.029 C/m2 for the GaN layer, the charge density can be calculated to be 0.724 C/m2, 

which corresponds to a sheet electron concentration of 4.5x1014 cm-2. 

Initially, the key technological hurdles would be in sample preparation, as the 

GaN/ferroelectric interface quality would be of tremendous importance. One option is to 

grow GaN on a ferroelectric or to grow a ferroelectric on a GaN substrate. Dr. Dey et al. 

at Arizona State University have been able to deposit 111-oriented PZT (30/70) onto 

hexagonal GaN (0001)/Sapphire substrates and observe a relatively sharp interface.8 On 

the other hand, Doolittle and his group at the Georgia Institute of Technology have been 

able to grow GaN on lithium niobate substrates.  They observed preferential growth of 

Ga-polar GaN on (0001) oriented and poled LiNbO3, and of N-polar GaN on (000-1) 

oriented and poled LiNbO3, presumably due to electrostatic boundary conditions.9 

Another option is to prepare the heterostructures by means of wafer bonding.  

Wafer bonding has been used to bond lithium niobate to lithium niobate10, ferroelectrics 

to Si11,12, GaN to GaN13, and GaN to SiC14, but to our knowledge, no one has reported 

results on GaN to ferroelectric bonding. 

While interesting science, the question arises, “where does ‘nanoscale 

investigation of the piezoelectric properties of III-nitrides’ fit in?”  Obviously, since such 

a device depends on the piezoelectric and ferroelectric properties of its constituents, it is 

advantageous to have a tool that can directly and non-destructively measure these 

polarization related properties.  In addition, it should be noted that regions of opposite 

polarity will act to reduce the 2DEG density and these regions could be identified using 

scanning probe techniques such as PFM, EFM, or SKPM.  SKPM could also be used to 
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probe devices to investigate the role of internal and external screening charge on 

piezoelectric properties and on surface potential measurements. Also, scanning 

capacitance microscopy could be used for nanoscale capacitance-voltage profiling to 

pinpoint the depth of the 2DEG and spatial variations thereof.  One of the more 

interesting scanning probe applications for the fabrication and measurement of HEMTs 

would be to incorporate the switching possibilities of ferroelectrics in order to control 

(via domain-patterning by an AFM tip) the location and dimension of 2DEGs. 

 

8.2.2 Ferroelectrics 

The results presented in Chapters 6 and 7 demonstrate the power of PFM for 

investigation of the imprint and switching behavior of ferroelectrics.  There is yet more 

work to be completed in order to understand imprint and fatigue mechanisms. One 

possible direction of future work to that end is to employ PFM and scanning kelvin probe 

microscopy (SKPM) to perform nanoscale characterization of the spatial variations in 

piezoelectric properties and local potential as a function of PZT thickness.  As discussed 

in Chapter 2 the mechanism of fatigue is thought to involve the inhibition of domain wall 

motion by either electronic or ionic defects, and the theories on polarization fatigue are 

generally based on whether the inhibition occurs in the bulk of the material, at an 

electrode-ferroelectric interface, or in both regions.  By studying the ferroelectric 

properties of a wedge-polished PZT thin film as a function of PZT thickness, we can 

determine the sign and location of the charged defects.  This work is essential to 

understanding the physical fundamentals of ferroelectrics and is discussed in section 

8.2.2.1. Future work should not be limited to characterization, however, and there are 
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several exciting prospects for utilizing the properties of ferroelectrics to form 

nanostructures.  The use of domain-patterned ferroelectrics for selective deposition of 

molecules is discussed in section 8.2.2.2. 

 

8.2.2.1 Nanoscale Characterization of the Spatial Variations in Piezoelectric 

Properties and Local Potential as a Function of PZT Thickness 

PFM and SKPM should be used to perform nanoscale characterization of the 

spatial variations in piezoelectric properties and local potential as a function of PZT 

thickness to gain insight into switching and imprint behavior.  These measurements could 

be performed by fabricating two different types of samples. The first is prepared by 

polishing the cross-section of two PZT/Pt/Si samples that have been glued together, in 

order to expose the entire thickness of the ferroelectric thin film and allow for the direct 

measurement of the piezoelectric properties and the surface potential as a function of 

thickness. A preliminary attempt at fabricating this sample is shown in Figure 8.3(a).  

This technique would be a way to directly probe the surface potential as a function of 

thickness; however, this requires a high resolution AFM scanner and there would be 

some uncertainty as to whether or not the surface of the polished cross-section was 

representative of the bulk. 

The second sample is prepared by polishing a 180nm-thick PZT/Pt/Si at a shallow 

angle, creating a wedge shape, and thus enlarging the cross section area.  Imaging of the 

polarization distribution on the cross section and wedge, and quantitative information 

about polarization as a function of PZT thickness could then be obtained with PFM and 

d33-loop point measurements, respectively, and the local potential distribution could be 
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measured using SKPM.  This technique has already been used to observe negatively 

charged defects and has the potential for observing non-through or pinned domains and 

investigating the mechanism of imprint behavior.15 A preliminary attempt at preparing 

this sample is shown in Figure 8.3(b).  In Figure 8.4(a, b, c), topography, VPFM 

amplitude and phase, respectively, are shown for the wedge sample for a 1x1µm2 scan 

along the boundary between the polished and unpolished surfaces. Polishing damage may 

require the sample to be annealed in order to improve the ferroelectric properties of the 

sample. 

 
8.2.2.2 Domain Patterned Ferroelectrics 

Scanning probe techniques have shown the ability to create patterns with 

nanometer scale resolution.  We use an atomic force microscope to fabricate domain-

patterned ferroelectrics with the intention to use these patterns for nanostructure 

fabrication.  The size of the patterned domain is determined by the lateral and vertical 

distribution of the tip-generated electric field and the interaction of this field with the 

sample. These patterns could be used to facilitate micro- or nano-contact printing, 

molecular self-assembly, etching and selective growth. Domain patterned ferroelectrics 

have the advantage of being reusable and reconfigurable and may prove to be important 

materials for use in micro- or nano-contact printing. We now discuss two applications of 

domain-patterned ferroelectrics: selective deposition and charge transfer. 

 

 

 

 

 252



 
 

8.2.2.1 Selective Deposition 

With selective deposition we can use domain-patterned ferroelectrics as a 

template to preferentially attach molecules.  The substrate would be patterned using an 

AFM, and the interaction between positive or negative domains and the molecule of 

interest would determine whether or not a molecule would selectively adhere to the 

domain. We have undertaken the first proof-of-concept experiments by demonstrating 

that we can selectively adsorb polar molecules from solution onto ferroelectric domains 

of a particular orientation. A ferroelectric thin film (PZT) with positive and negative 

domains written into it using an AFM, was subsequently exposed to a solution of sodium 

dodecyl sulfate (SDS) in tetrahydrofuran solution (millimolar concentration). After removal 

from solution, the film was rinsed and imaged (in non-contact mode) in the AFM. As 

shown in Figure 8.5, it is evident that the SDS was selectively adsorbed onto domains of 

one orientation. Previously, Hu and Bard demonstrated preferential adsorption of SDS on 

charge-regulated SAMs, which allowed them to study the ionic nature of SDS by 

measuring the interaction with an AFM tip.16 The use of domain-patterned ferroelectrics 

for selective deposition should allow a variety of dipolar molecules to be selectively 

deposited, studied, and modified by AFM. 
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We propose to further extend this research by determining whether the substrate 

can be utilized as a reusable stamp in a process which would allow patterned molecules 

to be transferred to a different surface in the exact fashion used in contact printing. 

 

8.2.2.2 Charge Transfer 

Like selective deposition, charge transfer experiments will first require domain-

patterned ferroelectric substrates.  We propose to explore approaches to transfer charge 

from a domain-patterned ferroelectric to an electret material such as 

polymethylmethacrylate (PMMA) by bringing the two materials into intimate contact. 

This would require that both surfaces are flat and smooth and that at least one of the 

surfaces is compliant.  We propose the source of the transferred charge to be bulk 

electrons, which are near the sample surface to compensate for the positive polarization 

bound charge. Heating the sample should lead to a change of spontaneous polarization 

and to the generation of uncompensated surface charges. In other words, as the sample is 

heated, the polarization is reduced, releasing some internal screening charge in the form 

of pyroelectric emission. The transfer of charge from the ferroelectric to the electret could 

then be facilitated by the application of a voltage.  Ideally, the ferroelectric material could 

be used multiple times for charge transfer.  Of interest will be to investigate how 

effectively charge from the ferroelectric surface can be transferred to PMMA and to 

understand what factors contribute to the density of charge transfer. 

If successful, we could use ferroelectrics as a reusable stamp to pattern charge 

into electret samples, which could then be used for selective deposition of molecules. 
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Figure 8.1 Top view and cross sectional view of AlGaN/GaN HEMT. 
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Figure 8.2  AlGaN/GaN HEMT structure with corresponding polarization fields.   

(Ga-faced crystal is assumed.) 
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Figure 8.3 (a) A polished cross section of two PZT samples sandwiched with epoxy and 

(b) a PZT sample polished at a low angle to create a wedge sample. 
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Figure 8.4 (a) Topography, (b) VPFM amplitude and (c) phase of the wedge sample near 

the polished edge. 
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Figure 8.5 AFM of SDS molecules selectively adsorbed onto negative domains of 

domain-patterned PZT thin film. 
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Appendix 

Tip-Generated Electric Field Distribution 
 

The electric field for a point charge (or spherical tip) near a dielectric surface is 

given by 
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E t
z , (A.1) 

where Qt is the charge on the tip, z is the tip-sample separation, r is the radial distance 

from the tip and σ is the surface charge of the dielectric.  The charge on the tip is equal to 

 CVQt = , (A.2) 

where V is the voltage on the tip and C is the tip-sample capacitance, which can be 

approximated as 

 BzRAeC 04πε= , (A.3) 

where A and B are fitting constants and R is the radius of the tip apex. Substituting A.2 

and A.3 into A.1, 
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is the electric field due to a spherical tip. 

 Using Equation A.4 it is possible to calculate the electric field distribution near a 

dielectric surface as a result of a charged tip.  For piezoresponse force microscopy 

(PFM), the tip-sample separation is 1 nm.  With V = 14 V, A = 2.51, B = 0.0654, R = 20 

nm, z = 1 nm and σ = -0.034 C/m2, the electric field is determined to drop off 
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significantly at a radius of  ~ 1 nm.  For electrostatic force microscopy (EFM) and 

scanning Kelvin probe microscopy (SKPM), the tip-sample separation can vary from ~ 

10 – 100 nm. For a typical EFM/SKPM tip-sample separation of 70 nm, the electric field 

is found to have a larger interaction area; the field drops off significantly at a radius of 

~100 nm.  In Chapter 5, the interaction area was estimated to have a radius of 40 nm; 

however, the interaction area is probably larger than that given the calculations presented 

here. 
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