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In the last decades, nanotechnology has built great expectations because of its unique ca-

pabilities in engineering materials with tailored properties. Exhibiting enhanced physical and

chemical properties at length scale on the order of 1–10 nm, nanostructured materials have

contributed more than ever, ranging from energy generation, storage, and conversion with

applications in lithium ion battery electrodes, solid oxide fuel cell electrodes, thermoelectric

heat recovery, and perovoskite solar cells. Recent findings suggest that the composition,

structure, and properties of multifunctional materials are governed at nanoscale and are

substantially different than of the bulk properties. While the chemical and phase composi-

tion of these materials can be mapped with atomic and sub-atomic resolution, the structural

mappings do not provide significant information on nanoscale physical properties. Indeed,

there is still a lack of techniques that can effectively probe local phenomena and link the

nanoscale properties to bulk performance and microstructure of material.

Atomic Force Microscope (AFM) is a versatile tool for imaging, measurements, and ma-

nipulation of matter with nanometer spatial resolution and picometer detection accuracy.

Over the last three decades, advanced AFM modes and functionalized probes were devel-

oped and employed in magnetic and ferroelectric studies, electrochemical characterizations,

viscoelastic measurements, and quantum transport imaging. Despite the tremendous im-



provements in AFM platforms, functionalized probes, and imaging techniques, AFM mea-

surements are not without challenges. For instance, the signal formation mechanism is

complex and consists of several contributions. The resonance-enhanced techniques used for

intrinsic characterization of functional materials are prone to topography and feedback cross-

talks and often results in unreliable measurements. Obtaining quantitative measurements

that can directly link to the probed physical phenomena is a non-trivial job.

The first goal of this dissertation was to develop advanced excitation, detection, and data

analysis techniques that can measure nonlinear phenomena, resolve topographic and feed-

back cross-talks, and extract intrinsic properties. A multi-harmonic dual resonance tracking

technique is implemented on a commercial AFM system, nonlinear resonance-enhanced AFM

responses are obtained, and the intrinsic properties are determined and visualized. The other

developed technique is an open-loop sequential excitation that performs a series of single fre-

quency lock-in measurement. Finally, a method based on acquisition of highly sampled

time domain AFM signals was developed and implemented. Multivariate statistical anal-

ysis, such as principal component analysis (PCA), is performed on AFM data to enhance

signal-to-noise ratio and statistically relevant modes of the data. The first few modes of

the data contain relevant information while the rest of the modes only contain noise. The

low-rank reconstructed data further analyzed via wavelet-based time-frequency analysis as

well physics-based methods and intrinsic properties are revealed.

The second part of the dissertation deals with novel AFM imaging modes on the foun-

dation of excitation and detection schemes explained in the previous part. Currently, the

state-of-the-art AFM imaging modes used to characterize ferroelectric and ionic and mate-

rial systems are known as piezoresponse force microscopy (PFM) and electrochemical strain

microscopy (ESM). PFM and ESM are identical in implementation and are based on appli-

cation of an alternating bias to the probe tip in contact with the material and measurement

of the induced dynamic strain by AFM cantilever motion. It is virtually impossible to dis-



tinguish the ionic, ferroelectric, and electrostatic contributions while scanning a material.

Scanning thermo-ionic microscopy (STIM) was proposed and developed by measuring the

dynamic deflection induced by simultaneous oscillations of local hydrostatic stress and tem-

perature at the probe tip. The probe tip is not charged and the signal formation originates

from ionic diffusion and does not consist of piezoelectric and electrostatic effects. The signal

formation mechanism was examined on an ionically conductive sample Sm-doped ceria and

not ionically conductive PTFE sample. STIM was implemented using two excitation meth-

ods: resistive heating and photo-thermal excitations. Having local control on nanoscale heat

transfer, a method was introduced to quantitatively measure the thermal conductivity of the

sample through a combination of experimental and numerical calibration studies. Thermal

conductivity can be measured with good accuracy and high spatial resolution. The method

was applied on a three-phase thermoelectric sample and is a powerful tool to optimize the

conversion efficiency of thermoelectric materials.

The measurements in AFM are mostly indirect as the characterization techniques are

based on measurements of surface displacements that are often not accurate. Recently

developed charge gradient microscopy was also used to directly characterize ferroelectric

surface charge kinetics, and domain and domain wall formations. The method is based on

fast scanning with high contact forces using while the current between the tip and sample

is measured. It is shown that the measured current signals are proportional to AFM speed

and, as opposed to conventional PFM measurements, increasing the scan speed enhances

the current signals. The origin of the method is further studied by obtaining temperature-

dependent currents and performing PCA analysis to enhance the SNR. The measured current

was used to calculate the collected charge and estimate the polarization coefficient and surface

charge density directly.

Finally, the dissertation conclusion and future works for the continuation of this work are

discussed in the last chapter.
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Chapter 1

INTRODUCTION

1.1 Motivation

Energy has one of the most, if not the most, profound effects on our lives, from what we

wear and what we eat to the economic growth and political stability of regions. The rapid

growth of human society and the tendency for living longer lives call for higher and broader

sources of energy. The world energy crisis and concerns over the environmental effects have

aroused a great deal of interest in developing sustainable energy systems, i.e., a systems that

serve needs of the present without compromising the ability of future generations to meet

their needs. Renewable energy sources and technologies that are designed to improve the

efficiency of energy utilization are called twin pillars of sustainable energy system.

In the last decades, nanotechnology has built great expectations because of its unique

capabilities in engineering materials with tailored properties and nanostructured materials

have contributed more than ever to various sustainable energy systems. Today, advanced

multifunctional materials play a substantially important role in our modern society. Multi-

functional materials are essentially composite materials, and the rapid growth in application

of nanocomposites stemmed from multifunctional design requirements.

Despite the strong growth in production of multifunctional materials, there still lacks

effective methods to characterize and measure the highly coupled transport phenomena at

nanoscale. This can be illustrated by the hybrid perovskite CH3NH3PbI3, widely pursued for

the next generation of solar cells. The microscopic processes in CH3NH3PbI3 are highly com-

plex, involving generation, transport, and recombination of photo-carriers, ionic migration

and defects, and possible polarization domain and switching, which all interact with light,
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heat, and electric field as well as with each other on various time and length scales. The

development of techniques to characterize multifunctional materials for use in high efficiency

energy generation, storage, and recovery remains a major topic of interest in the research

community.

1.2 Atomic Force Microscopy

Development of advanced functional material systems is impossible without characterization

of physical, structural, and chemical properties at micro-, nano-, and atomic scales. Char-

acterization of local electronic properties became possible after the invention of scanning

tunneling microscopy (STM) by Binning and Rohrer in 1981 [5]. STM, a Nobel Prize win-

ning technique, was based on quantum tunneling effect between sample and an atomically

sharp conductive tip and was the first instrument to image surfaces with atomic resolu-

tion. In 1986, the concept of atomic force microscope (AFM) was introduced based on

mechanical detection of Van der Waals forces between a micro-cantilever and sample [6].

Soon after, researchers realized that the AFM concept can be extended to map not only

mechanical forces, but also electrostatic and magnetic forces. AFM was accepted as a ver-

satile tool for concurrent probing of forces and currents with nanoscale resolution. Over the

last two decades, various modes and techniques as well functionalized probes were devel-

oped for AFM. The techniques include Kelvin probe force microscopy (KPFM), electrostatic

force microscopy (ESM), magnetic force microscopy (MFM), scanning thermal microscopy

(SThM), conductive atomic force microscopy (cAFM), piezoelectric force microscopy (PFM)

and other techniques for probing near-filed optical properties. AFM allows imaging, control

and modification of materials at nanoscale and has been applied in broad spectrum of fields

such chemistry, material science, life sciences and condensed matter physics.

The concept of AFM consists of three main parts: (1) an elastic micro-cantilever with

a tip radius of curvature on the order of nanometers, (2) precise x-y-z positioners, and (3)

a deflection detection system (Figure 1.1). While the tip is being brought into the sample

surface, forces between the tip and sample result in cantilever deflection. The curvature or
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Figure 1.1: Schematic of atomic force microscope (AFM).

the displacement of the cantilever is accurately measured by an optical beam or an inter-

ferometer and converted to electrical signals. Therefore, the the cantilever deflection signal

is used as AFM force sensor. Depending on the AFM mode and probe type, the deflection

may be due to mechanical forces, Van der Waals forces, electrostatic forces, chemical bond-

ing, and magnetic forces. Along with forces, additional information (e.g., voltage, current,

temperature) may be acquired. For AFM imaging, the tip raster scans the sample surface

to obtain local information along an x-y grid. As the scan proceeds, the cantilever deflection

remains constant through a feedback loop control of z positioning of the cantilever. Based

on the feedback information, the height variation of sample is obtained.

The first generation of AFMs were based on detection of static signals with applications

in contact mode topography scanning or scanning tunneling microscopy. The DC detection

imposed severe limitations in terms of scanning time, accuracy, and resolution of signals.

The dynamic AFM modes overcome these difficulties by exciting and detecting the cantilever

motion at particular frequencies. Heterodyne detection approaches such as lock-in amplifier

measurements are employed to extract signal information with a known carrier frequency

from an extremely noisy signal. The method was successfully applied in tapping mode

topography, Kelvin probe force microscopy, piezoresponse force microscopy, scanning thermo-

ionic microscopy, electrostatic force microscopy and electrochemical strain microscopy and
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continues to be used in all modern AFMs to this day.

1.3 Dynamic Strain-based SPM

In the last two decades, dynamic strain-based scanning probe microscopy has emerged as a

powerful tool to investigate electromechanical and electrochemical coupling at the nanoscale.

Two voltage-modulated techniques are developed based on AFM, known as piezoresponse

force microscopy (PFM) for piezoelectrics and ferroelectrics, and as electrochemical strain

microscopy (ESM) for electrochemical materials. These techniques work by exciting elec-

tromechanical strain of the sample via a modulated bias applied through a conductive AFM

probe tip and measuring the resulted dynamic strain. These AFM techniques provided

invaluable insights into nanoscale mechanisms of advanced materials and stimulated the de-

velopment of nanostructure fabrication. In the next sections, a general overview of methods

and mechanism are provided, scientific merits are explained and the corresponding challenges

are emphasized.

1.3.1 Bias-induced Phenomena in AFM

The charged AFM probe may introduce a wide range of electromechinical and electrochemical

phenomena based on the nature of material under the probe. In this section relevant physical

mechanisms are reviewed.

Piezoresponse Force Microscopy

Piezoresponse force microscopy is an AFM contact mode based on the detection of the

converse piezoelectric effect. Under applied electric field of probe, the piezoelectric sample

may elongate, contract, or undergo shear deformation. The induced strain Sj under the

electric field Ei is [7]:

Sj = dijEi, (1.1)
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where dij is the third order piezoelectric tensor in Voigt notation. For a single-domain

ferroelectric, polarization coefficient is linearly correlated to spontaneous polarization Ps

as [8]:

dij = εimQjmkPsk, (1.2)

where εim is the dielectric constant and Qjmk is the electrostriction coefficient. In PFM mea-

surements with a probe tip voltage Vdc+Vaccos(ωt), the tip displacements D is approximated

as [9]:

DP = deffVdc + deffVac cos(ωt+ φ) (1.3)

where DP is the AFM tip displacements due to the piezoelectric effect, deff is the the

effective converse piezoelectric coefficient of the sample, ω is the frequency of excitation, and

φ is the phase lag of deflection signal with respect to the excitation. The AC component of

piezoelectric displacement is correlated to deff , while the phase of displacement φ reflects the

piezoelectric coefficients of opposite sign and thus proportional to the direction of the domain

polarization. The elctromechanical response to the applied tip bias is a vector having three

independent components. Detection of vertical and lateral components of cantilever motion

in successive scans and orientation of sample ideally allow for determination of qualitative

piezoelectric properties.

PFM can be also used to control and modify ferroelectric materials at nanoscale. In

early 2000, researchers showed that bias pulses applied to the probe tip result in nucleation

and growth of ferroelectric domains [10]. The emergence of remnant states was explored

both analytically and via phase field modeling [11, 12]. Switching Spectroscopy PFM (SS-

PFM) was introduced [13], where a triangular DC bias waveform is applied to the probe to

coercively switch the domain polarization orientation while the superposed AC bias is used

to measures the instantaneous piezoelectric magnitude and orientation. In order to minimize

electrostatic interactions between the charged probe and sample and PFM amplitude, the

instantaneous PFM amplitudes are measured and averaged in short periods when the DC

bias is stepped back to zero (off-state). The resulted hysteresis loops were measured over a
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PZT Ceramic PZT thin film BFO thin film

Figure 1.2: Typical applications of PFM in ferroelectric and piezoelectric materials. PFM phase

images of ceramic and thin films (upper row) before manipulation and (lower row) after PFM

manipulation of domains. Images reprinted from [1] .

x-y grid points and can be analyze to reveal the ferroelectric properties such as spontaneous

polarization and coercive and nucleation bias.

Based on the observed contrast in PFM, several electromechanical models were pro-

posed over the years. The models described analytical solution for a piezoelectric indenta-

tion of AFM probe [14–16], the behavior of antiparallel domains and domain walls under

PFM [17, 18], dependence of PFM signals on piezoelectric domain orientation [19], and

the piezoresponse spectrocopy [20]. It was observed that in some cases, the quantified

displacement of the AFM probe is close (within an order of magnitude) to the longitudi-

nal piezoelectric coefficient d33 of the material [10]. The ease of PFM application and the

straightforward models resulted in broad application of PFM by ferroelectric community.

PFM experiments revealed high-resolution imaging of ferroelectric domains in nanostrctures
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of PbZrxTi1-xO3 (PZT), SrBi2Ta2O9 (SBT), BiFeO3 (BFO) and BaTiO3 (BTO) [21–23].

PFM was utilized to study and display polarization relaxation, domain wall motion, and

domain faceting [21, 24–26]. Rodriguez et al. performed sequential PFM scans to obtain

the vertical and lateral piezoelectric displacements and demonstrated the 3D polarization

reconstruction in PZT capacitors [27]. PFM also revealed piezoelectricity in biological sys-

tems such as butterfly wings, bones, wood, and tissues [28–32]. Majority of these behavior

are averaged out in macroscopic measurement, however were easily observed thanks to PFM

localized measurements. Some of the results are illustrated in Figure 1.2.

Electrochemical Strain Microscopy

Electrochemical reactions such as intercalation of ions induce molar volume changes in the

host compound. The coupling between species concentration and strain allows for develop-

ment of strain-based AFM techniques that can probe local concentration. Recently, elec-

trochemical strain microscopy (ESM) was proposed based on measurement of Vegard strain

induced by a charged AFM tip. The method is similar to PFM in implementation, however

the phenomena is based on diffusion . An alternating bias applied to the probe tip in contact

with an ionically conductive material induces ionic motion, and in turn, the ionic motion

results in surface displacement due to Vegard strain which can be accurately measured by

AFM deflection signal.

ESM responses were modeled based on purely diffusional transport phenomena [33–35],

and it was found that the surface displacement is linearly correlated to βDion/
√
ω, where Dion

is the species diffusion constant, β is the Vegard coefficient, and ω is drive frequency. The

characteristic time scale of diffusion phenomena is τ = R2/Dion, where R is the characteristic

systems size [33]. As such, high frequency excitation results in diffusion length smaller than

size of tip while low frequency excitation results in diverging diffusion lengths over time

and in turn ionic migration. Analogous to PFM, time- and bias-spectroscopic studies were

performed to study ionic motion and ionic migration phenomena [35–38]. It is important to

note that in variety of materials the induced Vegard strains is larger than the piezoresponses
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and therefore it is important to consider this mechanisim where relavant [1].

Electrochemical Dipoles

The strong electric field E under the probe sharp tip results in deformation of dielectrics

due to electrostrictive effect given by ε = QP 2, where Q is electrostrictive coefficient and

P = χE + PS is the polarization consists of induced polarization χE and spontaneous

polarization PS, and χ is the dielectric susceptibility. The strain under the probe tip is given

by [2]:

ε ∝ Q(χ2(E2
0 + E2

a exp(i2ωt) + 2E0Ea exp(iωt)) + P 2
S + 2χ(E0 + Ea exp(iωt)PS), (1.4)

where E0 and Ea are the DC and AC electric fields applied to the probe tip and ω is the

frequency of excitation. During AFM measurements, the deflection response is high-pass

filtered resulting in a strain in form of:

ε ∝ 2QχEac(χE0 + PS) exp(iωt) +Qχ2E2
ac exp(i2ωt)). (1.5)

Based on Equation 1.5, the resulted deformation has two harmonics. The first harmonic

response (first term on RHS of Equation 1.5) is due to the piezoelectric effect and is pro-

portional to the applied AC bias, as well as the Polarization PS. As explained in previous

section, ferroelectric materials exhibit large spontaneous polarization and the signal forma-

tion mechanism in PFM is due to this effect. However, the second term in Equation 1.5

reveals that in case of non-ferroelectric materials one can expect a second harmonic response

which is quadratic to the applied AC bias. The effects is due to polarization of mobile ion

sub-system which results in double layers of dipoles.

1.3.2 Resolving Different Mechanisms in AFM

AFM measurements are complex and the signals often consists of different contributions.

For instance, the electromechanical response —reviewed in the previous section— may arise
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Figure 1.3: Schematic of bias induced phenomena due to (a) piezoelectric, (b) electrochemical,

and (c) electrostrictive effects. The first and second harmonic of AFM deflection response on (d)

PZT, (e) LFP, and (f) glass samples. The first harmonic response is dominant in piezoelectric

materials while the ionic and electrostrictiv samples excibit comparable first and second harmonic

responses. Images repented from [2].

due to several mechanisms. Several techniques were provided to segregate the piezoelectric

contributions from electrostatic, electrochemical and electrostrctive effects.

In order to distinguish the dipole effect from the piezoelectric one, Chen et al. [2] per-

formed multimodal measurements of deflection response under a charged probe tip and

showed that when the spontaneous polarization is small or non-existent, the second har-

monic term is dominant over the first harmonic term. Based on the proposed technique,

the piezoelectric contribution can be distinguished from electrochemical and electrostrictive

contributions (Figure 1.3). Another distinguished feature of ferroelectric and ionic materials

is revealed by spectroscopy studies. It was observed that the shape of hysteresis loops in ionic

materials are highly rate dependent while the ferroelectric materials exhibit similar hystere-

sis shapes under different rates [2,39]. Thus, performing voltage spectroscopy measurements

with different rates can distinguish the origin of electromechanical responses.

Another technique developed by Kim et al. explores the frequency dependence of de-

flection signals [40]. Piezoelectric responses in general are not significantly dependent on

excitation frequencies while the deflection responses due to ionic diffusion are highly fre-

quency dependent. The out-of-plane strain ε due to induced ionic motion with a probe tip
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voltage Vac was found as:

ε ∝ 2(1 + ν)β
√
D
Vac√
ω
, (1.6)

where ν is the Poisson’s ratio and D is the diffusion constant. Therefore, a frequency sweep

of excitation signal can distinguish between the piezoelectric and ionic origin of elecctrome-

chanical response. It was demonstrated that the electromechanical response of PZT in the

range of 10–100 kHz is frequency independent while significant dispersion was found for a

ionic battery electrode material.

Over the last few years, a number of workers reported that the PFM measurements re-

sults in unrelaible estimation of d33 [41, 41–43]. It was realized that beside the localized

piezoresponse between the tip and sample, there are additional delocalized forces. For in-

stance, the electriostatic forces between the body of cantilever and the sample surface charges

respond to the applied bias at broad range of frequencies [41,44]. Considering the cantilever

as an Euler-Bernoulli beam, the electrostatic effect acts as a distributed load over the entire

span of the beam. Conventional AFM systems, measure the cantilever curvature through

an optical beam deflector (OBD) and correlate the curvature to the displacement through

calibration experiments. Therefore, PFM displacement measurements are very sensitive to

the change of curvature and in turn to the distributed electrostatic forces that are unrelated

to PFM measurements. Recently, a metrological AFM was introduced that can directly

measure the cantilever displacements using a laser Doppler vibrometer (LDV) [3], eliminat-

ing the need for calibration. The idea was demonstrated by performing PFM measurements

on periodically polled lithium niobate (PPLN), which exhibits ferroelctric lamellar 180° do-

mains. Ideally, the upward and downward domains should have similar PFM amplitudes

with a phase reversal of 180°. The PFM responses also should not be frequency dependent.

A comparison between measured PFM responses via OBD and LDV is shown in Figure 1.4.

It was demonstrated that LDV measurements of displacement over the probe tip allow for

electrostatic-free and quantitative PFM measurements. Hence, the metrological AFMs are

promising tools for quantitative measurements of electromechanical responses with minimal

cross-talks.
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Figure 1.4: Comparison of conventional and metrological AFM. PFM amplitude (a,c) and phase

(b,d) responses measured with optical beam deflector (a,b) and laser Doppler vibrometer (c,d) on

a PPLN sample; (e) PFM amplitude frequency response reprinted from [3].

1.3.3 Excitation, Detection and Signal Processing in AFM

Since the electromechanical strain induced by a few volts is generally small, a common

practice is to excite the system near the tip-sample contact resonance frequency ω0, which

enhances the response by orders of magnitude, enabling detection of intrinsic electromechan-

ical displacements as small as picometers. The resonance enhanced signal is a convolution of

electromechanical response and the effective tip-sample contact stiffness. Near the resonance

frequency, the change in the contact condition shifts the resonance frequency and if the

excitation frequency is fixed, the amplification factor is greatly changed. This may cause to-

pography cross-talks, making the quantification of electromechanical signals complex. Note

that phased-lock loop (PLL) methods cannot be used to track the resonance frequency, as

the phase response depends on the domain orientation and not known in advance.

A number of different techniques were developed to address these limitations. Dual fre-

quency resonance tracking (DFRT) [45] tracks the contact resonance by dual excitation and
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measurements of the amplitude through lock-in measurements. The difference between the

amplitude on two sides of the resonance peak is used as a feedback signal to track the shifts in

the contact resonance. Further analysis of data based on simple harmonic oscillator model

allows for extraction of Q-factor and the intrinsic amplitude (off-resonance amplitude) of

cantilever oscillation as well as the resonance frequency. Later on, band excitation (BE) [46]

was proposed. In BE the probe is excited by a band of selected frequencies around the con-

tact resonance frequency. The detected cantilever motion in time domain is transformed to

frequency domain, where the frequency-dependent amplitude and phase of the signal is ob-

tained. Again, based on simple harmonic oscillator model, the Q-factor, intrinsic amplitude

and resonance frequency are determined.

DFRT and BE methods allow for cross-talk free electromechanical characterization, how-

ever suffer from certain drawbacks. The lock-in amplifiers used for DFRT measurements

detect the weak periodic deflection signals by demodulation and filtering through digital sig-

nal processing in real time synchronous to the AFM operation. The deflection signal from the

AFM photodetector which is streamed with a bandwidth of 2–20 MHz is compressed by the

lock in amplifier to 1–10 kHz. The lock-in amplifier, thus, trades off the loss of information

(such as nonlinear dynamics of probe interactions, transient behaviors, higher harmonics)

for higher accuracy and signal-to-noise ratio. In addition, the lock-in process is irreversible

after the measurement is finished since the data is lost. Therefore, the obtained informa-

tion in DFRT is limited and the post-processing analysis are based on assumption that that

the resonance peak is symmetric. Also, the presence of feedback errors and dependence of

amplitudes on feedback errors often result in unreliable measurements [47]. Furthermore,

tracking of resonance frequency often fails when the surface roughness is high.

The BE method eliminates the need for resonance tracking, however suffers from low

signal-to-noise ratio due to the spread of energy over band of excitation. The acquisition time

in BE is long and the implementation requires certain instruments that are not available to all

AFM users. An alternative method is developed in Section 2.5 that overcomes the problems

associated with DFRT and BE by sequential excitation in a series of fast open-loop scans.
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Figure 1.5: Comparison of BE and G-mode switching spectroscopy PFM. In BE a slow triangular

wave induces ferroelectric switching with 1 Hz rate while in G-mode the switching is performed via a

high-amplitude sinusoidal signal. The hysteresis loops are obtained via full information acquisition

of cantilever deflection. Images reprinted from [4].

The main drawback in all mentioned methods is the acquisition time. This is specially

important for spectroscopic studies where the measurement rates are limited by the DC

switching bias frequency and are on the order of 1 Hz. Obtaining a dense map of spectroscopic

information using DFRT or BE methods may take more than an hour. Recently, a method

based on obtaining the full information of AFM cantilever motion with high sampling rates is

developed in Oak Ridge National Lab and termed general mode scanning probe microscopy

(G-mode SPM) [4, 48]. Figure 1.5 depicts an example of switching spectroscopy PFM on

a PZT-nanocapacitor sample using BE and G-mode [4]. The BE performs the switching

with a slow rate and obtains hysteresis loops over a sparse spatial grid in 77 minutes. In

G-mode the the tip is excited with a high-amplitude sinusoidal waveform and the deflection

is measured with high sampling rates in 18 minutes. Intelligent filtering of the data allows
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for reconstruction of hysteresis loops over a dense spatial grid. The rich data obtained from

this method can be further analyzed for ferroelectric characterizations.

1.4 Remaining Challenges

The electromechanical responses due to the piezoelectric effect and Vegard strain are funda-

mentally indistinguishable while a charged probe scans over a ferroelectric or an ionic con-

ductor. This is specially the case when spontaneous polarization and ionic motion coexist

in the sample. Therefore, there is an increasing need for piezoelectric and ionic characteri-

zation techniques that are not based on application of electric field to the probe tip. To this

end, a novel technique based on measuring Vegard strain induced by hydrostatic stress and

temperature oscillations are developed and described in Chapter 3. By elimination the bias

at the tip, the strains measured via STIM are purely due to Vegard strains.

Another issue with determination of piezoelectricity through electromechanical responses

is the acquisition time. A PFM scan generally takes on the order of minutes with pixel

dwell times in the range of 100 µs and 10 ms, much longer than the time characteristics of

ferroelectircs that are on the order of nanoseconds. As such, the surface screening and fast

forming kinetics of domains and domain walls are averaged out over pixel measurements and

cannot be determined. Besides, the PFM measurements are based on converse piezoelectric

that is measurement of piezoelectric strain under applied electric field. It is well known in

AFM community that quantifying the AFM displacements are not strightforward and faces

severe problems. In order to overcome the associated problems with PFM, an alternative

method based on measurements of currents is introduced in Chapter 5.

1.5 Scope of Dissertation

The dissertation covers the research materials on development of advanced AFM techniques

for probing nanoscale transport phenomena for functional materials. Chapter 2 describes the

development of excitation and detection schemes necessary for probing nonlinear transport

phenomena in AFM characterizations. An approach for obtaining big data during AFM
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measurements is developed which provides capabilities to excite, probe, acquire, and analyze

multi-dimensional physical data set in time-frequency domains. The methods described here

are the basis of AFM techniques developed in next chapters.

In Chapter 3 a novel technique for probing ionic concentration, scanning thermo-ionic

microscopy (STIM), is developed. STIM is an outstanding method for characterization of

ionic diffusion and migration in energy storage materials. The analysis, signal formation,

and implementation details using various detection schemes are discussed. The technique

was used to probe perovskite solar cells, battery and fuel cell electrode materials.

Chapter 4 describes the development of quantitative thermal conductivity measurements

at nanoscale based on scanning thermal microscopy. The principle of the method and im-

plementation details are explained and numerical simulation of nanoscale heat transfer are

offered. Thermal and electrical conductivies of a three-phase thermoelectric material system

are characterized and the effect of microstructure on thermoelectric conversion efficiency is

investigated.

In Chapter 5 charge gradient microscopy (CGM), a recently developed AFM technique

is utilized to image ferroelectric domains of lithium niobate based on current measured.

Kinetics of screening surface charge removal is studied as a function of temperature and scan

speed. The signal formation over ferroelectic domains and domain walls are used to directly

estimate spontaneous polarization and surface charge density. Principal component analysis

(PCA) is utilized to to enhance the signal-to-noise ratio of noisy raw data and extract the

underlying mechanism in surface screening of ferroelectric materials. Finally, in Chapter 6

conclusions and future work remarks are described.
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Chapter 2

RESONANCE-ENHACED AFM CANTILEVER MOTION:
DETECTION SCHEMES

2.1 Introduction

Atomic Force Microscope (AFM) is a versatile instrument and a key enabler in nanoscale

characterization of advanced materials. Since its invention in 1986, AFM has revolutionized

local probing of a wide range of materials, devices, and systems with nanoscale resolution,

and a number of imaging modes have been developed to map various physical quantities.

The first generation of AFMs were mostly based on detection of static forces with applica-

tions in contact mode topography scanning or scanning tunneling microscopy [5, 49]. The

DC detection imposed severe limitations in terms of scanning time, accuracy, and resolu-

tion of signals. Researchers implemented dynamic AFM modes to overcome these difficul-

ties [50, 51]. Dynamic AFM modes utilize heterodyne detection approaches such as lock-in

amplifier measurements to extract signal information with a known carrier frequency from

an extremely noisy signal. To this end, researchers excited the AFM probe at a certain

frequency by stimulating the material under the probe, resulting in a forced driven dynamic

strain that can be accurately detected by the probe deflection. This approach has been suc-

cessfully applied in tapping mode topography mode [52], Kelvin probe force microscopy [53],

piezoresponse force microscopy [9], scanning thermo-ionic microscopy [54], electrostatic force

microscopy [55], and electrochemical strain microscopy [56]. The method continuous to be

used in all modern AFMs to this day.

While the AFM instrumentation and probe functionality were continuously developing

over the last decades, the development of detection, excitation, and signal processing tech-

niques were less recognized [57]. The majority of AFM techniques are still based on first
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harmonic measurements of single or a few spectral frequency components, which do not ade-

quately capture the complex dynamics of the probe tip-surface interactions. Multi-frequency

excitation, feedback-based, band excitation (BE) and generalized mode (G-mode), and inter-

modulation detection approaches have been proposed [46,48,58–61]. However, decoding the

information and correlating the obtained data with material properties remain a challenge.

Furthermore, vast majority of the current techniques obtain and analyze the information

based on a-priori postulated physical models [62]. It is still unknown whether all available

information is collected.

In this chapter, the development of alternative detection and excitation schemes in AFM

measurements are discussed. The multi-harmonic dual-ac resonance tracking is developed,

enabling characterizations of local nonlinear physical phenomena for probing electrochem-

ical, electromechanical, and thermomechanical effects. Another approach discussed here is

the sequential excitation scanning probe microscopy (SE-SPM) technique which acquires

high quality, efficient, and physically relevant data in frequency domain. Finally, a method

based on full-information acquisition of probe motion and multivariate statistical analysis is

provided. This allows for full characterization of linear tip-surface dynamics.

2.2 Tip-Sample Resonance and Dynamics of Simple Harmonic Oscillator

Resonance-enhanced AFM is a method that excites the probe tip-sample contact near its

resonance frequency f0 which enhances the probe deflection motion by orders of magni-

tude, enabling detection of quantitative information about the intrinsic material properties

independent of the excitation frequency [63].

The dynamic motion of cantilever in resonance-based techniques can be viewed as a

a damped simple harmonic oscillator (SHO) model [64], as schematically depicted in Fig-

ure 2.1. The SHO model mimics the deflection of probe near its natural resonance frequency

by lumping the complicated cantilever motion and its interaction with the sample into a

combination of a spring and dashpot. The frequency-dependent amplitude A(f) and phase
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Figure 2.1: (a) The tip-sample interaction may be modeled with a simple harmonic oscillator

model. (b) Regression of the amplitude and phase data based on SHO model reveals the intrinsic

amplitude, phase, quality factor and resonance frequency of oscillation.

φ(f) of the cantilever motion can be written as:

A(f) =
f 2
0A0√

(f 2
0 − f 2)2 + (f0f/Q)2

and φ(f) = arctan(
f0f

Q(f 2
0 − f 2)

) + φ0, (2.1)

where unknowns A0, φ0, f0, and Q are intrinsic amplitude, phase, resonance frequency, and

quality factor of oscillation, respectively. Note that f is the frequency of nth order harmonic

detection with an excitation frequency of f/n.

For a particular imaging mode, these parameters can yield valuable information about

the dynamics of the system. For instance, in piezoelectric force microscopy, the intrinsic

amplitude A0 and phase φ0 is correlated to the piezoelectric coefficient and orientation of the

sample, while the quality factor Q and the resonance frequency f0 revel information on the

viscoelastic properties of the interaction [65]. In order to obtain the four unknowns A0, φ0,

f0, and Q, a discrete set of amplitude A(fi) and phase φ(fi) data (as shown by red and green

markers in Figure 2.1b) are needed to perform regressions based on Equations 2.1. However,

obtaining these set of data through lock-in measurements is time-consuming (on the order

of a second) and is not possible during scanning. Although the SHO model presented in this

chapter pertain to the first bending mode of cantilevers, the analysis may be applied to the

higher bending and torsional eigenmodes.
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2.3 Data Analytic Tools

During AFM operation in resonance-enhanced mode, the dynamic motion of the cantilever is

registered and digitized via the photo-sensitive detector (PSD). The PSD data contains the

complex behavior of the tip-sample interaction and has a high bandwidth between 2-20 MHz

(dependent on AFM electronics). Saving the PSD data for an AFM image usually results

in a data-set with file sizes larger than 10 GB which is hard to handle. Classically, the

PSD data is routed to lock-in amplifiers where the data is extensively compressed. Lock-in

amplifiers obtain the amplitude and phase at few spectral frequencies which often results in

loss of valuable information.

As an alternative method, the temporal information of PSD along with other channels of

data can be stored directly to a hard drive using fast data acquisition systems. The obtained

set of temporal data from PSD are, however, often redundant and hard to interpret. This

section offers efficient data analytic and statistical tools to convert the data to physically

meaningful set of variables. Multivariate statistical analysis such as principal component

analysis are used to compress and reduce the dimensionality of the data. The truncated

data are analyzed in time-frequency domain using wavelet-based analytic tools.

2.3.1 Principal Component Analysis

The AFM data-sets are post-processed by principal component analysis [66], which can de-

compose orthogonal components, arrange them in decreasing order of statistical significance,

truncate the data, enhance signal-to-noise ratio, and highlight and separate exotic behavior

with little computation effort. Consider a simple AFM scan consists of g × h pixels where

full time-domain information of cantilever motion is recorded. The experimental data matrix

Iij ≡ I(xi, yi, tj) is reshaped in a way that the rows correspond to observations and columns

correspond to variables. The observations (AFM cantilever motion) are repeated over all

image pixels (i = 1, ..., l = g × h) and the variables (in this case time tj ) are n snapshots of

deflection signal (j = 1, ..., n) for each pixel. In turn, the ith row of this matrix represents n



20

time-snapshots of cantilever motion for the image pixel #i. Under PCA, the data set I is

represented as:

Iij = aikvkj, (2.2)

where aik ≡ ak(xi, yi) are the spatial expansion coefficients (known as PCA loadings) and

vkj ≡ vk(tj) are corresponding eigenvectors (PCA coefficient). The eigenvectors vk and their

corresponding eigenvalues λk can be found from the variance-covariance matrix C = ITI or

more efficiently by the singular value decomposition (SVD) of the experimental matrix:

I = UΣWT, (2.3)

where W is a n × n unitary matrix and each column of W are the eigenvectors vk(tj) in

time domain, Σ is a l × n rectangular singular matrix whose singular values equal to the

square root of the eigenvalues λk, and U is a l× l unitary matrix. Each column of T = UΣ

corresponds to the spatial expansion coefficients aik, also known as PCA loadings. The rth

PCA loading image air ≡ ar(xi, yi) can be obtained by reshaping the rth column of T to a

matrix of g × h. The scree plot of the normalized eigenvalues is obtained by expressing the

fraction of each eigenvalue divided by the sum of all eigenvalues. Note that in PCA, the

eigenvectors vk are orthogonal and uncorrelated. The eigenvactor are sorted in a way that

the corresponding eigenvalues λk are in descending order. For instance, the first eigenvector

v1 has the largest possible variance and thus, contains the most information.

Dimensionally-reduced data can be reconstructed by forming a truncated matrix Ĩ =

ULΣLWT
L , considering only the first L PCA modes (the L largest variances). This low-rank

recovery of noisy experimental data (L-ranked) is obtained through hard shareholding of

singular values as explained in literature [67]. The reconstructed low-rank UL, ΣL, and WL

matrices have much lower file size compared to the raw data and are saved for long-term

storage.

The PCA analysis was performed using MATLAB’s pca function. The function pca(I)

returns the principal component variances in latent (referred here as eigenvalues), principal

component scores (referred here as matrix of eigenvectors), and the principal component
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coefficient (referred here as matrix of PCA loading images).

2.3.2 Continuous Wavelet Transformation

PCA eigenvectors vk represent the behavior of each orthogonal mode of PCA in time-domian

and are highly transient in nature. In order to extract the physical meaning of these mode,

it is important to obtain the frequency-dependent amplitude and phase information of the

eigenvectors. Continuous wavelet transforms (CWT) offers good time and frequency local-

ization and are ideal for transforming transient temporal waveforms. Wavelet-based analysis

are employed to transform the temporal eigenvectors to time-frequency domain. The CWT

of a continuous function f(t) is defined as:

C(a, b) =

∫ ∞
−∞

f(t)
1

a
ψ?(

t− b
a

)dt, (2.4)

where ψ?(t) is the mother wavelet in this case , a is wavelet scale (real number) , and b is the

CWT translational values. The wavelet scales a are translated to the frequency while the

transalational values b correspond to the amplitude of waveform. The analysis is computed

using the analytic Morlet wavelet. The CWT is essentially a frequency-based filtering of

the signal where the band-pass width of the filter is inversely proportional to the wavelet

scale. The time-frequency representation is also a great tool for filtering in both time and

frequency domain. The modified time-frequency representation is inverse transformed to the

time domain through using inverse continuous wavelet transform.

Furthermore, the time-varying phase coherence between the eigenvectors and the exci-

tation signal (or between any two signals) is analyzed by an wavelet-based approach. The

wavelet coherence analysis returns magnitude-squared wavelet coherence and the phase of

wavelet cross-spectrum. The coherence is a measure of the correlation between two signals

and the phase is used to identify the relative lag between two signals.

The analyses are performed with MATLABTM’s wavelet toolbox cwt command for con-

tinues wavelet transform and wcoherence command for wavelet coherence analysis.
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2.4 DART and Multi-harmonic Harmonic DART Approaches

Many AFM techniques such as piezoresponse force microscopy [68], Kelvin probe force Mi-

croscopy [53], scanning thermo-ionic microscopy [54], and electrochemical strain microscopy [33]

are based on detection of the dynamic motion of cantilever deflection. In many cases, the

amplitude of the cantilever deflection is on the order of 1–10 pm, and within the noise floor

of the optical beam detection methods. However, the DART experiments may result in unre-

liable measurements. Excitation of the cantilever motion near or at the resonance frequency

of the cantilever amplifies the signal, specially for cantilevers with high quality factors. How-

ever, a slight change in the dynamics of cantilever shifts the resonance frequency and thus

the amplification factor would greatly change. This results in variable unknown amplifica-

tion factors throughout a scan,introducing uncertainty regarding the true intrinsic amplitude

detected. In order to measure the intrinsic amplitude response A0, the amplification factor

(also known as quality factor Q) should be determined and the amplified responses at the

resonance f0 should be divided by the quality factor.

The dual ac resonance tracking (DART) technique was developed for detection of can-

tilever motion near its resonance frequency [69]. In this technique the cantilever is excited

with a bi-modal excitation sinusoidal waveform across its resonance frequency. Two lock-ins

are used to measure the amplitude on the left and right sides of resonance. The difference

in the amplitude is used a feedback loop to track the shifts in resonance frequency. Fur-

thermore, by modeling the cantilever motion as a damped simple harmonic oscillator, the

intrinsic properties of the motion such as intrinsic amplitude, phase, resonance frequency

and quality factor can be obtained [45].

2.4.1 Multi-Harmonic Dual AC Resonance Tracking

The initial development of DART was only for first harmonic measurements, i.e. the re-

sponse and excitation signals are linearly dependent. Notably, the different excitation sources

in AFM often results in nonlinear responses. These include AFM techniques such as elec-
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trostatic force microscopy [70], Kelvin probe force microscopy [53], scanning thermo-ionic

microscopy [54], and scannin impedance microscopy [71]. There still lacks a method that can

effectively probe the resonance-enhanced nonlinear responses and characterize the intrinsic

properties. In this section, a generalized version of DART technique is developed, the details

of implementation are presented and the analysis and results are provided. This technique

allows measurement of nonlinear physical phenomena in contact mode and characterizes the

intrinsic responses.

The schematics of multi-harmonic DART experimental setup for measurement of the nth

order frequency component is shown in Figure 2.2. Given the known resonance frequency of

tip-sample contact f0 in advance, two sinusoidal waveform are synthesized at frequencies f1/n

and f2/n through an amplitude modulation process with the modulation frequency fm and

the carrier frequency fc = f0/n. The waveforms are digitally summed and converted to an

analog signal, where they can be used to excite the tip-sample dynamics through electrical,

mechanical, thermal, or magnetic stimulus. Due to the presence of nth order nonlinear

response, the deflection of probe will be modulated at frequencies f1 = (f0 − fm) × n and

f2 = (f0 + fm) × n . Two Lock-in amplifiers can isolate the response to measure the probe

deflection amplitude (A1 ≡ A(f1), A2 ≡ A(f2)) and phase (φ1 ≡ φ(f1), φ2 ≡ φ(f2)) at

the two modulation frequencies f1 and f2. The difference in the amplitude measurements

(A1 − A2) is used as an error signal to track the shifts in the resonance frequency. If f1and

f2 are symmetrically located around the resonance peak (solid blue curve in Figure 2.2b),

A2 = A1 and the error signal is zero. However, if the resonance shifts to a higher value f ′0,

the amplitude at lower frequency A1 decreases to A′1 and vice versa for the A2 (broken blue

curve in Figure 2.2b). This results in a negative error signal. The error signal (shown by

red solid curve figure 2.2b) can be used in a feedback loop to track the resonance frequency

by adjusting the carrier frequency fc = f0
n

in order to maintain the error signal around zero.

Note that the modulation frequency is kept constant throughout the experiments.



24

A1-A2

A'1-A'
2

A2, A1

A'
1

A'
2

f1 f2

 Frequency

Amplitude f0 f'0

ΔA

A(f0) A(f'0)

lock-in1

ΣAmplitude
moudlation

-

PID
×n

×n

Ref. 1 

A1, φ1 

A2, φ2

fc

fm

lock-in2

SampleRef. 2

Probe Deflection
f2/n

f1/n
Excitation

probe

a) b)

Figure 2.2: Schematic of DART measurements for nth order harmonic response. (a) The detection

experimental setup schematic containing dual ac synthesizer, amplitude modulation unit, lock-ins,

and PID controller merged with AFM. (b) An illustration of DART feedback principle.

2.4.2 Calculation of SHO Model Parameters

The DART technique measures amplified deflection signals near the tip-sample resonance

frequency. However, the DART amplitude and phase measurements at frequencies f1 and

f2 do not reveal much physical information about properties of the sample. If modeled with

SHO (as described in Section 2.2), the DART measurements (A1, A2, φ1, φ2) are sufficient

to determine the four unknown parameters of SHO model (A0, φ0, f0, and Q) which are

physically meaningful parameters.

The Equations 2.1 can be rewritten as: [45]

X2
2 + 1

X2
1 + 1

= Ω2 and
X1 −X2

1 +X1X2

= Φ, (2.5)

where Ω = f1A1

f2A2
, Φ = tan(φ2−φ1) are know from DART measurements, and the dimensionless

quantities X1 and X2 are calculated as:

Xi =
f 2
0 − f 2

i

f0fi/Q
. (2.6)

By solving Equations 2.5 for X1 and X2, the f0 and Q are found as [45]:

f0 =

√
f1f2

f2X1 − f1X2

f1X1 − f2X2

and Q =

√
f1f2(f2X1 − f1X2)(f1X1 − f2X2)

f 2
2 − f 2

1

, (2.7)
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and the intrinsic amplitude A0 and phase φ0 are determined as:

A0 = A1

√
(f 2

0 − f 2
1 )2 + (f0f1/Q)2

f 2
0

and φ0 = φ1 − arctan(
f0f1

Q(f 2
0 − f 2

1 )
). (2.8)

Equation 2.1 imposes a physical constraint for phase measurements, φ2 > φ1 for f2 > f1. This

requirement should be met in all measurement, otherwise the obtained solution is ill-posed

and should be ignored.

2.4.3 Implementation

The multi-harmonic DART STIM requires addition hardware and software for implementa-

tion on an AFM. The technique is implemented on a MFP-3D bio AFM (Asylum Research)

merged with an external lock-in amplifier (HF2LI, Zurich Instruments). The deflection sig-

nal is routed to the AFM controller output and connected to the input source of the lock-in

amplifier while the internal oscillators of the lock-in are used as an excitation source and

routed to the heated probe. The lock-in amplifier and the AFM are synchronized using

external trigger signal generated by the AFM controller. The trigger signal has a high-state

in the beginning of each AFM scan line, as it is shown later in Figure 2.11.

The lock-in is controlled via LabOne software. The parameters and configuration for a

second harmonic STIM is shown in Figure 2.3. The lock-in has two amplitude modulation

(AM) module. The first module is used to generate AM waveform with a carrier frequency of

around 83 kHz and modulation frequency of 3 kHz with an amplitude of 7 V, which is routed

to the lock-in output and connected to the heated probe. The second AM module has the

same settings as the first AM module except that the carrier and modulation frequencies are

at higher harmonics and is merely used for detection. In the example shown in Figure 2.3b,

the second AM has performs second harmonic with a carrier frequency of around 166 kHz

and modulation frequency of 6 kHz while output amplitude is turned off. All AM waveforms

are carrier suppressed, i.e., the generated signal is dual-ac. The PID unit of the lock-in

performs dual-ac resonance tracking by measuring the difference between the different in the

amplitude and adjusting the carrier frequency of the AM modules. Parallel to the AFM
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operation, the lock-in measurements (A1, A2, φ1, φ2, and f) are recorded for each pixel

and transferred to hard drive in real time. The data is post-processed and visualized with

MATLAB (see Section Sec:calculSHOpar for details).

a)

b) c)

d)

Figure 2.3: Lock-in software interface (LabOne) with configurations for 2nd harmonic STIM

experiment. (a) Lock-in settings, (b) amplitude modulation configurations, (c) PID parameters,

and (d) plot of A1 and A2 obtained from lock-in demodulators 5 and 6 within an AFM line scan.

2.4.4 Experimental Results

Figure 2.4 illustrates multi-harmonic DART measurement on a nano-crystalline ceria sample.

While obtaining the topography (Figure 2.4a) in contact mode, the external lock-in amplifiers

measure the deflection amplitude (Figures 2.4b,c) and phase responses (Figures 2.4e,f). The
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a) b) c)

d) e) f)

Figure 2.4: 4th harmonic DART measurements in scanning therm-ionic microscopy (STIM) on

a ceria sample. (a) Topography, (b) amplitude A1 and (c) A2, (d) carrier frequencyfc, and (e,f)

phase φ1 and φ2 maps. The STIM measurement was performed with resistive heating implemented

on a MFP-3D AFM combined with a HF2LI lock-in amplifier.

grain boundaries of ceria are expected to have a higher ionic concentration which results in

higher amplitude responses in STIM mode (see Chapter 3 for STIM principle and material

properties). Although both amplitude maps show higher responses on grain boundaries,

drawing conclusions about the material properties from these measurements is difficult. The

DART technique adjusts the carrier frequency fc (shown in Figures 2.4d) by minimizing

the difference in the amplitude responses across the resonance frequency as the AFM scan

proceeds. In turn, the amplitude maps A1 and A2 show similar behavior, confirming the

reliability of resonance tracking in DART.

In order to find the intrinsic properties, the obtained data is analyzed with the SHO model

and the model parameters are mapped and depicted in Figure 2.5. The map of intrinsic
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a) b) c)

d) e) f)

Figure 2.5: SHO model reveals properties of a ceria sample mapped by the 4thorder DART STIM.

(a) Intrinsic amplitude A0, (b) quality factor Q, (c) amplified amplitude A0Q, (d) phase φ, and (e)

resonance frequency mappings f0. The while pixels in (f) shows the failures of SHO in finding a

solution.

amplitude A0 shows the frequency-independent deflection oscillation magnitude which is

correlated with the ionic concentration of the surface. The quality factor map Q shows

the amplification factor providing information on viscous energy dissipation of the material.

Comparison between the maps of intrinsic A0 and amplified A0Q amplitudes reveals the

importance of the SHO analysis. While A0 shows higher responses on grain boundaries of

ceria, the A0Q map illustrates higher responses on ceria grains due to higher amplification

factors on grains. The intrinsic phase φ0 explains the deflection phase lag which should be

uniform in STIM measurements. This is indeed observed in Figure 2.5d, where the phase

variations are around 20°, where phase variations in φ1 and φ2 maps were more than 100°.

Furthermore, the map of resonance frequency f0 shows the detection frequency in STIM
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which can be correlated to the elastic modulus of the sample. The white pixels in Figure 2.5f

shows the failures of SHO model in finding a solution. This can be attributed to unstable

tip-sample contact on rough areas of the surface or possibly due to poor signal to noise ratio

where the responses are low. Also, the SHO failures may be caused by nonlinear responses

that cannot be explained with SHO model.

This example illustrates the power of physics based models such as SHO in extracting

meaningful information from the dynamic motion of cantilever measured in DART experi-

ments. In a single scan, various information including surface roughness, viscoelastic prop-

erties, and transport properties can be obtained. In practice, however, care should be given

to the limitations of SHO model in analyzing the data. It has been observed that there

are discrepancies at the fringes of resonance peak, causing unreliable estimates of SHO pa-

rameters [47]. Moreover, frequency feedback may be inaccurate when the contact resonance

frequency shifts dramatically over a relatively short distance. This is especially a big problem

in nanostructured materials that exhibit substantial heterogeneity in mechanical properties

at the nanoscale, near the grain boundaries. The feedback errors results in off-resonance mea-

surements and unreliable estimation of intrinsic parameters. In the next sections, alternative

methods are offered that can overcome the aforementioned difficulties.

2.5 Sequential Excitation Scanning Probe Microscopy

In this section, a sequential excitation scanning probe microscopy (SE-SPM) technique is

proposed to solve problems associated with DART and BE measurements. In order to ac-

quire high quality (less noisy), efficient (less redundant), and physically relevant SPM data,

sequential excitation (SE) that obtains a fast sequence of images with different frequencies

is relied on. The approach is demonstrated using piezoresponce force microscopy as an ex-

ample in a PZT thin film. The obtained data in SE approach is enhanced by principal

component analysis (PCA) and SHO-based regression analysis during post processing, al-

lowing quantitative characterization of intrinsic material properties with minimal artifacts

such as cross-correlations with topography. The SE concept can be applied to a variety of
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other types of SPM imaging modes for example Kelvin probe force microscopy (KPFM), con-

tact resonance mapping, and AFM-IR, to enable more accurate quantitative analysis. The

method is easily implemented in any atomic force microscopes with one standard lock-in

amplifier, without any additional hardware instrumentation.

2.5.1 SE-SPM Principle

Figure 2.6: The schematics of dynamic SPM experiments based on DART, BE, and SE techniques,

wherein AC waveform combining two distinct or a band of frequencies are synthesized to excite the

sample under DART or BE, respectively, while a sequence of AC waveform with different frequencies

fj is used to excite the sample under SE.

The excitation and detection methods in DART, BE, and SE techniques are schematically

illustrated in Figure 2.6. The DART utilizes bi-modal excitation and detection at frequencies

f1 and f2. The difference in amplitude responses A1 and A2 are used in a feedback-loop

to track the resonance frequency f0. If the separation between two excitation frequencies

is too small, they will easily fall out of resonance range, and resonance tracking fails. If
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the separation is too large, the signals are weak. Moreover, most nanostructured materials

exhibit substantial heterogeneity in mechanical properties at the nanoscale, for instance near

the grain boundaries. In turn, the contact resonance frequency shifts dramatically over a

relatively short distance, resulting in a failed resonance tracking.

BE can be viewed as a generalization of DART, by synthesizing a waveform using a

range of frequencies within a band rather than two discrete frequencies, in turn generating a

band of responses corresponding to the excitation frequencies. This can be used to solve for

intrinsic responses by SHO model for each pixel of the image. If the band is wide enough, the

resonance shift will not fall outside of the band, and the need to track and adjust excitation

frequencies is eliminated. However, since the excitation energy is distributed over the whole

band, the signal at each excitation frequency is low, which compromises signal-to-noise ratio.

Furthermore, sophisticated instrumentation is needed to implement BE on a standard AFM,

making it not readily accessible by research laboratories. Both methods treat each pixel

response as an individual block of data without considering statistical correlations in the

whole image data set.

2.5.2 SE-SPM Experimental Implementation

To demonstrate the feasibility of SE-SPM, piezoresponse force microscopy (PFM) is per-

formed to probe electromechanical properties of a PZT thin film, wherein 42 single frequency

PFM images of topography, amplitude and phase were acquired on an identical area of the

sample with a scan rate of 5 Hz/line. Note that DART measurements are usually performed

with a scan rate of less than 1 Hz/line. The sinusoidal bias, ranging in frequency from 320

to 400 kHz with increments of 2 kHz/scan and the drive amplitude of 3V excites the sample

through a conductive Pt/Ir AFM probe tip in contact mode. The desired harmonic of am-

plitude and phase of deflection signal in each image are obtained through lock-in amplifier

measurements. Since drifting during different scanning is inevitable, these mappings are

realigned to match each other at different frequencies. The effect of drift in the series of SE

images was compensated by taking the topography of the first image as a benchmark and
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Figure 2.7: A series of representative amplitude mappings obtained at sweeping frequencies of

SE-PFM

performing a 2D-cross-correlation between topography of each image and the benchmark.

The raw amplitude mappings obtained at 8 distinct frequencies are shown in Figure 2.7.

It is observed that the amplitude is very sensitive to the excitation frequency, as expected,

and there is substantial evolution of amplitude response as well as phase responses (not

shown) when the excitation frequency varies. In addition, substantial spatial heterogeneity is

observed within each mapping. This may reflect variations in the intrinsic electromechanical

response, the resonance frequency, the energy dissipation, or combination of these effects.

2.5.3 DATA Analysis in SE-SPM

Principal Component Analysis

The experimental data obtained visa SE approach is post-processed by principal component

analysis, as detailed in Section 2.3.1. Figure 2.8 shows an example of PCA analysis on the

set of data obtained through SE-PFM. The scree plot λk shows a fast drop-off eigenval-

ues, as shown in Figure 2.8a, demonstrating that only first few modes contain significant
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Figure 2.8: Principal component analysis of SE-PFM data; (a) the scree plot of eigenvalues, (b)

the first three eigenvectors, and (c-f) corresponding first three loading maps.

information. In fact, visual examination of PCA loading maps ak in Figures 2.8(c-e) sug-

gests that only the first three PCA modes contain physical information and the remaining

loading maps mostly contain noise. The eigenvectors shown in Figure 2.8b capture the

frequency-dependent behavior of each loading map. The first eigenvector v1(fj) respresentes

the average piezoresponse, while the second eigenvector v2(fj) and the third eigenvector

v3(fj) represnt the variation of amplitude data due to the spatial variation in resonance and

quality factor,respectively. Similar behavior has been observed in PCA analysis of magnetic

force microscopy [72]. The PCA analyses are computationally efficient and powerful tools

for preliminary visualization of data. The analyses also enhances the signal-to-noise ratio of

the data through dimensional reduction. However, due to the unsupervised nature of PCA

analysis, drawing quantitative conclusions about the material properties is challenging.



34

Figure 2.9: Comparison of SE-PFM and conventional DART PFM. mappings reconstructed using

SHO at each pixel point; (a) SHO fittings at one representative pixel points; (e) topography; (b,f)

intrinsic amplitude A0; (c,g) resonance frequency f0; (d, h)phase φ0 obtained via SE-PFM (upper

row) and DART PFM (lower row).

SHO Analysis of SE-SPM

In order to obtain clear mechanistic insights guided by the underlying physical principles, the

SE data is analyzed via brute force physical model based on SHO model. This is accomplished

by fitting 3D data sets of low-rank amplitude Ã(x, y, fj) and phase φ̃(x, y, fj) at each pixel

using SHO Equations 2.1. The low-rank experimental data matrices (L = 3) were found

based on analysis in the previous section and the SHO regression analyses were performed

using GPU-accelerated CUDA implementation of the Levenberg-Marquardt algorithm [73].

A comparison of SE-PFM and conventional DART PFM (developed by Asylum Research)

intrinsic properties is provided in Figure 2.9. While the upper row in the figure shows the

reconstruction results from SE-PFM while the lower ones are obtained from conventional

dart PFM. The raw data and the SHO fittings for a representative pixels are illustrated

in Figure 2.9a. The SHO analysis can be applied to reconstruct the mappings of intrinsic

amplitude and phase, as shown in Figure 2.9b,c, and there is strong variation in amplitude
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mapping, though little correlation is seen between topography and amplitude, even in regions

with substantial topography variation, for example in the valley on the top part of the

mapping marked by the red square. The phase mapping, on the other hand, only shows

small variation, indicating more or less aligned polarization orientation. Mapping of R2 (not

shown) defined as the fitting coefficient of determination, reveals values ranging from 0.86 to

0.99 and suggests a high fidelity of SHO model, demonstrating the capability of SE-PFM even

for highly inhomogeneous materials. In addition, resonant frequency mapping (Figures 2.9c)

reveals substantial spatial heterogeneity in viscoelastic properties. The DAR PFM on the

pther hands fails to find solution in a portion of the map (noted by white areas) and results

in unreliable measurements.

2.6 Big-data AFM

2.6.1 Why Big-data AFM?

Conventional AFMs are based on sinusoidal excitation of AFM probe in the time domain and

harmonic detection of probe deflection registered in AFM photosensitive detector (PSD) by

lock-in amplifiers in frequency domain. Sinusoidal excitation essentially limits the probing to

a specific physical process occurring at a particular time scale and harmonics. The streamed

deflection data (or possibly any other channel of data) may not contain enough relevant

information due to the limited excitation waveform, and the lock-in detection results in data

compression by orders of magnitude. This results in permanent loss of possible valueable

information during the demodulation process [74]. Such an approach is acceptable for rel-

atively simple and well-understood physical phenomena, yet for any materials and systems

that involves complicated, transient, coupled, and often competing microscopic mechanisms,

especially in nonlinear regime, the data acquired is incomplete and often biased. As such,

obtaining high-dimensional, deep, and smart data in AFM measurements is highly desired.

In this section, the experimental implementation for a big-data AFM technique, inspired

by recently developed general-mode AFM [75], is explained and preliminary results are pro-
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Figure 2.10: The architecture and data flow of the big-data AFM.

vided. The designed big-data AFM is capable of surveying a wide range of physical phe-

nomena simultaneously through dual excitation with arbitrary waveform generation and

acquiring highly-sampled information without pre-commitment to a particular phenomenon

and time scale. Furthermore, the obtained data can be analyzed by performing multivariate

statistical analysis or physical interpretation to extract dominant as well as relevant patterns.

2.6.2 Implementation of the Method

Overall Architecture of Big-data AFM

Figure 2.10 illustrates the fundamentals of the big-data AFM method, consisting of six main

parts. First, the probe is excited by any waveform generated with an arbitrary waveform

generator (AWG), such as single frequency excitation, band excitation or any other complex

excitation forms. While the SPM is performing, the full-time domain response of two input

signals (such as vertical and lateral component of deflection signals, current signals, etc.)
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are recorded. The synthesized input data and the recorded deflection data has identical

sampling rate and data points which allow easier data structuring and leakage-free spectral

analysis during the post-processing stage. The initially saved raw data, on the order of

10 GB, is reformatted and compressed using dimensional reduction methods such as singular

value decomposition (SVD) or wavelet analysis. The low-rank data matrix (file size less

than a GB) is saved for long-term storage. Next, several optional filtering schemes (such

as noise threshold and high-, or/and band-, or/and low-pass filters) can be applied. The

filtering can be performed in time-, frequency-, or time-frequency domains based on the

physics of interest. This digital signal pre-processing stage which can be done on-the-fly or

later is based on the raw data from a pixel, a line, or the entire scan —unlike the lock-in

filtering that is performed based on each individual pixel data— and is fully reversible as

opposed to permanent loss of data after filtering in lock-in measurements. Once the data

is compressed, denoised, and processed, it can be analyzed to reveal the dynamics of the

cantilever motion. The first method is a physics-based approach, where a known physical

behavior of probe is detected and the physical parameters are extracted based on model

fitting. For example, the SHO model, which mimics the resonance behavior of probe and

reveals valuable information about material under the probe, is fitted to probe deflection data

around its contact resonance frequency (see section 2.2 for details). Note that as opposed to

lock-in measurements where the fittings are performed with only few number of data points,

the model fitting can be done with statistical significance. The other approach that can be

adopted is an information-based theory analysis. Multivariate statistical analysis, such as

PCA, can decompose orthogonal components, arrange them in decreasing order of statistical

significance, and highlight and separate exotic behavior with little computation effort. The

eigenvectors of PCA can elucidate the richness of the data while the corresponding loading

maps show the spatial variation of the data, which was not possible during the lock-in

measurements. The details of the implementation and analysis are offered in the following

sections.
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Arbitrary Wave Signaling and Synchronization

Instead of relying on sinusoidal signal generation built-in to the commercial AFM systems

which are inadequate for big-data approach, an external AWG to synthesize complex arbi-

trary waveforms as desired is used. The waveform is converted to analog signals with an

analog-to-digital conversion rate of 1.8GHz. The dual channel outputs of AWG is served

to excite the probe through multiple sources including tip-sample contact excitation, photo-

thermal laser heating, and internal piezo-actuator of the probe. This is implemented by

using an AWG unit (Zurich Instruments UHFAWG, dual 600MHz Analog output, sampling

rate up to 1.8GHz) in parallel with a Cypher AFM (Asylum Research). This UHFAWG

can adjust the next waveform based on the state of the 32-bit digital input/output (I/O)

or internal lock-in data with a time delay as small as 50 ns, ideal for real time adaptive

experimental control on-the-fly.

It is critical that different excitation sources work in parallel and synchronized with

the AFM cantilever motion and AFM XY scanners, essential for detecting true underlying

transient dynamics. Most commercial AFM systems use analog pixel trigger signal to align

the excitation with the measurement. The analog triggers have jitter time on the order of µs

and often introduces dead-time between each pixel excitation and phase delays between the

corresponding measurements when used with external sources. Thus, it is highly desirable

to synthesize the excitation signal for an entire AFM line scan.

As shown in Figure 2.11, this is accomplished by performing the triggering with a highly

sampled analog signal (200 MHz) from AFM controller. An Igor-ProTM program is developed

for Asylum Research AFMs that generates trigger signals 10 ms before each scan line is

started. Before scanning, the AWG generates the digital waveform and transfer the data

to the waveform memory. The 128M sample waveform memory of AWG enables generation

of high-resolution waveform shapes for each trace/retrace pass of AFM scan, eliminating

the dead time and phase coherency errors between pixel measurements. When the AFM

trigger is received (10 ms before the start of each AFM line scan), the AWG is triggered,
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Figure 2.11: Signaling and synchronization of big-data AFM

the waveforms is sent to ADC. The digital markers associated with the excitation waveform

trigger the necessary DAQ channels with a dead times less than 50 ns. The turn-around

time between trace/retrace passes is more than enough for the AWG/DAQ to adjust the

excitation parameters and transfer the data to hard drive. The extra saved data before the

start of each line is removed later in post-processing stage.

Data Acquisition

Most commercial AFMs perform lock-in measurements to characterize the dynamics of the

cantilever motion through lock-in amplifiers, reducing full time-domain information to lim-

ited frequency-domain data in terms of amplitude and phase. The lock-in trades off the loss

of full information for higher signal-to-noise ratio measurements at particular frequencies.

This limits the information learned to particular frequency and harmonics. In this approach,
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a real-time data acquisition system (DAQ) is used to digitize and record the entire motion of

the cantilever in time domain. The measurements are repeated for each AFM scan line with

a high accuracy and sampling rate in parallel to AWG excitation. Rather than sweeping the

excitation frequency and measuring the averaged spectral amplitudes, this method is based

on fast and continuous change of frequency while recording highly sampled-signals in time

domain, well suited for state-of-the-art big-data analytic tools to obtain spatial-temporal fea-

tures. This is implemented using an external Zurich Instrument UHF-DIG digitizer (12-bit,

1.8GH) integrated with built-in lock-ins, phase locked loops, and PID controllers, all using

synchronous clocking source along with AWG.

The number of samples in the AWG waveform for each pass (Ns) must equal to the

number of samples in each measurement and equal to power of 2, to ensure (1) a leakage-free

Fourier transform and (2) robust multi-resolution analysis in post-processing stage. Given the

sampling rate Fs, the scan length d, and the slow-axis scan speed v, Ns can be approximated

by Ns = dFs/v, which usually is not an integer power of 2. It is critically important to

obtain new N?
s = 2blog2Nsc . Since the speed of AFM X-Y scanners are selectable with high

accuracy, the AFM scan speed is adjusted based on the adjusted N?
s and is v? = dFs/N

?
s .

The final data matrix, (Figure 2.11), is easily reshaped for any number of pixels/line without

any dead-time between pixels. The digital markers associated with each AWG waveform are

binary and can be easily saved along the arbitrary waveform parameters. This allows perfect

reconstruction of excitation signal in post-processing stage, without the need to save the

analog signal, and would allow affordable digital modulations later.

Dimensional Reduction

Dimensional reduction is performed thorough application of principal component analysis.

The details of the method is explained in Section 2.3.1.
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Figure 2.12: Piezoresponse force microscopy with big-data AFM. (a) Topography of BFO thin-film

sample obtained via contact mode (5×5 µm2), (b) time-frequency representation of chirp excitation,

(c) eigenvalues of PCA analysis, (d) the 1st PCA loading, (e) its corresponding eigenvector repre-

sented in time-frequency, and (f) phase coherence between the eigenvector and excitation signals.

The time-frequency analysis obtained through CWT.

Digital Signal Processing

In this step, several optional filtering schemes such as noise thresholds, high-, band-, or low-

pass filters can be applied. It is important to note that the signals are highly transient and

they should be filtered in both time and frequency domains. Such an analysis is performed

through continuous wavelet transforms (CWT), which offers good time and frequency local-

ization and are employed to transform the PCA eigenvectors. The details of the method is

explained in Section 2.3.2.
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2.6.3 Analysis and Example

The big-data AFM approach is demonstrated by performing piezoresponse force microscopy

on a ferroelectric BFO thin-film sample on an ITO substrate, repeated with two different

excitation waveforms.

In the first case study, the AFM scan is performed in contact mode (Cypher AFM,

Asylum Research), where the excitation signal is routed to the probe tip (CDT-NCHR

probe, Nanosensors) and the topography is shown in Figure 2.12a. The AWG unit is used

to synthesize a band excitation signal to excite the tip-sample contact around its resonance

frequency. Figure 2.12b shows the excitation signal for one pixel, containing a band of

frequencies between 1.1 and 1.45 MHz with amplitude of 0.5 V. The excitation response

is repeated continuously for 256 pixels in each scan line. After acquiring and saving the

deflection signal through DAQ unit (sampling rate 28 MHz), the data is transferred to hard

drive and saved. The data matrix contains 2562 rows corresponding to scan pixels and each

row contains 216 data points. The obtained data is reshaped and PCA is performed. The

first 5000 eigenvalues of the decomposition are shown in Figure 2.12c, where a fast drop-

off is evident for the first 20 eigenvalues. Visual inspection of the first 20 PCA loading

maps (not shown here) proves that the first 20 modes contain all relevant information and

the higher modes only contain noise. The First PCA loading map and the time-frequency

analysis of its corresponding eigenvector is shown in Figures 2.12(d,e). The first PCA mode

reveals the spatial variation of the average piezoresponse over the mapped area, while the

eigenvector shows the time-frequency behavior of this mode. The presence of a resonance

peak around 1.2 MHz is clear and there is another response around 2.5 MHz. In order to

understand this behavior, the phase coherence analysis is performed, This is a measure of

the correlation between the excitation signal and the first eigenvector in the time-frequency

plane. Interestingly, only the response around the resonance is correlated with the excitation

signal and the higher frequency response has a low coherence and therefore, irrelevant to the

vertical piezoresponse. Further analysis of probe torsional motion and its natural frequency
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shows that the response is perhaps due to torsional movement of the cantilever. The phase

values are shown by the black vectors in Figure 2.12f, where the phase is around 180°,

90°, and 0 ° before, during, and after the resonance. The advantage of big-data AFM is

already evident by this analysis. The excitation signal can have any arbitrary form and

the measurements reveal the complex dynamics of the probe. Further, the time-frequency

analysis reveals valuable information on the correlations between the excitation and response

and characterizes the phase responses. Contrary to conventional AFM measurements, where

the phase responses are highly frequency dependent, the phase measurements do not show

any lags due to filter and system errors.

As mentioned, the PCA analysis reveals almost 20 orthogonal modes with relevant infor-

mation. The data is reconstructed based on these 20 modes. The first 20 eigenvectors are

filtered in time-frequency domains by only considering information that has phase coherency

of 0.5 and greater and frequency in the range of excitation signal. The inverse continuous

wavelet transformation of the first 20 eigenvectors are obtained and the data matrix is re-

constructed. The signal-to-noise ratio of the truncated data is enhanced and the data can

further be analyzed with a physical model to reveal intrinsic properties of the sample.

The reconstructed data of each pixel is fitted to a SHO model and the intrinsic ampli-

tude, resonance frequency, and quality factor are found and illustrated in Figure 2.13. The

variations in topography, amplitude, quality factor and resonance maps seems uncorrelated

since these parameters are independent of each other. The topography reveals the surface

roughness and the amplitude map shows the heterogeneous piezoresponse magnitude. In

addition, the map of resonance frequency clearly shows distinct frequencies on grains and

grain boundaries of the BFO sample. Thus, the electromechanical properties of the sam-

ple are characterized during one scan without resonance tracking and feedback loops. The

mapping of R2, the fitting coefficient of determination (Figure 2.13d) suggests a high fidelity

of SHO regression analysis, with R2, values ranging from 0.91 to 0.99 (within one standard

deviation), which demonstrates the capability of big-data AFM in capturing the physics of

probe near its resonance frequency with high statistical significance.
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Figure 2.13: Intrinsic properties of BFO sample. SHO fitting of big-data AFM reveals (a) intrinsic

amplitude, (b) resonance frequency, (c) Quality factor, and (d) fitting R2 maps.

Big-data AFM can further shed light on ferroelectric properties of the sample. In or-

der to characterize the ferroelectric properties of the sample, the process is repeated on an

identical area of the sample with a different excitation signal. A separate experiment (switch-

ing spectroscopy-PFM, Asylum Research) is performed in advance to measure the coercive

voltage of the sample (3 V). The AWG unit is used to synthesize a band excitation signal

and a sinusoidal signal, concurrently. The band excitation signal (with a frequency band of

1.1–1.45 MHz and amplitude of 0.5 V) is used to excite the resonance-enhanced piezoelectric

response, while the sinusoidal waveform with a fixed frequency of 73 kHz and amplitude of

5 V is used to switch the ferroelectric orientation of the sample during the scan.

Figure 2.14a shows the time-frequency analysis of the drive signal for a pixel, where a

linear time-varying chirp (1.1–1.45 MHz) and fix frequency sinusoidal (73 kHz) waveforms

are evident. While performing AFM scan with a rate of 0.67 Hz/Line, the external DAQ is

used to acquire the AFM cantilever motion and save the data. The data matrix contains

2562 rows for all AFM grid points and each row contains 216 data points. The obtained data

matrix is reshaped, principal component analysis is performed, and the first 4000 eigenvalues

are shown in Figure 2.14b. The first PCA mode has much higher variance followed by a fast

drop-off of eigvenvalues to more than two orders of magnitude for only the first 7 modes.

Note that there are 216 eigenvalues, but only the first 4000 eigenvalues are found using

a randomized singular value decomposition algorithm. The first PCA eigenvector reveals

interesting behaviors. Figure 2.14c shows the first eigenvector as a function of the excitation
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Figure 2.14: Ferroelectric properties of BFO sample obtained with big-data AFM. (a) Time-

frequency representation of excitation signal, (b) eigenvalues of PCA analysis, (c) the 1th PCA

eigenvector as a function of excitation signal, (d) time-frequency representation of the 1th eigenvec-

tor, (e) phase coherence between the eigenvector and the excitation signals, and (f) the 1th PCA

loading maps.

signal, clearly revealing butterfly hysteresis loop, a signature of ferroelectric materials. It is

observed that under excitation biases larger than the coercive voltage (∼3 V), the sign of the

deflection signal switches due to the change in piezoelectric orientation of the sample under

the charged tip. The time-frequency analysis of this eigenvector, offered in Figure 2.14d,

explains the behavior. Compared to the previous example, the resonance peak is replaced

by an intermittent time-varying response around 1.2 MHz. The phase coherent analysis

(Figure 2.14e illustrates a continuous change of phase for a pixel time of 2.3 msec. The

phase values are around 180° when the orientation is upward, 90° when switching from

upward to downward domain occurs, 0° when the domain is downward and finally -90° when

switching from downward domain to upward domain. There are two responses around 73 kHz
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and 146 kHz without variation in time and constant phase values of 180°. The response

at 146 kHz has zero phase coherence due to its quadratic nature. This lower frequency

responses are the first harmonic and second harmonic responses to the sinusoidal excitation

waveform caused by induced piezoelectricity and electrostatic effects. The PCA loading map

in Figure 2.14f shows a uniform responses (except on sample defects) showing a uniform

ferroelectric switching throughout the scanned area.

The big data AFM is better than the current methodologies in many ways. First, is the

availability of multi-dimensional data for each pixel of the image that allows measuring and

identifying transient and stationary phenomena in AFM measurements. While the lock-in

methods only provide one or few amplitude and phase responses as a function of frequency

without providing temporal information of the transient phenomena, big data AFM provides

multiple harmonics and resonance modes arising from nonlinear probe interactions. Further,

multi-modal imaging is easily possible as the whole frequency spectrum of the lateral and

vertical probe motions and other channels are saved. In addition, capturing multiple signals

allows for utilizing the adaptive and data-driven methods that can correlate, deconvolute and

identify highly coupled phenomena during AFM measurements. Second, unlike the classical

SPM imaging which has fixed number of pixels, this method allows for multi-resolution

imaging with having higher pixels in a trade for having a higher noise and vice versa. This

can systematically overcome one of the most difficulties with current AFMs which is finding

small features in a big area through using cross-correlation algorithms. Third, this allows for

creation of AFM data repositories and libraries throughout the material science community

which enables a deep data approach toward development of unbiased selection of material

methods and models. This method can promise to extend empirical knowledge of materials,

especially for complex energy storage material systems with nonlinear coupled physics and

competing degrees of freedom.



47

2.7 Conclusions

In this chapter, new approaches for measuring the AFM deflection signals are presented. The

multi-harmonic DART is a lock-in based method, capable of measuring the nonlinear phe-

nomena while tracking the resonance frequency of tip-sample contact. The multi-harmonic

DART requires specific instrumentation that are not available to all AFM users. A sequential

excitation method overcomes the difficulties associated with feedback loop errors. Further,

a big-data AFM approach is introduced and the preliminary implementation and results are

offered. The big data AFM is an unusual and unique instrument that connects physical and

data sciences, providing an ideal platform to develop and test methodologies ranging from

data acquisition, processing, analysis, to artificial intelligence. These methods are the basis

of deflection detection for techniques that are explained in the following chapters.
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Chapter 3

SCANNING THERMO-IONIC MICROSCOPY FOR PROBING
LOCAL ELECTROCHEMISTRY AT THE NANOSCALE

3.1 Introduction

The worldwide energy economy is shifting focus from extraction and consumption of fossil

fuels towards a diverse, multidirectional, and asynchronous network of energy sources and

demands. There is a critical need for electrochemical materials that efficiently interconvert

and/or store electrical and chemical energy. These include more robust electrode materials

for large and small scale battery systems [76–78], fuel cells or flow batteries [79–81], elec-

trocatalysts for efficient electrosynthesis of liquid transportation and storage fuels [82], and

photoelectrochemical materials that directly convert solar energy to fuels [83]. At present,

a universal challenge facing the development of electrochemical materials is the lack of un-

derstanding of physical and chemical processes. A deep fundamental understanding of the

microscopic mechanisms, as well as technological advancement, is largely hampered by a

lack of experimental techniques that can directly probe electrochemical processes at the

nanoscale at local length scales in the 10–100 nm regime. A growing body of research shows

that the composition, structure, and properties of electrochemical materials near active in-

terfaces often deviate substantially and inhomogeneously from those of the bulk, and the

electrochemistry at this length scale is still poorly understood [80, 84, 85]. Acquiring this

understanding requires a new generation of imaging techniques that can resolve local chem-

istry and fast dynamics in electrochemical materials at the time along length scales relevant

to strongly coupled reaction and transport phenomena. This offers a new opportunity for

microscopy development.

Conventional electrochemical characterization techniques are very difficult to scale down
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as they are mostly based on the measurement of current: this requires the detection of small

currents on the order of pA at the nanoscale [86]. Custom-made ion-conducting electrodes

have been developed for scanning electrochemical microscopy [87]. However, the spatial

resolution is usually no better than micrometers [88,89], and the fabrication process is com-

plex. Electrostatic force microscopy and Kelvin probe force microscopy have been applied

to study local electrochemical processes [86,90]. Yet the spatial resolution is limited because

of long-range electrostatic interactions. In addition, the data are often ambiguous and, in

turn, are difficult to interpret. In the last several years, researchers have realized that Veg-

ard strain [91, 92] can provide an alternative imaging mechanism with high sensitivity and

spatial resolution for nanoscale electrochemical characterization. The initial attempt focused

on atomic force microscopy (AFM) topographic mapping of lithium ion electrodes during

charging and discharging. However, the volume evolution that is induced by the change in

lithium ion concentration [93] reflects the accumulation of Vegard strain over both space and

time. Later on, electrochemical strain microscopy (ESM) was proposed, and focused on local

and instantaneous fluctuations in ionic species induced by an AC voltage applied through a

conductive scanning probe tip [35, 94–96]. While these techniques have provided consider-

able insight into local electrochemistry, isolating Vegard strain from other electromechanical

mechanisms such as piezoelectric effect, electrostrictive effects, electrostatic interactions, and

capacitive forces is often non-trivial [2,97]. Furthermore, it is highly challenging to integrate

local ESM with global electrochemical measurement in-operando because the charged scan-

ning probe is often affected by global voltage perturbations.

In this chapter, a novel technique for probing local electrochemistry at the nanoscale,

termed scanning thermo-ionic microscopy (STIM), is presented [38,39,54]. This new form of

microscopy overcomes the aforementioned difficulties. The new technique utilizes thermally,

instead of electrically, induced Vegard strain, thus eliminating contributions from other elec-

tromechanical strains and interference from global electrical perturbations, as presented in

Section 3.2. This technique can be applied to investigate a wide range of electrochemical

systems including electrode materials for lithium ion batteries, solid oxide electrolysis cells



50

(SOEC), and solid oxide fuel cells (SOFC), which is presented in Section 3.3.

3.2 Principle of Method and Implementation

3.2.1 Concept of the Method

The concept of STIM is built on three observations. First, when the ionic concentration oscil-

lates in a solid, the associated volume also fluctuates due to Vegard strain [91,92]. The Vegard

strain is defined broadly as a lattice volume change associated with a concentration change

in the ionic species. This results in a mechanical vibration that can be measured locally via

a scanning probe, shown schematically 3.1. Such dynamic-strain-based detection has been

applied in a variety of scanning probe microscopy (SPM) techniques, including piezoresponse

force microscopy (PFM) [98–100], electrochemical strain microscopy (ESM) [35,94–96], and

piezomagnetic force microscopy (PmFM) [101,102]. Second, the fluctuation of ionic concen-

tration may be driven by an oscillation in its electrochemical potential, which can be induced

by the gradient in hydrostatic stress and temperature, simultaneously. Finally, the character-

istics of ionic oscillation and electrochemical strain probed via the scanning probe are linearly

correlated and could reveal valuable information on the local ionic species, concentration,

and diffusivity. Thus, STIM technique could provide a window into local electrochemistry at

the nanoscale. In contrast to ESM where the ionic oscillation is driven by an applied electri-

cal potential [33], the new method probes the concentration fluctuations of ionic species or

electronic defect caused directly or indirectly by temperature oscillation induced by a heated

scanning probe. Overall, STIM has several potential advantages over ESM.

In order to fully appreciate the concept of STIM, it is necessary to briefly review the

theory of stress-induced diffusion developed by Larch and Cahn in the 1970s [34,103],

∂c

∂t
= ∇ · (D∇c) +∇ · (DFz

RT
c∇φ)−∇ · (DΩ

RT
c∇σh), (3.1)

where D, z, and Ω are the diffusivity, charge, and partial molar volume of an ion, F and

R are the Faraday and ideal gas constants, and T and t are the absolute temperature and
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Figure 3.1: Schematic of Vegard strain detection in scanning probe microscopy. Higher ionic

concentration induced by changes in electrochemical potential results in expanded molar volume

that can be measured from the deflection of the cantilever and the reflected laser beam, received in

a photo detector (PD).

time, respectively. The three driving forces for ionic oscillation are gradients in ionic con-

centration ∇c, electric potential ∇φ, and hydrostatic mechanical stress ∇σh, corresponding

to three terms on the right side of Equation 3.1. The second term explains the principle

of ESM, where the alternating electric potential drives the oscillation of ionic concentra-

tion. Another method of inducing local ionic fluctuation is to apply hydrostatic stress by

mechanically vibrating the scanning probe (the third term). However, this implementation

complicates the measurement of the resulting displacement as the nature of oscillation will

be dominantly dependent on the viscoelastic properties of the sample under the probe.It also

severely limits the magnitude of stresses possible. In order to impose an oscillating stress

while simultaneously measuring the resulting local vibration through the scanning probe, a

local temperature oscillation with angular frequency ω is resorted,

∆TAC [ω] = ∆T exp(iωt), (3.2)
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Figure 3.2: Graphical representations of oscillating temperature, stress, ionic concentration, and

the first and second harmonic components of scanning thermo-ionic microscopy displacements. The

oscillation of temperature causes thermal expansion that induces a fluctuating thermal stress. The

simultaneous temperature and stress oscillations result in an ionic concentration oscillation and

subsequently displacement oscillation at a few distinctive frequencies.

which results in local oscillation of thermal strain ∆ε∗ and hydrostatic stress ∆σh,

∆ε∗[ω] = α∆T exp(iωt)I, ∆σh[ω] =
1

3
TrC(∆ε[ω]−∆ε∗[ω]) = ∆σh0 exp(iωt), (3.3)

where α and C are the thermal expansion coefficient and elastic stiffness tensor of the

material, ε is the total strain consisting of thermal strain ε∗and elastic strain, Tr denotes

the trace of the matrix, ∆σh0 is the amplitude of hydrostatic stress oscillation, and I is the

second rank unit tensor. Note that thermal expansion results in a vibration that is the first

harmonic to the temperature oscillation, as schematically shown in Figure 3.2, and thus the

first harmonic response u1[ω] yields local thermomechanical properties.

However, there are further consequences and implications of this oscillating thermal stress,

which drives oscillation in ionic concentration. By Taylor expanding T around an average

temperature, T0, and substituting into Equation 3.1, we obtain the first and the second
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Figure 3.3: STIM excitation sources; (a) Photos of two-leg scanning thermal probe and (b)

blueDriveTM photo-thermal excitation module. Images used with permission of ANASYS Instru-

ments and Asylum Research.

harmonic components of ionic oscillation:

∆c[ω] = −∇ · (DΩc0
RT0

∇σh0) exp(iωt), ∆c[2ω] = ∇ · (DΩc0
RT 2

0

∆T∇σh0) exp(i2ωt), (3.4)

which in turn induce the first and second harmonic Vegard strains and the corresponding

displacements shown in Figure 3.2. Thus, the first harmonic STIM response u1[ω] consists

of contributions from both thermal expansion and Vegard strain. In general, this is dom-

inated by thermal expansion and thereafter referred to as thermal response, whereas the

second harmonic STIM response u2[2ω] is purely caused by Vegard strain associated with

ionic oscillation and is thereafter referred to as ionic response. By measuring displacements

associated with thermal and ionic responses induced by the fluctuating temperature and

thermal stress at respective harmonics, information on both thermomechanical and ionic

properties of materials can be obtained. It should be noted that other nonlinear sources

such as thermally-induced defect formation and thermally driven transport (Soret/Dufour

effects) are ignored here. However, like stress-driven transport, strong contributions from

these sources are expected to appear in the higher harmonic responses, leading to a higher

sensitivity of STIM to local shifts in defect concentration.
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3.2.2 Excitation Sources

The nanoscale temperature oscillation, necessary to stimulate the hydrostatic stress and local

concentration fluctuations, is achieved through two different methods. Namely, resistive

heating and photo-thermal excitation are both implemented on commercial AFM systems.

Initially, STIM was implemented through using headed probes (ThermaLeverTM AN2-300,

Anasys Instruments) (Figure 3.3a), on an Asylum Research MFP-3D AFM. The two-leg

thermal probe has a micro-fabricated solid state resistive heater at the end of the cantilever,

enabling local heating. When an AC current I[ω
2
] = I0 cos(ω

2
t) is passed through a heated

probe with resistance β, the resulted power dissipation p is given by:

p[ω] = βI2 =
βI20
2

(1 + cos(ωt)), (3.5)

which has a DC component and an AC component with the angular frequency ω. Conse-

quently, the power dissipation generates a DC temperature raise ∆TDC , and a temperature

oscillation with amplitude ∆TAC . The temperature of the probe T [ω] can be determined by:

T [ω] = Tamb + ∆TDC + ∆TAC = T0 + ∆T cos(ωt+ θ), (3.6)

where Tamb is the initial temperature of probe and θ is the phase delay of temperature oscilla-

tion with respect to the drive signal. Equation 3.6 illustrates the principle of the temperature

perturbation that is essential to STIM. The heated probe can elevate the temperature of the

sample to more than 600 ◦C [104] with 0.076 ◦C precision at 1 MHz bandwidth [105], therefore

is highly suitable for STIM application. In this implementation the temperature oscillation

is the second harmonic to the AC current because of the quadratic relationship between

power and current. As a result, the probe deflection contains the thermal response u1[ω] at

the second harmonic and the ionic response u2[2ω] at the fourth harmonic with reference to

the input current I[ω
2
], which reflect the thermomechanical and electrochemical properties

of the material, respectively.

Alternatively, local heating and temperature fluctuation can also be realized through

a photo-thermal approach, utilizing a 405 nm laser with modulated intensity aligned at
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the base of a gold coated cantilever (Multi75GD-G, Budget Sensors) or any regular AFM

probe, implemented on an Asylum Research Cypher ES AFM equipped with blueDriveTM

photo-thermal excitation module, (Figure 3.3b) [106]. The temperature profile spans several

orders of magnitude based on laser power, material, cantilever geometry, location of the laser

spot, coating, and environment [107]. These should be carefully calibrated and optimized

before STIM operations. Under photo-thermal excitation, the laser power and thus the local

temperature is modulated directly. According to Equation 3.4, the first and second harmonic

deflection responses —with respect to the laser being driven at frequency ω— are the thermal

u1[ω] and ionic u2[2ω] responses, respectively.

Figure 3.4: Schematic implementation of the fourth harmonic dual amplitude resonance tracking

(DART) scanning thermo-ionic microscopy (STIM). The lock-in amplifier synthesizes a dual AC

signal (at frequencies f1
4 and f2

4 ) and the output of the lock-in is used for bimodal excitation

of the thermal probe. The AFM deflection signal is routed to the lock-in input and the fourth

harmonic deflection responses at both frequencies (f1 and f2 around the contact resonance) are

detected (amplitude and phase). The internal PID is used to regulate the difference between the

detected amplitudes and adjust the carrier frequency fc. The lock-in amplifier streams the detected

information to a PC synchronous to AFM in real-time.
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The photo-thermal heating is advantageous over the resistive heating excitation due to

the following issues associated with heated probes. The heated probes contain a solid state

resistor composed of heavily doped silicon near the probe tip as well as two electrical paths

on each leg probe with light doped silicon. This connects the current source to the resistor.

Due to the large surface area of the doped silicon, the electrostatic forces between the body

of probe cantilever and sample surface are inevitable when the current passes through the

resistor. Fortunately, the forces are first and second harmonic responses to the drive cur-

rent, and do not interfere with the ionic measurements in the 4th harmonic response STIM

measurements. Furthermore, the electrical conductivity of heated probes vary significantly

from probe to probe, which makes the absolute temperature determination very difficult,

requiring careful calibrations. On the other hand, photo-thermal heating can be very well

controlled as the power of the laser source can be controlled in real time.

3.2.3 Deflection Detection

Detection of the respective harmonic response of the cantilever deflection is non-trivial since it

is typically a small signal with a low signal-to-noise ratio. As mentioned in Chapter 2 , several

techniques have been specifically developed in this work for the problems of interest and

implemented on AFM systems. Advanced lock-in amplifiers and full information acquisition

has been leveraged in STIM to reveal the ionic response.

As was explained in previous section, both thermal and ionic responses have well-known

frequency modulations due to the forced harmonic nature of excitation sources. Lock-in

amplifiers (LIA) can be used to find the amplitude and phase of the noisy deflection signal

while the LIA reference signal is served as the excitation source. Most of the commercial

AFM controllers have a few built-in LIAs. This allows for measurements of the first har-

monic (which requires only one LIA) or higher harmonics (which requires at least two LIAs)

responses. For the ionic response in STIM mode, the associated deflection amplitudes are

on the order of 1–20 pm, which is comparable to the noise floor of the AFM deflection signal

obatined via optical beam deflection. In order to accomplish higher signal-to-noise ratio,
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STIM measurements are resonance-enhanced, i.e. the excitation frequency is chosen in a

way that the deflection signal frequency is around the cantilever-sample contact resonance

frequency. This tip-sample contact resonance frequency varies inhomogeneously over the

scanned area of the sample and thus having a fixed excitation and detection frequency will

cause topography crosstalks during STIM scanning. To circumvent this, the dual ampli-

tude resonance tracking (DART) technique is adopted(Figure 3.4) [69] implemented with

the thermal probe. Four lock-ins are thus necessary to obtain the thermal (off-resonance)

and ionic response (resonance-enhanced) mappings simultaneously, is beyond the capabili-

ties of commercial AFM controllers and requires additional instrumentation. The new test

setup is designed and implemented in the Shenzhen Key Laboratory of Nanobiomechanics,

Shenzhen Institute of Advanced Technology, Chinese Academy of Science, where an Asylum

Research MFP-3D Bio AFM is merged and synchronized with a Zurich Instrument HF2LI

lock-in amplifier and a proportional, integral, derivative (PID) controller in combination.

The implementation details are fully explained in Section 2.4.

The design of PID gains, the appropriate modulation frequency fm, and the heating

power amplitude depends on many parameters. The parameters, include probe geometry,

probe natural frequency, scan speed, and the average ionic responses of the sample. PID

parameters were coarsely tuned according to guidelines reported by Abramovitch et. al [108],

followed by fine-tuning to optimize controller behavior in each set of experimental conditions.

Lacking such a system at UW, resonance tracking is not possible for STIM, and experiments

are restricted to point-wise spectroscopic studies, as shown later.

The DART measurements are prone to several issues including the errors in tracing the

resonance frequency, slow feedback response, topography cross-talks, and the lack of nonlin-

ear and transient tip-sample interaction dynamics in measurementsSection 1.3. Alternately,

STIM was implemented through using full information acquisition of cantilever motion in real

time with a high sampling rate. This eliminates the need for the closed loop measurements

and resonance tracking, allows for faster scanning and reveals the full dynamics of probe.

The huge data sets collected during the experiments allow for information-based analysis,
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even without known the dynamics of the interaction in advance. Full details of this method

and the analysis flow is presented in Section 2.6.

3.3 Application

3.3.1 Application to Ceria

Pure ceria (CeO2), and ceria-based ion conductors such as Ce1-xMxO2-δ (where M = Y,

La, Gd, and Sm) exhibit electronic insulation under oxidizing conditions [109, 110]. When

reduced from Ce4+ to Ce3+, oxygen vacancies and charge compensating mobile electrons

(small polarons) are formed [111]. Tschpe et al. [112] first reported that nanocrystalline ceria

shows remarkable electronic conductivity in air which may arise from space-charge effects

near the grain boundaries [113–115]. Positive charge accumulates in the grain boundary core

from segregated impurities, surface defects, and other charged species, which is compensated

by a depletion of oxygen vacancies and an accumulation of small polarons (electron +lattice

distortion) in a diffuse region known as the space charge region. The charge trapped in the

grain boundary core is compensated by space charge regions on both sides of the interface.

This theory is supported by a series of simulations and models [115,116], however observing

and probing the diffuse space charge region is rather challenging. Chen et al. [36] and Kumar

et al. [117,118] utilized ESM in separate studies and observed that such a diffuse space charge

region exists and is localized at the grain boundaries of ceria. This makes ceria an interesting

yet challenging material system that is characterized with STIM.

3.3.2 Application to Halide Perovskites

Halide perovskite solar cells based on CH3NH3PbI3 are one of the most promising material

systems in the next generation of photovoltaic technologies [119,120]. In the last eight years

their conversion efficiency has tremendously increased to higher than 22%, currently making

this the fastest advancing solar cell technology [121]. At the microscopic level, halide per-

ovskites exhibit exotic phenomena including photo-carriers, ionic defects, and spontaneous



59

polarization, which are still not understood. In fact, there lacks a method that can examine

the local photovoltaic efficiency and correlate the device performance with microstructure

properties [122].

The macroscopic measurements of transient current (I-V curves) reveal large I-V hys-

teresis which is potentially due to the migration of charged Pb, MA, and I vacancies and

ions [123–126]. Researchers tried to map the redistribution of surface potential associ-

ated with this ionic movement through KPFM, but suffered from insufficient spatial resolu-

tion [127]. Also, ESM has been employed to probe the local concentration of ionic species,

however the predicted ferroelectric nature of halide perovskites means that the ionic strain

response measured in ESM is interfered by piezoelectric strain [128,129]. STIM seems to be

particularly suitable for probing the concentration of ionic species and diffusivity in halide

perovskites, since the measured Vegard strain is induced by thermal stress fluctuations. Un-

like ESM, STIM has the ability to measure and probe the local concentration and diffusivity

fluctuations even when the device is under test. The combination of nanoscale measurements

such as STIM and global measurements including macroscopic I-V curve measurements, elec-

tric polling, and light illuminations can reveal microscopic mechanisms that are responsible

for the macroscopic performance of halide perovskite solar cells.

3.4 Results and Analysis

The dynamic-strain responses in atomic force microscopes can be obtained through different

acquisition techniques developed in the context of this work for broad ranges of AFM modes

(Chapter 2). This section includes analysis of STIM responses acquired through lock-in

DART measurements and full information acquisition techniques (Section 3.2.3 for detailed

discussion) in point-wise and scanning modes. Measurements were obtained through different

excitation sources explained in Section 3.2.2.
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3.4.1 Point-wise Measurements with Lock-in

The feasibility of the STIM concept is domonestrated by the point-wise thermal and ionic

responses of two types of samples at respective harmonics. One is nanocrystalline Sm-doped

ceria that is a good ionic conductor [112], and the other is polymeric polytetrafluoroethy-

lene (PTFE) that serves as a control sample (no ionic conductivity). The detection was

performed with LIA, where the driving frequency was swept across tip-sample contact res-

onance frequency, and the corresponding harmonic responses of probe deflection signal was

measured. The STIM implementation was based on resistive heating. As seen in Figure 3.5a,

both ceria and PTFE exhibit substantial thermal response measured at the second harmonic

under the resistive heating, as expected in any material with non-zero thermal expansion

coefficient regardless of its ionic characteristics. The higher contact resonance frequency of

ceria at 123.4 kHz indicates its higher elastic modulus compared to PTFE with a resonance

frequency of 118.7 kHz. Furthermore, after fitting the experimental data with the damped

driven simple harmonic oscillator model [64, 130], the quality factors for ceria and PTFE

are obtained as 57.7 and 46.4, which indicate higher viscous energy dissipation in PTFE.

The corresponding intrinsic thermal response amplitudes (after correcting the peak value

using the quality factors) are determined to be 38.2 pm and 44.3 pm, suggesting that the

thermal expansion of PTFE is higher than that of ceria, as expected [131, 132]. Thus the

local thermomechanical properties of solid materials can indeed be obtained from the STIM

thermal response.

Further insights can be provided from the ionic response measured at the fourth harmonic

under similar conditions(Figure 3.5b). First of all, substantial higher ionic response is ob-

served in ceria, while that of PTFE is almost negligible. This is more evident after the data is

analyzed using a damped driven simple harmonic model that yields a quality factor of 49.52

for PTFE and corresponding intrinsic ionic response of 0.31 pm, consistent with its non-ionic

nature. The quality factor and the intrinsic response of ceria are 55.95 and 3.31 pm. Since

ionic response is proportional to ionic diffusivity according to Equation 3.4. The good ionic
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Figure 3.5: Point-wise (a)thermal and (b)ionic responses in STIM on ceria and PTFE samples

using resistive heating on MFP-3D AFM, demonstrating the feasibility of STIM. While sweeping

the drive signal frequency, the amplitudes of (a) 2nd and (b) 4th harmonic responses of the deflection

signal is detected through lock-in measurements. The 2nd and 4th harmonic deflection signals are

enhanced substantially where the temperature/ionic concentration oscillations (if any) are near the

probe contact resonance.

response of ceria seen in Figure 3.5 indicates its good ionic nature. Moreover, the quality

factors and the resonance frequencies (119.3 and 122.1 kHz for PTFE and ceria) obtained

from thermal and ionic responses are in a good agreement, confirming the reliability of the

measurements. While the ionic response of ceria is an order of magnitude smaller compared

to its thermal response, the signal is sufficiently strong and clean for sensitive detection.

These sets of data thus demonstrate the feasibility of STIM without ambiguity.

valuable dynamic information can be learned from the STIM ionic response, by imposing

a low-frequency modulation bias, in the range of 0.1 Hz to 20 Hz, on top of high-frequency

excitation bias, in the order of 30 kHz(Figure 3.6a). The modulation bias is to manipulate the

local ionic concentration away from equilibrium by changing the baseline temperature, while

excitation bias is to stimulate ionic oscillation for the measurement. Since their frequencies

differ by more than three orders of magnitude, the low-frequency modulation bias can be

viewed as DC, as far as the instantaneous high-frequency excitation bias is concerned. The
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a) b)

Figure 3.6: Point-wise ionic spectroscopy of ceria; (a) heating voltage applied to the thermal

probe, consisting of superposition of high- and low-frequency voltage waveforms; (b) the intrinsic

ionic response of ceria as a function low-frequency modulation bias under different modulating

frequencies; these measurements were repeated 20 times and the average results are presented.

ionic responses of ceria measured in term of 4th harmonic probe deflection induced by driving

heating voltage, after correction by using a damped driven simple harmonic oscillator model,

are plotted in Figure 3.6b. It is observed that with increased DC voltage and thus higher

local temperature, the ionic response drops due to reduced ionic concentration underneath

the probe, driven away by the higher temperature and thermal stress. The shape of this loops,

qualitatively similar to ESM spectroscopy loops, is determined by the kinetics and dynamics

of electrochemical reaction and therefore highly rate dependent [35, 56]. Furthermore, the

loop initially opens up with an increased modulation in frequency and then closes, which can

be understood as follows. For the low (0.2 Hz) and fast (20 Hz) modulation frequencies, where

the ionic species are being driven much slower and faster than the typical diffusion time scale,

not much hysteresis is observed. However, the intermediate frequency modulations (2 Hz),

which perhaps has a time scale comparable to that of ionic diffusion, leads a phase lag and

thus the loop opens up [36]. In turn, from the loop opening under appropriate modulating
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frequency, dynamic information can be learned from the STIM spectroscopy studies.

3.4.2 DART-STIM Mappings

Figure 3.7: Thermal (top and middle rows) and ionic (bottom row) DART STIM mappings of

ceria through photo-thermal (top row) and resistive heating (middle and bottom row). (a,d,e)

Topography, (b,e,h) STIM amplitude, and (c,f,i) resonance frequency mappings. The results in

each row obtained from a separate scan where the middle and bottom row scans are on similar

area.
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The STIM mappings of thermal and ionic responses can reveal local variations of ther-

momechanical and electrochemical properties of materials. In this section, the thermal and

ionic STIM mappings acquired with higher harmonic dual ac resonance tracking (DART)

technique are presented. The STIM experiments with resistive heating excitation requires

higher harmonic measurements that are beyond the capabilities of current AFM systems

and a custom-designed test setup was implemented on an MFP-3D Bio AFM combined with

an HF2LI lock-in amplifier and PID (Zurich Instruments). The photo-thermal excitation

was implemented on Cypher ES AFM with built-in lock-ins, which only allow for the first

harmonic measurements (Section 3.2.2 for details of excitation sources). During the scan,

the lock-ins measure real-time dual amplitude and phase responses of deflection signal at

respective harmonics, and records the frequency of the excitation frequency for each pixel.

Given these information the intrinsic properties of the tip-contact interaction including the

intrinsic amplitude, phase lag, quality factor, and the resonance frequency of oscillation can

be obtained in post-processing stage (Sections 2.4).

Figure 3.7 depicts the thermal and ionic STIM maps obtained with both excitation meth-

ods in a 900 nm × 900 nm region along with their contact mode topography. The top and

middle rows of Figure 3.7 correspond to thermal mapping responses (each in separate scan on

a different area of sample) with photo-thermal and resistive heating excitation , respectively,

while the bottom row shows ionic maps obtained through resistive heating (separate scan and

on similar area of the middle row). From topography mappings in Figures 3.7a,d,g, a pen-

tagonal grain having boundaries with five neighboring grains is evident. The photo-thermal

excitation was implemented using a gold coated AFM probe with in-air resonance frequency

of ∼70 kHz (Multi75GD-G, Budget Sensors) while the resistive heating was implemented

using a heated probe with an in-air resonance frequency of ∼30 kHz (AN2-300, Anasys

Instruments). The contact resonance frequency maps of ceria in Figures 3.7c,f, therefore

exhibit a different type of variation within grains, however, the thermal responses in Fig-

ures 3.7b,e show grain-to-grain variation, as well as variation within a grain with a good

qualitative agreement. The variations withing the grain can be possibly caused by the ef-
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fect of topography variations on nano-scale heat conduction between the thermal probe and

the sample. On the other hand, the ionic response in Figure 3.7h exhibits a substantially

higher amplitude at the grain boundaries, but within each grain the responses are uniformly

low. Such contrast is believed to be caused by accumulation of mobile electrons in the dif-

fuse space charge regions near the surface and at grain boundaries, as recently imaged by

ESM [36,117,118]. In comparison with ESM results, the mappings show a sharper contrast

and the existence of a diffuse space charge region on the two sides of grain boundaries are

clearly evident. The core of the grain boundaries show relatively low response, which is

expected due to the low mobility of oxygen vacancies at room temperature. This makes the

STIM a nanoscale electrochemical characterization technique to observe and probe the space

charge regions. The resonance frequency mappings in Figure 3.7c,f, acquired from the second

and fourth harmonic scanning are consistent with each other, though the second harmonic

one has a better signal-to-noise ratio due to the much higher amplitude of thermal response.

Compared to the first implementations of STIM with single frequency excitation [39], much

enhanced STIM mappings are obtained, thanks to the improved capability for tracking the

resonance frequency during scanning using DART.

Finally, DART STIM ionic mappings were obtained on CH3NH3PbI3, an emerging per-

ovskite material for solar cells [120, 129]. It has been reported that ionic migration in

CH3NH3PbI3 occurs under light illumination or electric polling [133], which has significant

implication to its photovoltaic performance.

Figure 3.8 shows the STIM ionic response for a CH3NH3PbI3 film on a hole-collecting

FTO/PEDOTS:PSS substrate, in which rough topography is observed and large variations

in ionic response are evident in Figure 3.8b. The enhanced responses are mainly at the grain

boundaries , reflecting their higher ionic activities, and are extremely sensitive to external il-

lumination condition and sample degradation. The resonance frequency shown in Figure 3.8c

is rather uniform with one standard deviation of ∼1 kHz, indicating homogeneous mechan-

ical stiffness of the sample. The amplitude response seems correlated with the resonance

frequency, possibly because shifts of resonance frequency due to ionic concentration. The
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Figure 3.8: Ionic mapping of CH3NH3PbI3 on FTO/PEDOTS:PSS by STIM; (a) schematics of

STIM through photo-thermal heating, STIM mappings of (b) ionic responses (second harmonic)

, and (c) resonance frequency, both overlaid on three-dimensional topography. The STIM mea-

surements were carried out on an Asylum Research Cypher ES AFM equipped with BlueDriveTM

photo-thermal excitation unit that illuminates a 9 mW power modulated 405 nm laser aligned on

the base of a gold coated probe (Multi75GD-G, Budget Sensors).

preliminary results reported here proves the capability of STIM to study such a phenomena

at the nanoscale while the device is under global test. However, due to unstable nature of the

material systems, the tests should be carried out under full environmentally control. These

tests are currently being developed. Under stable conditions, STIM measurements combined

with global electrical perturbation and light illumination can reveal valuable information on

local ionic activity.

3.4.3 Full Information Acquisition in STIM Mappings

The lock-in measurements have certain limitations and challenges. The lock-ins receive the

probe deflection stream of the data with 20 MHz bandwidth in time domain and drastically

compresses the data stream to amplitude and phase information of limited frequencies at

a rate of 1–10 kHz. LIAs measure the amplitude and phase during each pixel dwell time

regardless of the previous or next measurements. Thus, in presence of high noise levels,

the reliability of the measurements can be questionable. The DART technique requires
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extra feedback time. This results in longer scan times, and often in unwanted tracking and

post-processing errors [47]. Resonance tracking often fails on rough sample surfaces and

generates imaging artifacts. Furthermore, the PID gain design and lock-in filter designs of

DART measurements have ti be done in advance based on a well-known physical model,

which is not precise and results in irreversible loss of valuable information.

In this section, the STIM data obtained through full information acquisition of AFM

probe deflection stream are analyzed. The full details

n analysis flow is explained in Section 2.6 in details. In short, the approach is based

on obtaining full information of cantilever motion in time-domain with high sampling rate

and subsequent analysis based on information-theory analysis and physical model regres-

sion. Multivariate statistical analysis such as principal component analysis (PCA) performs

orthogonal transformation and orders the modes based on variance. PCA compresses and

denoises the highly redundant data obtained and yield valuable information on statistical

relevance and spatial variability of the cantilever response. When the the fundamental be-

havior of cantilever motion is established, the data can be fitted to physical models, enabling

the extraction of inherent material properties.

The STIM experiments were performed with resistive heating excitation on a ceria sam-

ple. Rather than sweeping the excitation frequency and measuring the averaged spectral

amplitudes —such as lock-in measurements which fails to capture the transient phenomena

and is time consuming— our method is based on fast and continues change of frequency

while recording highly sampled signals in time domain. The tip-sample contact resonance

is around 161 kHz (from point-wise lock-in measurements), and thus for the 4th harmonic

STIM the drive signal should have an excitation band with a quarter of this frequency. The

excitation waveform was synthesized before the experiment, with a chirp frequency sweep-

ing from 39 kHz to 43 kHz for each pixel dwell time of 9 msec through using an arbitrary

waveform generator (AWG) (UHFAWG, Zurich instrument). The time-domain information

is simultaneously captured with a sampling rate of 7MHz using a data acquisition system

(DAQ) (UHF-DIG, Zurich Instruments) synchronized with AFM. Custom-made triggering



68

a) b) c) d)

Figure 3.9: The excitation(a,b) and spatially averaged response (c,d) of 4th harmonic STIM

obtained with continues wavelet (a,c) and Fourier (b,d) transforms. The chirp excitation waveform

sweeps between 39–43 kHz while the response seems to have first, second, third and fourth harmonic

responses.

circuit is designed to allow the AFM, AWG, and DAQ to work seamlessly in parallel without

any dead-times. Simultaneous to the AFM scan, the AWG is exciting the heated probe while

the DAQ captures the cantilever motion.

When the data is acquired, the full response is processed similar to that of conventional

AFM through time-frequency analysis. Figure 3.9 shows the scalogram of the drive signal and

the spatially averaged deflection responses over all pixels obtained via the continues wavelet

transformation CWT and Fourier transforms. Note that small regions outside the dashed

white line in CWT scalograms delineate regions where CWT edge effects are significant and

thus the areas should be ignored. The drive signal has a 4 V amplitude and a frequency

band between 39–43 kHz, as clearly depicted in Figures 3.9a,b). The mean deflection re-

sponse (Figures 3.9c,d) exhibits responses at the first, second, third, and fourth harmonic

with respect to the drive signal. The first harmonic response (around 40 kHz) may be due

to a Vegard strain induced by electric potential of the probe and also due to the electrostatic

interactions between the cantilever and sample. A disadvantage of heated probes is that

the electrical drive necessary for resistive heating may interfere with the sample and cause

the first and second harmonic responses. The second harmonic response (around 80 kHz) is

prominently due to the thermomechanical STIM effect caused by thermal expansion of the

sample. The third harmonic response is perhaps due to mixed nonlinear effect between the
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Filter
Raw data

a) b) c)

Figure 3.10: Optional Filtering of the raw STIM data and eigenvalues of PCA. (a) The raw data

before filtering, and (b) the time-frequency representation of the data after filtering containing only

4th harmonic STIM contribution. (c) The eigenvalues of each PCA mode is presented in the scree

plot.

electrostatic, thermomechanical behavior and the Vegard strain. The peak around 160 kHz

shows the resonance-enhanced 4th harmonic STIM response which is known to be due to

ionic motion induced by the temperature and stress oscillations at the second harmonic.

The advantages of this method is evident, as it provides information on the complex dynam-

ics of the tip-sample interaction and capture the full transient and steady-state behaviors

which would be lost in lock-in measurements. As such, in one single scan the electrostatic,

thermomechanical, and ionic behavior of the sample can be characterized.

The main focus of this chapter is to characterize the ionic motion of the sample. The

data is filtered in time-frequency and keep the relevant information. Figures 3.10a,b show

the application of a such a filter where only 4th harmonic response is maintained. Note that

this can be done during the experiment on-the-fly or afterward without any loss of data. The

PCA is used to obtain the orthogonal modes with ordered statistical variance and keep the

statistically significant modes for long-term storage. The raw data waveform of each AFM

line is sliced into sequential smaller time segments, where each segment is selected to match

the spatial pixel time. The eigenvalues presented in PCA scree plot (Figure 3.10c) illustrate

that only the first seven PCA modes are relevant while the rest of PCA modes are redundant

data.
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Presented in Figure 3.11 is the PCA results. The top and bottom rows show the loading

maps and their corresponding eigenvectors for the first four PCA components, respectively.

The first PCA mode shows the average spectrum of the data and the higher modes take into

account the spatial variables such as local shifts in resonance frequency, quality factor, local

concentration and the phase lag. Although PCA can reduce the dimensionality of the data,

due to its unsupervised nature of analysis, drawing any physical conclusion is challenging.

L
o
a
d
in

g
M

a
p
s

E
ig

e
n
v
e
ct

o
rs

Figure 3.11: PCA analysis of 4th harmonic STIM. The top and bottom rows show the first four

loading maps and eigenvectors, respectively. The eigenvectors are obtained via a continuous wavelet

transform after the PCA analysis.

The PCA analysis allow for reconstruction of the data based on selected modes. The data

matrix is reconstructed based on the first seven PCA modes. The reconstructed deflection

data for each pixel then is used to fit to a simple harmonic oscillator (SHO) model, which

mimics the resonance behavior of the probe and reveals valuable information about material

properties under the probe. The regression process allows for determination of intrinsic

amplitude, quality factor and the resonance frequency of each pixel. This further reduce the

dimensionality of the data to a low order model. Initially the raw data matrix contained

2562 rows for all pixels and 216 columns corresponding to time snapshots for each pixel. The

PCA reduces the data matrix size to 2562 × 7. However, the information are not physically



71

interpretable. The SHO model further reduces this to a data matrix of 2562× 3. Figure 3.12

shows the results of a such a regression analysis. The amplitude mapping in 3.12b shows

a higher response on grain boundaries revealing higher ionic activity of space charge region.

Interestingly, the of map resonance frequency shows variations within grains, without any

cross-talks with the topography or amplitude maps.

The overall behavior of STIM responses of ceria obtained with full information acquisition

is very similar to those obtained with lock-ins. Due to limited resources, these results were

obtained with sampling rate of 7 MHz. Increasing the sampling rate to over 40MHz would

allow us to achieve much higher signal-to-noise ratio. Beside PCA and SHO models, more

sophisticated methods such as multi-resolution dynamic mode decomposition [134] can be

employed to robustly separate complex systems such as tip-sample interaction with multiple

eigen-modes of vibration into a hierarchy of multi-resolution time-scale components.

a) b) c)
Topography Amplitude Frequency

Figure 3.12: STIM ionic response obtained from full information acquisition of cantilever deflec-

tion. (a) Topography, (b) amplitude, and (c) resonance frequency maps obtained through PCA

dimensional reduction and simple harmonic oscillator model fitting.

3.5 Conclusion

Probing local ionic concentration and obtaining information about diffusivity with nanometer

resolution is challenging using conventional electrochemical techniques. Scanning thermo-

ionic microscopy (STIM) overcomes this difficulty by measuring Vegard strain arising from
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local ionic oscillation. Spatial resolution as small as 10 nm and sensitivity as high as pi-

cometer can be realized using a dynamic scanning probe, and the ionic response, measured

in terms of probe deflection, correlates with local ionic concentration and diffusivity. Thus

its is a powerful tool to probe local electrochemistry at the nanoscale, and can be used to

study a wide range of electrochemical materials and systems wherein imaging local ionic dis-

tributions can further our understanding of materials and better tailor them for particular

applications. Furthermore, thermal expansion and mechanical stiffness of the sample can also

be obtained, yielding additional insight into the local electrochemical processes, for example

the formation of solid electrolyte interface (SEI) in lithium ion batteries.However, the data

analysis and interpretation of STIM are not straightforward, and often requires assistance

of modeling and simulation to translate the measured probe deflection into ionic concentra-

tion and diffusivity. In particular, spectroscopy type of dynamic studies are necessary to

deconvolute local diffusivity and ionic concentration in future studies.

In this chapter, the capabilities of scanning thermo-ionic microscopy (STIM) for char-

acterizing ionic and thermal properties of materials at nanoscale is demonstrated, based on

detecting dynamic strain due to ionic motion induced by modulated temperature and stress

gradients. The technique was demonstrated on active electrochemical materials including

ceria and perovskite CH3NH3PbI3 as well as a control sample of PTFE, implemented using

both resistive heating and photo-thermal heating. The dynamics of ionic motion can be

captured from point-wise spectroscopy studies, while the spatial inhomogeneity is shown via

by STIM mapping. The measurements were obtained through higher harmonic DART and

full information acquisition of deflection signal and data processing techniques. Since STIM

utilizes thermal stress-induced oscillation as its driving force, the ionic responses can be iso-

lated from the electromechanical, electrostatic, and capacitive effects, and they are immune

to global current perturbation, making in-operando testing possible. In principle, STIM is a

powerful tool for probing local electrochemical functionalities at the nanoscale.
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Chapter 4

SCANNING THERMAL MICROSCOPY FOR QUANTITATIVE
MEASUREMENTS OF THERMAL PROPERTIES

4.1 Introduction

Solid-state thermoelectric conversion is promising for recovering tremendous waste heat pro-

duced by human society and for enabling more effective thermal management. However,

the high thermoelectric conversion efficiency, governed by the dimensionless figure of merit

ZT, requires simultaneously high electrical conductivity and Seebeck coefficient, yet at the

same time requires low thermal conductivity, which is rather difficult to obtain in a single-

phase material [135–139] . One of the primary mechanisms for improving thermoelectric

performance in a material is to reduce lattice thermal conductivity through scattering of

phonons by structural heterogeneity such as defects, interfaces, and impurities. In the last

two decades, the nanostructuring paradigm has been successfully applied to a wide range

of thermoelectric materials, resulting in significant reduction in thermal conductivity and

superior thermoelectric performance [140–146]. For example, nanocrystalline (Bi,Sb)2Te3

with maximum ZT values of 1.4–1.6 were reported [141,147–149], and the improvement was

largely attributed to the low lattice thermal conductivity resulting from intensified phonon

scattering by nanostructures and defects [150]. In addition, by combining all-scale hierarchi-

cal architectural microstructures, including atomic defects, endotaxial nanoprecipitates, and

mesoscale grains [151] a wide range of heat carrying phonons can be strongly scattered [143],

resulting in high ZT s in PbTe [151]. Similar reduction in thermal conductivity has also been

reported in many nanocomposites, including systems consisting of half-Heusler/full-Heusler

and InxCeyCo4Sb12/InSb [152].

These advances in thermoelectric materials highlight the importance of nanostructuring
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in enhancing thermoelectric properties, yet such improvements have been largely accom-

plished with no direct investigation of the local thermoelectric properties in nanostructured

materials. Indeed, there still lacks an effective method that directly links the macroscopic

thermoelectric performance to the local microstructures and properties. The microstruc-

tural heterogeneity can be mapped with atomic resolution in terms of chemical and phase

compositions. However, the microstructural properties reveal limited information about lo-

cal transport behavior. Traditionally, the thermoelectric properties are only measured at

the macroscopic scale, averaged over various microstructural feature. It is a challenge to

determine which material constituent contributes to what in the local thermal transport

processes. Therefore, high spatial resolution is critically needed in the thermal analysis of

nanostructured materials in general, and specifically nanostructured thermoelectrics.

In the last decade, time domain thermoreflectance (TDTR) emerged as a powerful tool

for thermal transport property measurements [153,154], though its spatial resolution is lim-

ited to hundreds of nanometers [155–158], making detailed mapping of thermal transport

properties in nanostructured materials challenging. Various scanning thermal microscopy

(SThM) techniques were developed based on temperature-sensitive phenomena, promising

potentially higher spatial resolutions [159–169] , though they have rarely provided even a

qualitative thermal mapping that correlates with the microstructures in a heterogeneous

material. Furthermore,strong cross-talk between thermal imaging and surface topography is

often observed. Such quantitative direct correlation is highly desirable for rational design

and optimization of high performance thermoelectric materials.

In this chapter, quantitative mappings of local thermal conductivity with nanometer reso-

lution and one-to-one correspondence to the microstructure is obtained, using filled skutteru-

dite as a model system. The principle of SThM method for obtaining qualitative thermal

properties along with implementation details are explained. SThM experiments are per-

formed on calibration samples and the process is simulated with a finite element package

to obtain quantitative relationship between the experimental parameters and local thermal

conductivity of the samples. It is shown that the electrical resistance of the probe, under



75

the careful test conditions is correlated with the thermal conductivity of the sample under

the probe tip for a wide range of thermal conductivities. The calibrated probe then is used

to map local thermal properties of a thermoelectric sample, revealing quantitative thermal

conductivity properties with nanometer resolution for the first time. The technique provides

a powerful tool to correlate local thermal conductivities, microstructures, and macroscopic

properties for nanostructured materials in general, and nanostructured thermoelectrics in

particular.

4.2 Principle of the Method

4.2.1 Scanning Thermal Microscopy

The microstructural analyses such as scanning electron microscopy or energy-dispersive X-ray

spectroscopy (EDS) are powerful in mapping local chemical composition and phase struc-

ture of a material. However, they do not reveal information about the local thermoelectric

properties. Traditionally, such properties are measured at the macroscopic scale, and their

local variations, if any, can only be deduced indirectly from the macroscopic measurement

or from computational analyses. If one can correlate local thermal properties directly with

the microstructural features, then the effect of structural heterogeneity on the macroscopic

thermoelectric conversion can be better understood and optimized.

The local thermal characterizations is performed via a scanning thermal probe (Fig-

ure 4.1a) [170–172]. It has a micro-fabricated solid-state resistive heater at the end of the

cantilever [173–175], which forms one branch of the Wheatstone bridge circuit that allows

precise measurement of its electrical resistance. The Wheatstone bridge is designed and built

specifically to be able to measure the voltage differences parallel to AFM measurements.

When the probe scan material phases with lower (Figure 4.1b) and higher (Figure 4.1c)

thermal conductivities, it will have lower and higher temperature drops, respectively, re-

sulting in different probe resistances that can be measured accurately from the imbalanced

Wheatstone bridge voltage. This enables us to image local the local tip temperature. In-
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deed, there is a linear relationship between the probe resistance and its temperature around

the SThM operation temperature (Figure 4.1d). The relationship is obtained by passively

probing a hot-plate stage with well-defined temperatures:

R(T ) = R0(1 + α(T − Tamb)) (4.1)

where R0 is the resistance of the thermal probe at room-temperature reference Tamb=293.15

K, and α is the temperature coefficient of resistance (TCR) measured to be 0.8/K between

350 and 450 K (Figure 4.1d), the temperature range relevant or our subsequent experiments.

As such, the thermal probe not only functions as a heater, but also as a local temperature

sensor via the resistance measurement. This makes it possible to measure the local thermal

properties of the sample quantitatively [159,176].

a) b)

c)

d)

 VA VB

Figure 4.1: The schematics of SThM setup; (a) resistive heating thermal probe in a balanced

Wheatstone bridge circuit (VA-VB=0) before touching the sample; the thermal probe scans phases

with (b) lower and (c) higher thermal conductivities, resulting in different probe temperatures that

can be measured via imbalanced Wheatstone bridge for imaging; (d) linear correlation between

temperature and resistance of the thermal probe calibrated by a hot plate with known temperatures.

In order to precisely measure the change in electrical resistance induced by heat transfer

to areas with different thermal conductivities, a custom-designed Wheatstone bridge was

used. The Wheatstone bridge is balanced by adjusting the variable resistor before contacting
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the sample. The bridge voltage is amplified with a 10× gain using a differential amplifier

for enhanced sensitivity. Upon contacting the sample, heat transfers from the probe to

the sample, resulting in a temperature drop, and thus a corresponding resistance drop, as

measured by voltage drop between nodes A and B of the Wheatstone bridge. A lower thermal

conductivity results in less heat transferred and in turn a lower resistance drop, as indicated

by a smaller bridge voltage difference (Figure 4.1b). Conversely, a higher bridge voltage

difference indicates a larger thermal conductivity (Figure 4.1c), making it possible to image

local thermal conductivity variation based on the bridge voltage.

4.2.2 Numerical Modeling Framework for Quantitative SThM

7.5

15
10

t=2 μm

a) b)

c)

sample

air

μm

μm

 
Resistive heater

15

20

15

Figure 4.2: (Finite element model of SThM; (a) sample, probe and the surround air; (b) zoom-in

on the probe; and (c) further zoom-in on the probe apex and heater region; all dimensions shown

are in micrometer and the probe tip radius is 20 nm. The dashed red boxes show the zoom-in area.

In order to analyze the SThM data quantitatively, finite element model (FEM) imple-

mented in the COMSOL Multiphysics package was developed to study heat transfer among



78

Table 4.1: Material properties used in FE simulations

Material κ (W/(m.K)) Cp (J/(kg.K)) ρ kg/m3

Cantilever 130 700 2329

Sample 3.2–15 300 7000

Air 0.025645 1010.19 1.2

the thermal probe, the sample, and surrounding air(Figure 4.2). Two dominant physical

processes were considered, one is Joule heating in the resistive heater of thermal probe,

and the other is heat conduction in the thermal probe, sample, and surrounding air. The

quasi-steady problem was solved using a stationary solver based on the conduction equation

ρCpu · ∇T −∇ · (κ∇T ) = Q, (4.2)

where ρ, Cp, and κ are the density, heat capacitance and thermal conductivity of each domain

listed in Table 4.1, respectively, and Q is the heat source, set to be zero in all domains except

in the resistive heater part of the thermal probe (Figure 4.2c) under an input voltage V0,

Q =
V 2
0

R(T )
. (4.3)

It is important to recognize that the temperature of the thermal probe and its resistance are

intimately coupled, resulting in a nonlinear governing equation to solve. In the simulations,

the initial value of temperature for all domains as well as the external boundaries of air-box

and the sample (far from the thermal probe) are set to have ambient temperature T = Tamb.

Contact Thermal Resistance

One important aspect of heat transfer in SThM is the thermal contact resistance between

tip and sample. The contact resistance depends on the probe and sample geometry, material

properties, the nature of the contact and the contact area, and the contact force [167, 177].

Generally, the contact resistance is determined by performing point-wise SThM measure-

ments on materials with known conductivity in advance,assuming the contact resistance is
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constant for small variations of sample thermal conductivity or changes in surface rough-

ness [178, 179]. Throughout all the measurements, the same SThM probe is used and the

contact force is kept constant. Furthermore, with the intermediate range of sample ther-

mal conductivity (2–13 W/(m.K).) the thermal contact resistance can be treated as a con-

stant [168].

The thermal contact resistance Gc is implemented in the model by defining heat fluxes

at the upside and downside boundaries according to the relations [180]:

− nd · (−κd∇Td) =
Tu − Td
GcAc

and − nu · (−κu∇Tu) =
Td − Tu
GcAc

, (4.4)

where n refers to interfacial normal and the parameters at upside and downside are denoted

by subscript. Across interfaces between different domains, temperature and heat flux density

are assumed continuous (Gc = 0), except on the tip-sample contact Ac wherein a thermal

contact resistance of Gc is defined.

The effect of the thermal contact resistance is examined by comparing the temperature

and heat flux distributions along the tip-sample interface. Without considering the losses, the

temperature should be continuous at the interface, while by defining the contact resistance,

the temperature and heat flux drops significantly at the tip-sample junction (Figure 4.3).

To identify the impact of the temperature drop on the probe heater resistance, the resistive

heater temperature and its electrical resistance are compared as a function of the sample

thermal conductivity, with and without considering the contact resistance. It is observed

that although the tip temperature drops more than 20 K, the temperature and the elec-

trical resistance of the resistive heater are not significantly affected (Figures 4.3&4.4). The

change in the electric resistance after considering the thermal resistance for a sample thermal

conductivity of 12 W/(m.K) is less than 0.1%.

The presence of the contact resistance results in significant temperature drop at the

tip-sample junction but rather small temperature increases in resistive heater that is more

relevant for the measurement (Figure 4.3). More importantly, the temperature of resistive

heater is sensitive to the change in thermal conductivity of the sample, but much less sensitive
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Figure 4.3: (Numerical simulation of SThM; the cross section temperature distributions along

the probe (a,b) and near the probe-sample junction (c,d), and conductive heat flux distribution

(e,f) near the probe-sample junction with. Thermal contact resistance was ignored on the left side

(a,c,e) but considered in the right wide (b,d,f). In the simulation, the thermal conductivity of the

sample is taken to be 5 W/(m.K), and the contact resistance is taken to be 1.0× 108 K/W.

to the contact resistance variations (Figure 4.4), as the total heat loss due to the contact

resistance is less than 1 µW while the total heat conductance through tip-sample junction is
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in order of 100 µW. It is observed that with defining a contact resistance of 1.0× 108 K/W,

the maximum reduction in heater temperature and resistance is only 0.11% and 0.03%,

while the change in thermal conductivity from 2 W/(m.K) to 12 W/(m.K) results in a

reduction of heater temperature and resistance around 1.15% and 0.36%, which are much

more substantial. Furthermore, it is observed that the change in heater temperature and

resistance is insignificant when the contact resistance varies by four orders of magnitude.

Therefore, a thermal contact resistance of Gc = 1.0× 108 K/W is defined in all simulations

for the tip-contact with radius of 20 nm , which was measured using similar type of SThM

probe in a previous study [181].

d) Theater R/R0

a) b) c)

[K]Tjunction e) [K] f) 

Figure 4.4: Sensitivity of SThM measurements as a function of sample thermal conductivity and

contact resistance CR as revealed by numerical simulations; (a,d) temperature at probe-sample

junction; (b,e) average temperature of the heater; and (c,f) the electrical resistance corresponding

to the heater temperature. The top row shows the variation with respect to thermal conductivity,

while the bottom row shows the two-dimensional mapping with respect to thermal conductivity

and contact resistance.
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Effect of Convection and Radiation

Another issue in nanoscale heat transfer of SThM is the effect of convection and radiation,

which can be ignored as shown by the following analysis. In the simulation, the natural

convection in the air is considered and solved by using a Laminar Flow module in COMSOL

by solving the full Navier-Stokes equations considering the pressure shift:

ρ(u · ∇u) = −∇p+∇ · (µ(∇u+ (∇uT ))− 2

3
µ(∇ · u)I) + (ρ− ρ0)g, (4.5)

where u and p are the fluid velocity and pressure fields, rho is the temperature-dependent

density of air, ρ0 is the reference density of the air in room temperature, µ is the dynamic

viscosity, I is the identity matrix, and g is the acceleration due to gravity. The density and

dynamic viscosity are temperature and pressure dependent which couples the Laminar Flow

and Heat Transfer modules. The boundaries between air and solids are defined as no-slip

walls and the external boundaries are defined as open boundaries, i.e., the normal stress on

boundary is zero.

The surface-to-surface radiation is defined on the bottom part of the probe and the top

surface of the sample by defining a radiation flux between surface i to j, as:

Qij = σAiεi(T
4
i − T 4

j ), (4.6)

where εi is the surface emissivity of surface i conservatively assumed to be 0.6 for all surface,

Ai is the surface area, and the Stefan-Boltzmann constant σ = 5.67× 10−8 [W.m-2.K-4]. The

radiative and conductive heat fluxes on the upper surface of the sample are compared in

Figure 4.5, where a conductive heat flux orders of magnitude higher than the radiative one

was observed. The total radiative heat transfer on the sample surface was less than 5 µW

while the conductive one was in order of 9 mW. Similar simulation without considering the

effect of radiation resulted in probe temperature difference of less than 0.01 K, reassuring

that the radiation can be completely ignored.

To investigate the effect of natural convection, the conductive and convective heat transfer

mechanisms were compared for a sample of thermal conductivity of 5 W/(m.K). The fluid



83

a) b)

[W/m2] [W/m2] [W/m2]Radiative flux Conductive flux Total flux

30 μm 30 μm 30 μm

c)

Figure 4.5: Simulations of SThM with radiative and conductive heat transfer. Comparison of the

(a) radiative, (b) conductive, and (c) total heat flux magnitude mappings on the sample surface

(zoom-in). The thermal conductivity of the sample was 5 W/(m.K).

velocity was observed to be less than 0.003 m/sec and the convective heat flux in the air is

orders of magnitude smaller than the conductive one (Figure 4.6). The total heat transfer

via natural convection was ∼40 µW while the total conductive heat transfer was in order

of 9 mW. Furthermore, identical simulations without natural convection was performed,

where the difference in the probe temperature was less than 0.75 K and the variation in the

electrical resistance of the probe was less than 0.1%. Therefore, it is also safe to assume that

the convection does not influence the SThM results.

4.3 Implementation

4.3.1 Sample

Yb-filled CoSb3, with its maximum ZT up to 1.5, is one of the most promising thermoelectric

materials for applications in the intermediate temperature range, since guest filling in the

structural nanovoids acts to control the carrier concentration, while significantly suppress the

propagation of heat-carrying phonons [182–184]. However, impurity phases such as YbSb2,

Yb2O3, and CoSb2 are commonly observed due to the filling fraction limit of approximately

0.3 in YbxCo4Sb12, low formation energy of Yb oxide, and complexity in the Yb-Co-Sb

phase diagram, and these impurity phases could exert significant influence on thermoelectric
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Figure 4.6: Simulation of SThM considering natural convection and heat conduction; (a) fluid

velocity magnitude and field; (b) temperature distribution; (c) convective and (d) conductive heat

flux distributions in the air-gap while the probe is contact with the sample (κ = 5 W/(m.K)).

properties [185]. The material systems provides an ideal model system to study its local

thermal and electric conductivities.

The sample with a stoichiometry of Yb0.7Co4Sb12 was prepared by a conventional induc-

tion melting-vacuum melting-quenching-annealing-sintering method. High purity Co pow-

ders (99.995%, Alfa Aesar), Sb shots (99.9999%, Alfa Aesar), and Yb chunks (99.995%, Alfa

Aesar) were used as the starting materials. Co powders were first purified and melted into

small shots with sizes of 1–5 mm by arc melting (SA-200, MRF Inc., USA), then loaded

into a BN crucible with Sb shots for induction melting (at 2000 ◦C for 30 s under an Ar

atmosphere, EQ-SP-25VIM, MTI Corporation, USA). The obtained ingot was subsequently

crushed and loaded into a carbon-coated quartz tube with appropriate amounts of Yb and

Sb in an argon-filled glove-box (Lab Star, Mbraun, Germany) and vacuum sealed (10−3 torr).

Subsequently, raw materials were placed into a box furnace, heated to 1000 ◦C in 5 h, soaked

for 24 h, and then rapidly quenched in ice water. The obtained ingot was ultrasonically

cleaned and vacuum-sealed in a quartz tube, then annealed in a box furnace at 750 ◦C for
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168 h. After annealing, the ingot was crushed, hand grounded into fine powders and sintered

into a bulk material using the spark plasma sintering (SPS-211Lx, Dr. Sinter, Japan) at

680 ◦C and 50 MPa for 5 min.

4.3.2 Micro-Structure and Property Measurements

The phase composition was determined by the powder X-ray diffraction (XRD, Bruker D8

Focus X-ray diffraction, Germany) using the Cu Kα radiation ( λ = 1.5406�A). The BSE

images were obtained in a TM3000 electron microscope (Hitachi, Japan). The chemical

composition and elemental mapping were determined by a field emission scanning electron

microscope equipped with EDS (FESEM/EDS, FEI Sirion, Japan). The electrical conductiv-

ity and Seebeck coefficient were measured simultaneously via commercial equipment (ZEM-3,

Ulvac Riko, Inc., Japan) under a low-pressure helium atmosphere. Thermal conductivity was

calculated from the product of the measured thermal diffusivity, specific heat, and density.

Thermal diffusivity was measured by a laser flash method (Netzsch LFA-457, Germany),

and specific heat was measured by a differential scanning calorimetry method (DSC) using

sapphire as the reference (Netzsch 404F1, Germany). The measurement temperature ranges

from 300 K to 850 K.

4.3.3 Scanning thermal microscopy

The scanning thermal microscopy was performed with an Asylum Research MFP-3D atomic

force microscope (AFM) using a thermal probe with a spring constant of 0.2-0.5 N/m

(ThermaLeverTM AN2-300, Anasys Instruments) in contact mode with contact force around

110 nN and scan rate of 0.5 Hz per line. The thermal probe is similar to any silicon AFM

probe in geometry with an integrated heater at the end. A small region (7.5 µm × 15 µm)

close to the cantilever tip with light phosphorus doping acts as a solid-state heater. The

heater region connects through two heavily doped branches acting as the electrical leads.

The electrical resistivity of the probe varies between 600 Ω and 2 kΩ for different probes and

different drive voltages.
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4.3.4 Conductive AFM

The variations of electrical conductivity of the sample were characterized using ORCA, a

conductive AFM (cAFM) module developed by Asylum Research. All measurements and

images were obtained using AFM contact mode with a metallic Pt/lr coated probe having

a force constant of 2.8 N/m (PPP-EFM, Nanosensors). Two different modes were used:

imaging mode to map the variation of electrical conductivity, and spectroscopic mode to

measure the I-V characteristics at points of interest. In the imaging mode, 2 V DC bias was

applied to the sample substrate and the necessary current for virtually keeping the tip ground

was used to image the electrical conductivity. In the spectroscopic mode under stationary

probe, a sweeping DC bias (-0.6 V to 0.6 V) was applied to the sample while measuring the

current that kept the conductive tip ground.

4.4 Result and Analysis

4.4.1 Three-phase Microstructure

The prepared Yb0.7Co4Sb12 sample resulted in a three-phase microstructure (Figure 4.7). A

back-scattered electron (BSE) image of the sample clearly reveals three phases as marked

(Figure 4.7a), with impurity phases (2 and 3) embedded in the matrix phase (1). It is

anticipated that the excessively added Yb reacts with Sb to form the YbSb2 phase, and the

resultant Sb-deficiency leads to the formation of CoSb2. Such scenarios are indeed confirmed

by the elemental mappings of Yb, Co, Sb, and O (Figure 4.7(b–e)) as well as elemental ratios

in each phases determined from the energy-dispersive X-ray spectroscopy (EDS) (Figure 4.7f

and Figure 4.8), suggesting that the matrix phase (1) is filled skutterudite Yb0.3Co4Sb12,

while the impurity phases (2 and 3) are CoSb2 and surface oxidized YbSb2, respectively. This

analysis of phase composition is also confirmed by X-ray diffraction shown in Figure 4.9.
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Figure 4.7: Composition analyses of three-phase microstructure in a Yb0.7Co4Sb12; (a) a typical

BSE image, wherein the three phases are labeled as 1, 2, and 3; (b–e) corresponding elemental

mappings of Yb, Co, Sb, and O for the area shown in (a); (f) a typical EDS spectrum of phase 1,

and elemental ratios of three different phases labeled in (a).

4.4.2 Qualitative SThM results

With a marker made near the area of the BSE image (Figure 4.10), the same area in the

SThM studies is located. The topography mapping in Figure 4.11a obtained from the contact

mode reveals relatively flat surface without any correlation with the microstructure shown

in BSE image of Figure 4.7. However, simultaneous to the topography scan, the mapping of

Wheatstone bridge voltage difference in Figure 4.11b clearly reveals three different contrasts

that correlate well with the BSE microstructure, repeated here in Figure 4.11c for a direct

comparison. Due to the drop in the probe temperature, and in turn the electrical resistance,
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Figure 4.8: Energy dispersive X-ray spectrum EDS taken from different areas, using an FEI Sirion

XL30 SEM with high resolution Oxford EDS; (a) back scattering image; (b) EDS of the CoSb2

phase; (c) EDS of the YbSb2 phase; and (d) EDS of the Yb0.7Co4Sb12 skutterudite phase.

the Wheatstone bridge voltage drops to negative. The matrix phase (1) has the smallest

voltage drop, while the impurity phase (2) has the largest. Such contrast is induced by the

difference in thermal conductivity, not from the topography variation, as evident by the line

scan comparison in Figure 4.11d. When a phase interface is crossed, sharp change in voltage

difference is observed, while topography is relatively flat. On the other hand, within an indi-

vidual phase, voltage difference is roughly constant, while topography variation is observed.

The voltage difference mapped thus reflects the variation in thermal conductivity with no

crosstalk to topography, wherein the matrix phase has the lowest thermal conductivity, while

the impurity phase (2) has the highest. Thus, this is a direct characterization of local ther-

mal conductivity that illustrates the role of impurity phases in thermal transport. Higher
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Figure 4.9: S2 Powder X-ray diffraction pattern of Yb0.7Co4Sb12; the inset clearly shows the

existence of YbSb2, Yb2O3, and CoSb0.2 impurity phases.

resolution scans of two boxes marked in Figure 4.11b are shown in Figure 4.11(e,f), demon-

strating even higher sensitivity and spatial resolution. It is worth noting that although

YbSb2 (phase (3)) is supposed to have the highest thermal conductivity, it appears that

the significant surface oxidation reduces its thermal conductivity, resulting in intermediate

voltage drops as mapped.

4.4.3 SThM Simulation Results

The thermal probe in air, far away from the sample was considered. Under an input voltage

of 3.5 V, the temperature distribution is shown in Figures 4.12(a-b), indicating a substantial

temperature rise in the thermal probe up to 683K. The resistance of the probe is expected

to rise with the increased input voltage in a nonlinear manner, caused by higher temper-

ature induced by the heating voltage. This is confirmed in Figure 4.12c, wherein good

agreement between experimental measurement and FEM simulation is observed, giving us

confidence that the simulation does capture the physical processes in SThM experiment ac-

curately. Next, the thermal probe in contact with a sample with a thermal conductivity of



90
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Figure 4.10: (a) SEM image of Yb0.7Co4Sb12 sample with the artificial cross mark; (b) back

scattered electron BSE image; and (c) zoom-in BSE image on the area of interest.

κ = 5 W/(m.K) was simulated. It is observed that the increased heat conduction through

probe-sample junction results in a drop in the probe temperature, and in turn a drop in

its resistance. Analysis on the overall heat flux and temperature distributions suggest that

only a few percentage of the generated heat passes to the sample through the contact via

heat conduction. Nevertheless, due to the small contact area of probe-sample junction, the

heat flux density is substantial, and the resulting temperature drop in the thermal probe

is significant, around 190 K. These are evident in the distributions of heat flux density and

temperature in the probe-sample junction shown in Figures 4.12(d-e). Figures 4.12f-g show

that the radius of the sample thermal volume affected by the probe is less than 100 nm,

within which around 90% of temperature variation in the sample occur. This confirms the

nanoscale resolution of our SThM technique.

4.4.4 Quantitative Mappings of Thermal Properties

In order to show feasibility of quantitative SThM, FEM simulations and SThM experiments

were carried out on a 11 samples with nominal thermal conductivities ranging from 0.66 to

80.8 W/(m.K), spanning two orders of magnitude, as listed in Table 4.2. Under a constant

3.5 V DC bias to the thermal probe, the drop in the resistances when the probe contacts the

samples was predicted by FEM simulations and measured by SThM experiments, as shown

in Figure 4.13a. The point-wise experiments were repeated 5 times on each calibration
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Figure 4.11: SThM mapping of a Yb0.7Co4Sb12 sample; (a) topography; (b) distribution of

Wheatstone bridge voltage with 10× amplification; (c) BSE image; (d) comparison of line scans in

topography and voltage mappings; (e) and (f) higher resolution voltage mapping in smaller areas.

sample in different areas, and the mean and standard deviation were obtained with the

SThM contact force kept constant throughout all the experiments. In the simulation, a

constant contact resistance of 1.0×108 K/W is assumed, as explained earlier, and the results

suggest that the thermal contact resistance is only significant for samples with higher thermal

conductivity, consistent with what is observed in Figure 4.4. Good agreement between

simulations and experiments observed in Figure 4.3a suggests that the thermal conductivity

of the sample and the resistance drop can be quantitatively correlated. Indeed, for the three-

phase microstructure mapped in Figure 4.10, the distribution of resistance change, shown

here in Figure 4.13b, can be directly converted into a mapping of thermal conductivity shown

in Figure 4.13c based on this correlation. The resulted thermal conductivities in the three

phases are summarized in Table 4.4, and good agreements with nominal values reported in
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Figure 4.12: FEM simulation of the SThM experiment; (a-c) SThM simulation for a free probe

in air: (a) 3D and (b) cross-sectional temperature distribution of thermal probe under 3.5 V

heating voltage; (c) experimental probe resistance as a function of DC drive voltage in comparison

with simulation; (d-g) SThM simulation the probe in contact with a homogeneous sample having

κ = 5 W/(m.K), and the contact resistance is taken to be 1×108 K/W; cross-sectional distribution

of (d) heat flux density and (e) temperature on the tip-sample junction; and overlaid contour on the

distribution of (f) heat flux distribution and (g) temperature in the sample underneath the probe.

literature are observed [39, 49, 50], validating quantitative SThM mapping. Of particular

interest is the variation of thermal response at an interface between two material phases.

The interface marked by the dashed line in Figure 4.11f, passing from phase (3) to phase (1)

is investigated. The variation of expected resistance change when the probe scans across the

interface is simulated by FEM and compared with experiments, and again good agreement

is observed, as shown in Figure 4.3d, with quantitative difference much less than 1%. FEM

simulations were carried out under nominal thermal conductivity distributions with a sharp

interface, as indicated by the blue line in Figure 4.3d, while the transition length of thermal

response variation is in the order of 100 nm for both experiment and simulation.
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Table 4.2: Thermal conductivity of calibration samples

Material κ (W/(m.K))

BiSbSe3 0.66

Te 1.31

Yb0.25Co4Sb12 3.17

Bi 7.45

CoSB3 10

FeNbSb 16.6

YbSb2 16.69

Sb 22.3

Pb 34.3

Sn 71.3

Co 80.8

4.4.5 Mappings of Electrical Properties

The electrical conductivity of the sample in the same area is characterized using a conductive

AFM (cAFM) (Figure 4.14), where good correlation between current mapping and phase

distribution is observed. The current mapping in Figure 4.14b suggests that the electrical

conductivity in the matrix phase (1) and secondary phase (2) is relatively high, while that of

phase (3) is relatively low due to surface oxidation discussed earlier. Material phases (1,2)

have comparable electrical conductivities of 2.3×105 S/m and 3×105 S/m, consistent with the

slight contrast in Figure 4.14b. For phase (3), the oxidation of YbSb2 introduces an insulating

layer on the surface, resulting in very low electrical conductivity (Table 4.5). The I-V curves

measured in each phase shown in Figure 4.14c also confirm this observation. Obviously,

these impurity phases with higher thermal conductivity but lower electrical conductivity

exert detrimental influence on the thermoelectric properties of skutterudites, and thus are
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Table 4.3: Comparison of thermal conductivities measured from SThM experiment and reported

in literature at 300 K

(W/(m.K))
κ

[184]
Yb0.3Co4Sb12

[186]
CoSb2 YbSb2

[187]
Yb2O3

Phase (1) (2) (3) (3)

SThM 4.63 11.71 NA 9.52

Reported 3.2 11.8 15.0 NA

Remarks Polycrystal Single-crystal polycrystal Surface oxidized

Table 4.4: SThM Numerical heat transfer properties at the contact of thermal probe with

different phases of the sample.

κ source

tip conduc-

tion/source

(%)

tip heat

flux

(GW/m2 )

flux air

to sample

(kW/m2)

tip

temp.

(K)

probe

temp.

(K)

∆R(Ω)

4.5 9.968 0.9805 -4.861 -22.352 442.74 525.64 88.81

11 9.994 1.208 -6.105 -22.0.69 410.58 521.44 92.38

9.5 9.990 1.229 -6.004 -22.127 416.33 522.12 91.72

not desirable. Indeed, the thermoelectric properties measured at the macroscopic scale, as

shown in Figure 4.15, confirmed this analysis, that its figure of merit ZT is not optimal

due to these impurity phases. In order to exert significant scattering on phonons while

negligible influence on electrons, it is critical to control precisely the stoichiometry and phase

composition, as well as the size and morphology of impurity phases in filled skutterudites.

In fact, this is important for nanostructured thermoelectrics in general.
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Figure 4.13: Quantitative mapping of thermal conductivities; (a) changes in the probe resistance

induced by samples with different thermal conductivities; and mappings of (b) resistance change

and (c) corresponding thermal conductivities in Yb0.7Co4Sb12; (d) line scan of resistance change

across an interface between phase (1) and phase (3).

4.5 Discussion and Conclusion

4.5.1 Discussions

It is remarkable that small contrasts in local thermal conductivity can be accurately mapped

with nanoscale resolution via SThM. To understand the complex nanoscale heat transfer at

the tip-sample junction better, finite element simulations were performed. The FEM simu-

lation involves interaction of SThM tip with 3 representative material phases: matrix skut-

terudite Yb0.3Co4Sb12 (1), impurity phase CoSb2 (2), and surface oxidized phase Yb2O3 (3)

are compared. The computed thermal transport parameters are summarized in Table 4.4. It
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Table 4.5: Transport properties of four relevant phases of the Yb0.7Co4Sb12 sample at 300 K

Phases σ (S/m) κ (W/(m.K)) α (µV/K) Remakrs

Yb0.3Co4Sb12 [184] 2.3× 105 3.2 -138 Polycrystal

CoSb2 [186] 3× 105 11.8 26 Single-crystal

YbSb2 7.9× 106 15.0 15 Polycrystal

Yb2O3 2.4× 102 [187] NA NA no κ found

10 μm

a)

1

2

3 10 μm

b) c)

Figure 4.14: Mapping of local electric conductivity; (a) BSE image; (b) mapping of current; (c)

IV curves measured in three phases using cAFM.

is interesting to note that although less than 2% of the total heat generated transfers through

the tip-sample junction for each of the phase considered, the process, i.e. the change in heat

transfer, is still dominated by the conductivity of the sample. Therefore, the heat flux at the

tip-sample junction changes significantly for samples with different thermal conductivities,

resulting in different temperature of the contact and thus different probe temperature and

resistance that can be precisely measured using a Wheatstone bridge. This confirms the

feasibility of the proposed technique and validates the experimental data. Further improve-

ment can be achieved by carrying out SThM in vacuum, which would enhance sensitivity

and resolution, though our study show that it is not absolutely necessary.

It is also important to examine the transient behavior of heat transfer during the SThM

scanning obtained from FEM simulations (Figure 4.16) . It takes less than 1.2 milliseconds
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a) b) c)

Figure 4.15: Thermoelectric properties of Yb0.7Co4Sb12 sample; (a) electrical conductivity σ and

Seebeck coefficient α; (b) power factor α2σand thermal conductivity κ ; and (c) ZT and lattice

thermal conductivity κL.

for the probe temperature to reach its steady-state value, and this is much less than the

pixel time of SThM (3.1 mSec for 0.5 Hz line scan), ensuring a quasi-steady-state condition

during the SThM scanning. This also imposes an upper limit on scanning rate at 1.3 Hz per

line. Note that the assumption is conservatively based on reaching from the ambient to the

operation temperature, while in during SThM scans, the probe temperature is around the

baseline operational temperature with small variations, and therefore the transient time is

much smaller.

Finally, it is noted that the spatial resolution of this technique can be further improved

using a dynamic approach. Under a quasi-steady state condition, the affected thermal volume

in the sample is substantial, with radius on the order of 100 nm. This has been confirmed

by the temperature distribution in the sample underneath of the probe (Figure 4.2g), as well

as the line scan of resistance change across an interface (Figure 4.3d). If a dynamic probing

is adopted instead, wherein the heating voltage of the probe is frequency-modulated, and

the corresponding harmonic response is probed, much higher spatial resolution on the order

of 10 nm is expected. This will provide us a powerful tool to study the effect of structural

heterogeneity such as defects, interfaces, and impurities in thermoelectric materials, which

can be used to guide the design and optimization of thermoelectric materials with enhanced
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Figure 4.16: Time-dependent analysis of thermal probe in touch with a sample having κ =

5 W/m.K with and without considering the thermal contact resistance; The transient time for the

thermal probe to reach steady-state condition is around 1.2mSec.

performance, especially when the thermoelectric coefficient can also be mapped in addition

to thermal conductivity and electric current.

4.5.2 Conclusion

In this work, local thermal conductivities of a three-phase filled skutterudite were mapped

quantitatively with good accuracy, nanometer resolution, and one-to-one correspondence

with microstructure. Quantitative mapping was accomplished via a SThM using resistive

heating thermal probe complemented by FEM simulations, enabling distinction of thermal

conductivities spanning two orders of magnitude, yet resolving thermal variation across a

phase interface with small thermal conductivity contrast. The technique developed here pro-

vides a powerful tool to correlate local thermal conductivities, microstructures, and macro-

scopic properties for nanostructured thermoelectric materials. SThM can be used to guide

the design and optimization of thermoelectric materials with enhanced performance.
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Chapter 5

IMAGING FERROELECTRIC DOMAINS VIA CHARGE
GRADIENT MICROSCOPY

5.1 Introduction

Electromechanical coupling is a ubiquitous property of broad range of synthetic and biolog-

ical material systems. For example, piezoelectric, ferroelectric, and electrostrictive materi-

als, as well as muscles, hair cells, and voltage-gated ion channels exhibit electromechanical

coupling [28, 100, 188–191]. In the last two decades, dynamic strain-based scanning probe

microscopy such as piezoresponse force microscopy (PFM) has emerged as a powerful tool

to investigate electromechanical coupling at the nanoscale. Because of experimental compli-

cations, these techniques are usually performed with a slow or moderate scan speeds, less

than 250 µm/s. The measurements are averaged over each pixel with the pixel dwell time

on the order of 100 µs, which is much longer that the nanosecond time scale of the ferroelec-

tric dynamics. Therefore, the fast formation kinetics of domains and domain walls and the

evolution of the screening charges cannot be captured by such quasi-static measurements.

Furthermore, none of these techniques measure the polarization directly and the data in-

terpretation is often challenging. For example, PFM images ferroelectric domains through

measuring the piezoelectric strain. However, it is well known that multiple electromechanical

mechanisms contribute to the piezoresponse signal measured by PFM [2,40,192–194].

In this Chapter, the recently developed charge gradient microscopy (CGM) is employed

to study the ferroelectric domain structure of LiNbO3 crystal. The effects of scan speed

and temperature on CGM signals are investigated. Principal component analysis (PCA) re-

duces the dimensionality and enhance the signal-to-noise ratio of CGM signals. The analysis

demonstrates that CGM signals are linearly proportional to the scan speed and inversely
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proportional to the temperature. The study suggests that the current measured under CGM

arises from the scraped and refilled surface charges within a domain, and from polarization

change experienced by the scanning probe across a domain wall. Finally, CGM signals are

used to provide a direct estimation of spontaneous polarization and surface charge density

of LiNbO3.

5.2 Principle and Methods

5.2.1 Charge Gradient Microscopy

Recently, charge gradient microscopy (CGM) was developed to study the ferroelectric do-

mains and characterize their surface charges [195–197]. CGM operates by mechanically

scraping the screening charges on the surface using a conductive scanning probe, and col-

lecting the resultant current using a conductive atomic force microscopy (cAFM). Note that

these scraped charges can be compensated and refilled by the conductive probe (Figure 5.1a).

Since the probe is virtually grounded under cAFM, the refilled charges can be measured as

a current signal, making imaging possible. Because of the fast-moving probe, the refilling

process is rapid compared to other mechanisms, enabling the study of dynamic process of

domains and domain walls. Unlike other SPM techniques, the measured current can be

directly correlated to polarization.

5.2.2 AFM Measurements

PFM scans were carried out to map the ferroelectric domain structure of PPLN (Figure 5.1b).

An AC voltage of 7 V with a single frequency of 135 kHz was used to excite the piezoresponse.

The excitation frequency is far away from the contact resonant frequency of approximately

2 MHz, making the direct identification of the polarization orientation possible. The scan

speed was 22 µm/s and the contact force was constant at approximately 500 nN.

The CGM signals were acquired using ORCA (Asylum Research, USA), a cAFM module

with a gain of 5×108 V/A (Figure 5.1a). The CGM scan speed incrementally increases from



101

Figure 5.1: Schematics of (a) charge gradient microscopy with trace and retrace current mappings

overlaid, and (b) PFM with phase map overlaid partially.

∼75 µm/s to ∼3 mm/s in a series of scans while the contact force was constant at around

3 µN. Note that the contact force in CGM is much higher than that of PFM to ensure

that surface charges were scraped effectively. In addition, a heating stage (PolyHeaterTM,

Asylum Research, USA) was used to study the effect of temperatures on CGM signals. In

the experiment, the temperature of the sample was slowly raised to 83 ◦C and kept constant.

Continuous CGM imaging was carried out while the temperature was ramped down with a

rate of 4 ◦C/min controlled via a closed-loop feedback.

The experiments were carried out on MFP-3d and Cypher AFMs (Asylum Research) us-

ing a conductive diamond probe (CDT-NCHR-10, Nanosensors, Inc.) with a spring constant

around 80 N/m.

5.2.3 Principal Component Analysis

A series of CGM current mappings were acquired under different conditions, including dif-

ferent scan speeds and temperatures, and the data were post-processed by PCAto enhance

the signal-to-noise ratio. The details of analysis is provided in Section 2.5.3.
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5.2.4 Sample Properties

Lithium niobate (LiNbO3) is a uniaxial ferroelectric crystal with large spontaneous polariza-

tion (Ps = 80 ± 5 µC/cm2) aligned along the crystallographic Z-axis [198, 199]. Because of

its versatile ferroelectric properties, LiNbO3 has been used in a wide ranges of applications,

including electro-optics [200], nonlinear optics [201], ferroelectric data storage [202], and mi-

croelectromechanical devices [203]. Most of these applications involve ferroelectric domains

with 180° domain walls created by applying an external electric field to produce antiparal-

lel (180°) domains with +Ps and −Ps polarizations. The large spontaneous polarization of

LiNbO3 often results in screening charges from the surrounding environment, so that bound

charges on the crystal surface can be compensated, and the electrostatic energy can be mini-

mized [204]. A periodically poled LiNbO3 (PPLN, Asylum Research, USA) sample is used in

this study. The poled domains are approximately 10 µm in width and the sample is mounted

on a metal puke and has dimensions of 3 mm× 3 mm× 0.5 mm.

5.3 Results and Discussions

PFM with a scan speed of f 22 µm/s is performed to map the ferroelectric domain structure

and identify the polarization direction of PPLN. The measurements were not resonance en-

hanced as the absolute phase of piezoresponse at the contact resonance is not well defined,

and the resonance-enhanced imaging at higher frequencies can change the piezoresponse due

to the dynamics of cantilever or instrumental lags [205–207]. Away from the resonance,

the polarization direction can be deduced directly from the piezoresponse phase signal mea-

sured [2]. The amplitude of PFM response reveals the domain pattern of PPLN sample

in Figure 5.2a. While the oppositely oriented domains have similar responses, the domain

walls exhibit low responses. This is evident from PFM phase mapping in Figure 5.2b as

well, wherein 180° phase contrast is observed across domains. The variation of PFM phase

and amplitude can be more clearly seen in Figure 5.2c. Given the positive d33 coefficient

for PPLN, the phase should be around 180° and 0° for upward- and downward-polarized
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Figure 5.2: Domain pattern of PPLN mapped by (a-c) PFM and (d-f) CGM; PFM amplitude (a),

phase (b), and line scans of amplitude and phase (c); and CGM current mapping during trace (d),

retrace (e), and corresponding line scans (f). The PFM was acquired with probe speed of 22 µm/s

while the CGM acquired with probe speed of 1.5 mm/s. The upward and downward domains are

shown by � and ⊗ signs, respectively.

domains (Figure 5.2b) [208].

While powerful for domain imaging, PFM does not yield quantitative information on the

local polarization value. The CGM signals acquired in a separate scan but on the same area

as PFM (Figures 5.2d,e) for both trace and retrace AFM passes. There are current spikes

when passing over domain walls. The polarity of the current over the same domain wall

is is alternating for trace and retrace passes The spikes can be seen more clearly from the

line scans in Figure 5.2f. The current magnitude is reduced within domains, and the sign of

the current acquired during trace and retrace are identical for the same domain. However,

between the adjacent domains the sign is reversed. The difference between CGM signals at

domain walls and within domains can be understood from two different imaging mechanisms.
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The polarization within a domain is compensated by the screen charge on the surface, and

the charges are mechanically scraped by the CGM probe and then refilled, resulting CGM

current signals. For a downward polarization, the positive surface charges are scratched away

and have to be refilled from the probe, resulting in a negative current (i.e. positive charges

are flowing from the probe to the sample). In this process the current sign does not depend

on the scan direction. For an upward polarization, positive current (flowing from the sample

to probe) is resulted. This is indeed what is observeed in Figure 5.2d,e, confirming that

the imaging mechanism within domains is scratching and refilling of surface charge by the

virtually grounded CGM probe. When a domain wall is crossed, from a downward polarized

domain to an upward polarized one, the net polarization difference is +2Ps. This positive

polarization difference results in a positive current spike, which is reversed when going from

the upward polarization to the downward one. This also explains why the current spikes

reverse polarity between trace and retrace passes. These observations confirm that the

imaging mechanism at domain walls is caused by the change of polarization experienced

by the probe. Consequently, two different imaging mechanisms exist for CGM, which were

observed by Hong et al. as well [195]. It should be noted that this CGM mechanism is

foundamentaly different than the photo-induced current along the domain walls [209].

5.3.1 Effect of Scan Speed on CGM Signals

To further understand the imaging mechanism of CGM, the effect of scan speed v on CGM

signals, ranging from ∼75 µm/s to ∼3 mm/s, is investigated. The raw CGM mappings ac-

quired during the trace pass under a slow, intermediate, and fast scan speeds are presented

in Figure 5.3a-c, showing enhanced CGM signals under higher scan speeds. However, having

currents on the order of pA, the signals are noisy and it is difficult to draw a quantitative

conclusion. Traditionally, the evolution of a set of AFM images were compared by their

mean and standard deviation [195], which can be unreliable given the noisy CGM measure-

ments. Principal component analysis is used to analyze the data. The PCA eigenvalues

drop rapidly after the first one (Figure 5.3d) suggesting that the first mode has the highest
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Figure 5.3: CGM under different scan speeds; (a-c) raw CGM current mappings acquired with

scanning speed of 0.36 mm/s (a), 1.46 mm/s (b), and 2.93 mm/s (c); (d-f) PCA of scan speed-

dependent images: scree plot of eigenvalues (d), the first PCA eigenvector (e), and its corresponding

component image (f).

possible variance and contains the most information in this set of data. The first eigenvector

b1(vi) captures the average spectrum of data as a function of discrete set of scan speeds vi

(Figure 5.3e). The first PCA loading image shows the spatial distribution of CGM data

(Figure 5.3f). The higher component images of PCA only contain noise, confirming that the

first mode is indeed sufficient to represent the data. The noise reduction is evident in the

first PCA loading image, while the corresponding eigenvector exhibits a linear correlation

between scan speed and the average current signal. Such a linear relationship is consistent

with the imaging mechanisms proposed. The current under a constant change in charge is

inversely proportional to time, and directly proportional to the scan speed.
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5.3.2 Effect of Temperature on CGM Signals

The origin of current signals are further investigated by performing temperature-dependent

CGM. The CGM data set is acquired while the temperature is continuously decreasing from

83 ◦C to 30 ◦C. The raw CGM current images acquired at three distinct temperatures (Fig-

ure 5.4a-c) are showing a stronger signals for lower temperatures. To see this more clearly,

this set of temperature-dependent CGM data was also analyzed by PCA and the eigenval-

ues are plotted in Figure 5.4d. It is observed that the second and higher modes of PCA

have variances orders of magnitude less than that of the first mode. The eigenvector of the

first mode exhibits a power-law decrease with increased temperatures (Figure 5.4e). The

first PCA loading image (Figure 5.4f) clearly reveals the domain structure of PPLN with

enhanced signal-to-noise ratio. This temperature-dependence can be understood from the

imaging mechanism of the CGM. The increased temperature reduces spontaneous polariza-

tion and removes the screening charges, and therefore, reduces CGM signal. Indeed, Tong

et al. discussed that the surface of PPLN is screened via short-range adsorption of ambient

humidity molecules [197], and the rise in temperature results in evaporation of water and

decrease in the humidity, which significantly suppress the CGM signal. Furthermore, when

the relative ambient humidity is less than 30%, no CGM signal is observed in experiments.

5.3.3 Quantitative Analysis of Spontaneous Polarization and Surface Charge Density

The dependence of CGM current signal on scan speed and temperature are clearly revealed

by PCA, consistent with the proposed imaging mechanisms based on scraping and refilling

of charges within domains, and changes of polarizations at domain walls. With such an

understanding on CGM current, the spontaneous polarization Ps as well as the surface

screening charge density |σd| are estimated based on the current measured in CGM.

The estimated displacement charge associated with the crossing over a domain wall |Qw|

can be correlated with the absolute polarization difference 2Ps as: |Qw| = 2PsAtip, where

Atip is the circular contact area of tip-sample junction with tip radius of 45 nm. Similarly,
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Figure 5.4: CGM under different temperatures; (a-c) raw CGM current mappings acquired under

temperatures of 71.9 ◦C (a), 40.8 ◦C (b), and 30.6 ◦C (c); (d-f) PCA of temperature-dependent

images: scree plot of eigenvalues (d), the first PCA eigenvector (e), and its corresponding component

image (f). The scan speed in all 20 images was 1.2 mm/s.

the screening surface charge density |σd| can be estimated by averaging the collected absolute

domain charges |Qd| over the number of pixels n and the tip area as |σd| = |Qd|/(n× Atip).

The extent of surface screening is assessed by finding the ratio of |σd|/Ps .

A simple example of this analysis is visualized in Figure 5.5. A trace and a retrace

line scans of a CGM image are shown in Figure 5.5a. With the CGM probe speed given,

the absolute value of these signals as a function scan time were calculated and shown in

Figure 5.5b. The area under these curve is the collected charges, which were scraped over

domains and domain walls. To separate these two mechanisms of charge scraping, the signals

were masked based on a predefined threshold. The corresponding domain signals are obtained
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a) b)

c) d)

domain wall current 

domain current 

Figure 5.5: Calculation of collected domain and domain wall charges via CGM current signals.

Line profiles of (a) trace and retrace CGM image as a function of scan distance; (b) absolute trace

and retrace line profiles of CGM image as a function of scan time; (c) masked trace signal only over

domains; and (d) masked retrace signal only over the domain walls.

by masking the trace signal and removing the values bigger than the threshold of 7 pA, while

the domain wall signals were acquired by ignoring the retrace values less than 5.5 pA. The

shaded area under the curve in Figure 5.5c is equal to the absolute scraped charge over 5

domains while the shaded area in Figure 5.5d is equal to the scraped charge over 5 domain

walls.

The retrace signal is dominated by the domain wall charges (Figure 5.6a). In order to

consider the domain wall effect, the current image was masked by replacing all the absolute

values less than 5.5 pA with zero (Figure 5.6b). The area under each line scan of this image

is found with respect to the time of scan, summed over all line scans, and the total collected
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a) b)

Figure 5.6: CGM retrace image (a), and the masked retrace image with threshold of 5.5 pA (b).

charge over all domain walls found to be |Qw| ∼= 6.12 pC. It is found that the number of

current spikes corresponding to the domain wall crossing is around n = 1040. The estimated

polarization is defined as Ps ≈ |Qw|
2Atip×n = 46.22 µC/cm2.

The trace signal contains the scraped charge over the domains. To remove the domain

wall current spikes, the trace CGM image (shown in Figure 5.7a) is masked by considering

only absolute current values less than the threshold of 7 pA. Figure 5.7b shows the absolute

current values only over the domains. The sum of areas under each line scan of this image

with respect to the time is the total charge collected over the domains and is equal to

|Qd| = 9.076 pC. The number of pixels with non-zero values (corresponding to domain

charges) in Figure 5.7b is equal to 50173 and the average collected domain charge per pixel

is equal |Qdp| = 0.1809 fC/pixel . In turn, The surface charge density |σd| is estimated as

|σd| = |Qdp|
Atip

= 2.84 µ C/cm2. The extent of surface screening is estimated by comparing the

estimated domain charge density |σ| with the ideal surface charge of ferroelectric surface,

which should be equal to polarization charges Ps = 80 µC/cm2, and found 3.55% screening

ratio. Both spontaneous polarization and surface charge density estimated from experimental

data appear to be relatively low, perhaps because of the partial screening of polarization

charges and incomplete scraping and refilling of surface charges under moving CGM probe.
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a) b)

Figure 5.7: CGM trace image (a), and masked image with threshold of 7 pA (b). The masked

image only captures the current signal over the domains.

5.4 Conclusions

In summary, CGM and PCA approaches are used to image ferroelectric domains of PPLN.

The CGM signal increases linearly with the scan speed while decreases via power law with

the temperature. The observations are consistent with proposed imaging mechanisms of

scraping and refilling of surface screening charge within domains, and polarization change

across domain wall, enabling the estimation of the spontaneous polarization and the den-

sity of surface charges with order of magnitude agreement with literature data. The study

demonstrates the capabilities of PCA in reduce noise level and enhancing signal-to-noise

ratio, making quantitative analysis of noise raw data possible.



111

Chapter 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

The dissertation focused on development of advanced atomic force microscopy techniques. A

review of the state-of-the-art methods available for nanoscale characterization of electrome-

chanical responses was provided in Chapter 1. The different signal formation mechanisms,

means and methods to distinguish the coupling effects, and different excitation and detec-

tion schemes were explained. The challenges that motivated this dissertation and the the

dissertation scope were discussed at the end.

In Chapter 2, three different excitation and detection schemes were developed that can

be used in variety of resonance-enhanced AFM techniques. The simple harmonic oscillator

(SHO) model was used as a physical model to explain the tip-sample contact interaction near

contact resonance frequency. The multi-harmonic dual resonance tracking was introduced,

and the development and implementations details were explained. The SHO parameters

(intrinsic properties) were extracted based on the dual amplitude and phase responses at

each pixel and examples of intrinsic and frequency-dependent responses were provided. The

method was successfully applied to measure the 4th harmonic response, track the resonance

frequency and extract intrinsic responses with minimal cross-talks. The second developed

method was an open loop sequential excitation (SE) which performs a series of fast single-

frequency excitations and analyzes the data set through principal component analysis (PCA)

and consequently SHO analysis. The details of PCA and SHO parameter extraction were

offered. The SE-piezoresponse force microscopy (SE-PFM) experiments were performed on

a PZT ceramic and the obtained data were compared to conventional PFM. The SE-PFM

exhibited more accurate characterization of piezoelectricity with minimal cross-talks. The



112

third method, big-data AFM, was based on full information acquisition of cantilever motion

in time domain. The need for big-data AFM and details of implementation were explained.

The method was used to perform fast spectroscopy switching in PFM mode with and with-

out super-coercive voltage on thin-film BFO. The Wavelet-based time-frequency and phase

coherence analyses were used to observe the switching phenomena. Finally, dimensional

reduction based on PCA were performed and the low-rank data were analyzed with SHO

model.

Scanning thermo-ionic microscopy (STIM) was invented and developed for probing lo-

cal ionic concentration and was introduced in Chapter 3. STIM works based on imaging

the Vegard strain induced via thermal and hydrostatic stress excitations. The principle of

STIM, signal formation mechanisms and different excitation sources were explained, and

the obtained results from Sm-doped ceria and halide perovskites solar cells were offered.

Furthermore, the detection schemes developed in previous chapter were utilized to obtain

thermo-mechanical and thermo-ionic properties of samples. The multi-harmonic dual reso-

nance tracking was implemented for STIM measurements and the intrinsic properties were

found based on SHO regression analysis. The big-data STIM exhibited interesting behav-

iors in acquired deflection time-frequency response. There were the first, second, third and

fourth harmonic responses corresponding to Vegard strain, thermo-mechanical, mixed effects

and ionic effects. An advantage of big-data method is the availability of displacement sig-

nals in time-frequency domains and can be used to filter certain phenomena. By filtering

out the first, second, and third harmonics (which were not relevant to ionic motion), the

responses were not sensitive to the electromechanical, electrostatic, and capacitive effects,

making in-operando testing possible.

The ability to control local temperatures motivated the work for Chapter 4. The heated

AFM probe was used not only as a heater but also as a temperature sensor. It was found that

under certain conditions, the temperature and in turn the electrical resistance of the heated

probe are correlated with the thermal conductivity of the sample material. A combination

of numerical and experimental tests was performed to obtain a semi-analytical relationship
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between the sample thermal conductivity and electrical resistance of heated probe. The

effects of contact resistance and heat losses due to convection and radiation were studied via

numerical simulations. The method was applied on a three-phase thermoelectric and it was

found that the thermal conductivity of the sample can be quantitatively characterized with

100 nm spatial resolution and good accuracy. The method was shown to be a powerful tool

for design and optimization of thermoelectric materials.

Finally, in Chapter5 the recently developed charge gradient microscopy (CGM) was used

to characterize the ferroelectric domains, domain walls and the surface charge removal and

redistribution on a periodically poled lithium niobate sample. Contradictory to PFM indirect

and qualitative measurements, this method directly measured the current in a hard contact

with sample. The measured current in trace and retrace passes showed to have fundamental

differences. It was shown the signal formation mechanism on domains and domain walls were

different and the origin of the signals were investigated. The obtained currents as a function

of scan speed and temperature are analyzed using PCA. Interestingly, it was found that the

current signals proportionally enhance with the scan speed, while PFM measurements suffer

from slow speeds.

6.2 Future work

The excitation and detection schemes developed in this dissertation can be applied to a broad

range of AFM techniques. The SE method is currently under investigation for application

in Kelvin probe force microscopy and in general can be applied to any AFM method where

the feedback errors or cross-talks exist. The big-data framework developed here allows

for arbitrary excitation and acquisition of multiple sources. Limited by experimental and

instrumentation resources, the concept is demonstrated with only one input channel acquired

at intermediate sampling rates. In future, this method should be extended with capabilities

for on-the-fly adjustment of the excitation sources, and acquisition of multi-dimensional

datasets. Furthermore, the PCA analysis performed here are unsupervised in nature, making

the extraction of physical information difficult. More sophisticated methods such as multi-
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resolution dynamic mode decomposition (mr-DMD) [134] and dynamic mode decomposition

with control [210] should be employed to robustly separate complex dynamics of the systems

such as tip-sample interaction with multiple eigen-modes of vibration into a hierarchy of

multi-resolution time-scale components. Finally, the ultimate goal is to enable machine

learning-based adaptive AFM experimentation based on ever growing training data, (i.e., the

AFM is capable of recognizing critical spots and key features during scans and matching them

with underlying physical processes on-the-fly, and thus autonomously adjust experimental

parameters for refined and more targeted probing without user’s input).

All AFMs used in this study measure the cantilever deflection via an optical beam de-

flector. Recently a metrological AFM is introduced that used a laser vibrometer to directly

measure the displacement and speed of the cantilever [211]. For dynamic-strain based tech-

niques, it is desirable to measure the displacement via vibrometer due to its quantitative

measurements, improved signal-to-noise-ratio and the fact that it can measure the displace-

ment on top of the tip, isolating the other responses acting on the body of the cantilever.

Scanning thermo-ionic microscopy, developed in the context of this dissertation, has

shown promising results for characterization of ionic concentration. Further analysis, simu-

lations and experiments are needed to verify this technique. Time- and voltage-spectroscopic

studies are needed to study and distinguish ionic diffusion and ionic migration and fully

understand electrochemical activity under the STIM. Experimental tests under a global ex-

citation of the sample can reveal similar information. Besides, the mathematical analysis

provided in this dissertation is one possible nonlinear response. One may need to also include

thermally-induced defect formation and thermally drive transport that may have contributed

to the signal. It would be also highly desirable to accurately control and maintain the temper-

ature of heated probe during STIM measurements. In materials with homogeneous thermal

conductivity distribution, the change of temperature in heated probe is minimal and thus

the effect can be ignored.

The SThM results provided in Chapter 4 are based on DC excitation of thermal probe

and similar to other DC methods are prone to noises and suffer from low DC acquisition
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time. Application of an alternating bias to the probe tip, would results in third harmonic

voltage component which can be measured and correlated to thermal conductivity, known

as 3ω method [212]. The method can overcome the difficulties associated with the current

SThM and increase the spatial resolution of the method. In order to fully characterize the

thermoelectric materials properties, one can use thermal probes to measure the Seebeck

coefficient simultaneous to SThM measurements.

The charge gradient microscopy results in Chapter 5 are interesting. As the scan speed

increases, the measured current is linearly scaled up and the responses enhance. However, the

bottleneck is the bandwidth of the current detection system that puts an upper threshold for

scan rates to around 40 Hz/line. Improving the bandwidth of the current detection system

allows for ideal charge removal and direct detection of spontaneous polarization based on

measured currents.
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[209] M. Schröder, A. Haußmann, A. Thiessen, E. Soergel, T. Woike, and L. M. Eng, “Con-
ducting domain walls in lithium niobate single crystals,” Advanced Functional Materi-
als, vol. 22, no. 18, pp. 3936–3944, 2012.

[210] J. L. Proctor, S. L. Brunton, and J. N. Kutz, “Dynamic mode decomposition with
control,” SIAM Journal on Applied Dynamical Systems, vol. 15, pp. 142–161, jan 2014.

[211] A. Labuda and R. Proksch, “Quantitative measurements of electromechanical response
with a combined optical beam and interferometric atomic force microscope,” Applied
Physics Letters, vol. 106, p. 253103, jun 2015.
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