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A
tomic force microscopy (AFM) com-
prises a wide family of modalities
that are developed to probe various

aspects of physical and chemical properties
of materials.1 Mechanical properties are of
great importance for any materials, and
obtaining a full understanding of them
requires information down to the nano-
scale. Several nanomechanical AFM tech-
niques exist that operate in different regimes
of the tip�sample interaction, e.g., tip in-
dentation (force�distance spectroscopy),2

intermittent-contact frequency modulation
AFM,3 and contact resonance AFM (CR-
AFM).4 Typically in CR-AFM, the tip is excited
at its resonance frequencies with a piezo-
electric transducer, either attached under-
neath to the samples (this variant is called

atomic force acoustic microscopy, AFAM5,6)
or directly coupled with the cantilever
(called ultrasonic atomic force microscopy,
UAFM7). With the advantages of resonance
enhancement, local elastic properties of
samples can be detected with high sensi-
tivity and large dynamic range in CR-AFM,
leading to its applications in diverse materi-
als ranging frompolymers8 tominerals9 and
to biological samples.10 A major technical
issue in the development of CR-AFM is to
obtain a clean, broadband, and versatile
excitation manner. Although piezoacoustic
excitation is the current method of choice, it
has some shortcomings, such as noises and
spurious coupling effects. The latter effect is
especially severe in liquid environment. At-
tempts to operate CR-AFM in liquid were
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ABSTRACT Nanomechanical properties are closely related to the

states of matter, including chemical composition, crystal structure,

mesoscopic domain configuration, etc. Investigation of these proper-

ties at the nanoscale requires not only static imaging methods,

e.g., contact resonance atomic force microscopy (CR-AFM), but also

spectroscopic methods capable of revealing their dependence on

various external stimuli. Here we demonstrate the voltage spectros-

copy of CR-AFM, which was realized by combining photothermal

excitation (as opposed to the conventional piezoacoustic excitation

method) with the band excitation technique. We applied this spectroscopy to explore local bias-induced phenomena ranging from purely physical to surface

electromechanical and electrochemical processes. Our measurements show that the changes in the surface properties associated with these bias-induced

transitions can be accurately assessed in a fast and dynamic manner, using resonance frequency as a signature. With many of the advantages offered by

photothermal excitation, contact resonance voltage spectroscopy not only is expected to find applications in a broader field of nanoscience but also will

provide a basis for future development of other nanoscale elastic spectroscopies.
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only made possible by using magnetic (Lorentzian
force) excitation, which however requires specially
prepared tips, thus limiting its applications.11 Photo-
thermal excitation is another type of non-contact
coupling actuationmethod, which has been frequently
demonstrated for topography imaging, with particular
interests in imaging in liquid, since the earliest days
of AFM.12,13 Here, we explore the use of photothermal
excitation, recently available from a commercial
“BlueDrive” module,14,15 in CR-AFM.
On the other hand, spectroscopic modes of CR-AFM

have been largely missing so far. This thus limits
CR-AFM to static imaging measurements, in contrast
to many other AFM modalities. For example, the
switching spectroscopy of piezoresponse force micro-
scopy (PFM) is now a standard technique for studying
nanoscale ferroelectric domain switching dynamics,16

and its counterparts in Kelvin probe force microscopy
are also developed to probe surface charge dynamics
under tip biasing.17,18 Previously, Nikiforov et al. incor-
porated localized tip heating into AFAM and enabled
dynamic probing of temperature induced phase
transitions.19 In this work, we have implemented con-
tact resonance voltage spectroscopy, based on our
existing set of band excitation (BE) spectroscopies.
The BEmethod not only provides the flexibility in signal
generation and acquisition essential for realizing the
measurement protocols but also achieves unparalleled

accuracy in capturing and recovering the full tip�
sample interaction information.20�22 In conjunctionwith
photothermal excitation, this spectroscopic method
has enabled us to probe the bias-induced dynamic
processes of ferroelectric domain switching and local
irreversible electrochemical reactions. The obtained
results demonstrate that those tip bias-induced
minute changes in the surface properties, either local
elasticmoduli ormorphology, can be sensitively traced
from contact resonance spectroscopy.

RESULTS AND DISCUSSION

Photothermal Excitation CR-AFM. Figure 1a shows a
schematic of BE contact resonance voltage spectros-
copy. This method is similar to PFM switching spec-
troscopy in that we use dc voltage pulses to induce
changes in the sample surface states (i.e., domains in
ferroelectrics) and probe such changes with ac/BE
signals during and/or after dc pulses. The main mod-
ification here is that BE signals are routed to the
BlueDrive modulation circuit instead of being applied
to the cantilever. In our scheme, we use two analog
outputs in the PXI-6124 card to synchronously gener-
ate BE and dc waveforms that are digitally constructed
from a set of parameters, e.g., bandwidth/amplitude
and pulse length. Note that only a triangular dc step
waveform has been implemented in this work; how-
ever, more complex measurement protocols such as

Figure 1. (a) Schematic of photothermal excitation CR-AFM in combination with BE voltage spectroscopy. (b) Typical
amplitude versus frequency response spectra in flexural and torsional modes, acquired from the vertical and lateral channels
of the detector, respectively. (c) Amplitude of the first and second flexural modes as a function of BlueDrive laser location on
the cantilever (sample: Si substrate).
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first-order reversal curve,23 ac amplitude sweeping,24

and time-domain relaxation curve25 can be combined
with contact resonance spectroscopy. On receiving
each BE waveform, the cantilever starts to oscillate
at the chosen band of frequencies as photothermally
excited. The time domain responses of the cantilever in
contact with a sample are acquired over the same time
length and then Fourier transformed into frequency
domain response spectra, which contain the tip�
sample interaction information. The damped harmonic
oscillator (DHO) model is usually used to describe
a contact resonance frequency spectrum, which has
amplitude/phase forms as

A(f ) ¼ f 20 Adriveffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(f 20 � f 2)2 þ (f0f=Q)

2
q (1a)

j(f ) ¼ tan�1 f0f

Q(f 20 � f 2)

 !
þjdrive (1b)

where f0 is the resonance frequency and Q the quality
factor; Adrive and j

drive
are the amplitude and phase,

respectively, of the driving force. The use of BE allows
highly accurate decoupling of these DHO parameters,
since the cantilever response spectra are sampled
with many frequency points with intervals equal to
the reciprocal length of each BE waveform.20 In addi-
tion to BE, we also used the dual ac resonance tracking
(DART) method in this study, especially for imaging
modes. DART enables faster imaging speeds but
only measures the response at two frequency points,
which nonetheless are sufficient to solve the DHO
model parameters despite inferior accuracy to the BE
method.26,27

Figure 1b shows typical measured flexural/vertical
and torsional/lateral mode resonance spectra for
a single probe, obtained with 1 mW oscillation laser
power. In this example, the excitation laser spot was
placed near the cantilever base and slightly shifted
aside for excitation of torsional modes. As can be seen,
both the flexural and torsional spectra are clean with
very weak crosstalk between them and the peak shape
of all modes agrees well with an ideal DHO model,
demonstrating the effectiveness of photothermal ex-
citation as well as its selective property. Obviously,
this can be an important advantage compared to
piezoacoustic actuation (for both the cases of AFAM
and UAFM). The latter usually cannot excite both verti-
cal and in-plane displacements of a sample efficiently
with a single transducer and sample configuration.28

Besides, we found that the excitation efficiency is
uniquely determined for each flexural mode by the
excitation laser locations on cantilevers. As illustrated
in Figure 1c, during the blue laser spot scanning from
the cantilever base to its end (meanwhile the detection
laser was fixed at the end), the amplitude of the first
and secondmodes varies in an anti-correlatedmanner,

and in both cases it shows a profile reminiscent of
cantilever mode shapes. In fact, these results reveal the
length profiles of local stress gradient associated with
each mode shape. The maximum stress gradient point
is near the cantilever base for the first mode. Except
that, all other (local) maxima coincide with the largest
displacement points in the respective mode shapes.
Such a measurement not only provides an experimen-
tal guide for choosing proper excitation locations,
but we further point out that, it can be used to study
the mode shapes, which are significantly dependent
on the tip�sample contact stiffness, k*.

Quantitative Data Analysis in CR-AFM. As a standard
procedure in AFAM/UAFM, one first derives the contact
stiffness from measured resonance frequencies and
associated Q factors of the contact resonance peaks,
using cantilever dynamics models that can be solved
analytically or using numerical methods. Generally,
a linear Euler�Bernoulli beam is adopted to model
the cantilever, and the tip�sample elastic interaction
is approximated as a spring in parallel with a dashpot
(i.e., Kelvin�Voigt model; see Figure 2a), if only the
vertical coupling is considered.5�7,29,30 Here, the spring
represents the contact stiffness, whereas the dashpot
accounts for the material damping behavior (also
called viscoelasticity). We solved thesemodels numeri-
cally based on the mathematic formalism of Rabe;6 in
particular, we have considered both the vertical and
lateral contact coupling. Figure 2b presents the calcu-
lated results for typical PPP-EFM cantilevers that were
used for this study. As can be seen, the resonance
frequency rises as the contact stiffness increases, but
meanwhile its sensitivity (first derivative) decreases
monotonically. On the other hand, the Q factor, cal-
culated for a given material damping factor, has a
complex dependence that first increases and then
decreases with contact stiffness. In our experiment
range (k* ≈ 400�700 N/m), the Q factor shows a
relatively flat trend and hence it is well justified to
attribute the observed Q variations directly to changes
in the viscoelastic properties of materials.

Having quantified the contact stiffness, one is then
enabled to calculate elastic moduli of the samples
based on contact mechanics models. The prevailing
model used in the field is the Hertzian model, which, in
a general sense, relates contact stiffness with contact
radius aC and reduced Young's modulus E* as k* =
2aCE*. Among them, the reduced Young's modulus of
the contact is defined as

1
E� ¼ 1 � ν2S

ES
þ 1 � ν2T

ES
(2)

where νS, νT, and ES, ET are the Poisson rations and
Young's moduli of the sample surface and AFM tip,
respectively. The contact radius is determined by
the tip shape and applied loading force. In practice,
however, a calibration approach is mostly followed to
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circumvent direct quantification of the contact radius.
That is, the results obtained on the unknown sample
and a (ormultiple) reference samplewith knownelastic
moduli are compared according to the relation:

E� ¼ E�Ref(k�=k�Ref)m (3)

where ERef
* and kRef

* are the reduced Young's modulus
and measured contact stiffness of the reference sam-
ple, respectively; m = 1.5 for the case of spherical tip
shape andm= 1when the tip is a flat punch. A previous
study showed that the tip shapes are prone to acquire
a flat punch shape after initial few “break-in” contact
measurements.31

Applications of CR-AFM/Voltage Spectroscopy. In the fol-
lowing part, we first present an example of photothermal

excitation CR-AFM imagingmeasurementwhich reveals
clear mechanical property contrast on dissimilar materi-
als. Then we show the results of contact resonance
switching spectroscopy obtained on typical ferroelectric
materials and compare them with the PFM switching
spectroscopy results. Finally, an example is presented
in which contact resonance voltage spectroscopy is
applied to probe local irreversible electrochemical
reactions.

Figure 3a shows the topography of the sputtered
PZT thin film across the PZT/SiO2 boundary. Both the
PZT and SiO2 layers show polycrystalline morphology
and the latter is somewhat rougher (see Figure S1). This
morphology is not well shown in the height image due
to its large scale (∼1 μm). These two layers of different

Figure 2. (a) Schematic of the tip�sample elastic interaction. (b) Firstflexuralmode contact resonance frequency (normalized
to the free frequency) and Q factor as a function of contact stiffness, calculated for PPP-EFM probes on the basis of their
nominal geometric parameters. A constant material damping coefficient was used to calculate the Q factors.

Figure 3. (a) Topography of PZT/SiO2 boundary. (b,d) Resonance frequency and (c,e) Q factor of the (b,c) vertical and (d,e)
torsional mode photothermal excitation CR-AFM of the boundary region. (f) Histogram of the resonance frequency data and
their fits by Gaussian peaks.
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materials show clear difference in vertical contact reso-
nance frequency, as shown in Figure 3b. Fitting to the
histogram of the frequency image (Figure 3f) reveals
that fC,Vert. = 416.1 ( 4.3 kHz for PZT and 403.8 (
8.8 kHz for SiO2. The frequency distribution of the SiO2

layer is much broader, due to the presence of a few
grains that appear softer (showing lower frequencies)
and also inclusion of the boundary regions. Using SiO2

(Young's modulus: 70 GPa) as an internal calibra-
tion material and following the procedure described
before, we obtain the Young's modulus for PZT as
125 ( 15 GPa. This value is in reasonable agreement
with the reported values for similar polycrystalline PZT
thin films, e.g., 110 GPa from ref 32. In comparison with
the resonance frequency, the Q factor image shows
an opposite contrast (Figure 3c). An average Q ≈ 38 is
measured for SiO2, slightly higher than that (Q≈ 32) for
PZT. Since theQ factor ismainly associatedwith energy
dissipation in the tip�sample elastic interaction, this
contrast may suggest a higher structural integrity
of the SiO2 layer as a result of the growth process. On
the other hand, the PZT film also appears stiffer than
SiO2 from the torsional mode measurement results

(Figure 3d) and their resonance frequency are found to
be fC,Tor. = 748.8( 1.8 and 743.0( 4.2 kHz, respectively
(Figure 3f). The Q factor image (Figure 3e) in this case
shows the same contrast as the frequency image albeit
the difference is again small (average value Q ≈ 130
for PZT and 110 for SiO2). The torsional mode con-
tact stiffness is associated with the shear modulus of
samples and can be quantitatively analyzed in a similar
way to derive the modulus values.28 However, this
analysis goes beyond the scope of the present work.

Figure 4 shows a typical set of piezoresponse and
contact resonance switching loops measured sequen-
tially on the same location on 100 nm epitaxial PZT
thin film. This sample has a homogeneous, upward-
polarized single domain state without detectable in-
plane domain structures as known from PFM imaging,
and the CR-AFM imaging results also show little con-
trast (see Figures S2 and S3). Therefore, the domain
switching process here is 180� reversal of the polari-
zation vector. As illustrated in Figure 4a, canonical
square piezoresponse loops are measured over the
film surface suggesting its high epitaxial quality (the
on-field loops are distorted due to the accompanying

Figure 4. Single-point (a,b) amplitude, (c,d) resonance frequency, and (e,f) Q factor loops of (a,c,e) piezoresponse and (b,d,f)
photothermal excitation contact resonance switching spectroscopy, measured on 100 nm epitaxial PZT thin film.
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electrostatics response). Overall, the resonance fre-
quency and Q factor loops of the piezoresponse spec-
troscopy shows excellent consistency with the contact
resonance spectroscopy results. The former loops are
somewhat nosier, especially near switching voltages
where the piezoresponse is inherently low. In contrast
to this type of self-actuation in PFM, photother-
mal excitation provides almost constant amplitude/
phase actuation during the domain switching process
(cf. Figure 4a,b), and this advantage becomes increas-
ingly importantwhen the studiedmaterials haveweaker
piezoelectric properties that cannot excite the con-
tact resonances to an appreciable level themselves.
Therefore, coupled with the BE method, photothermal
excitation contact resonance spectroscopy can achieve
extremely accurate assessment of minute changes in
the sample elastic properties.

Looking closely at the on-field frequency loops
(Figure 4d), it is apparent that the largest frequency
shift, an abrupt decrease by ∼240 Hz, occurs at the
anti-parallel domain nucleation stages (i.e., Stages 1-2
and 4-5),33 concurrent with a decrease of the Q factor,
indicating local softening and increased internal fric-
tion loss of the material. At the domain growth stages,
there is a subtle but stable (among a few cycles)
difference between the positive and negative sides;
Stage 2-3 shows a slowly decreasing trend while Stage
5-6 is relatively stable. This could reflect their different
domain configurations in connection with the upward
domain matrix of the film. Finally, decreasing tip
voltages after domain saturation (Stages 6-1 and 3-4)
results in constant rate recovering of the resonance
frequency. On the other hand, the off-field frequency
loops do not match the on-field ones entirely and their
frequency shifts are generally smaller, implying that
the observed softening/recovering effect is not only
domain structure-related but has a large content of
lattice origins. For ferroelectric materials, it is easy
to perceive that domain walls can have different
mechanical properties from the crystal matrix since
they are, essentially, structural defects; besides, do-
mains per se are mechanically anisotropic with respect
to the polarization directions. Tsuji et al. observed 10%

lower contact stiffness on domain walls in bulk PZT
samples using UAFM imaging.34 We further note that
a recent macroscopic study found over 30% change of
the Young's modulus of PZT ceramics during polariza-
tion hysteresis loop measurements.35 In our case, the
contact stiffness variations during the switching cycles
are found to be rather small (less than 1%). This can be
certainly because our measurement is dynamic and
domain switching occurs in a rather localized volume.
More importantly, it may point to the fact that the
switching process in the PZT thin film is purely 180�
with no occurrence of ferroelastic domain walls which
alters elastic properties of materials more effectively.
In light of this analysis, we argue that the frequency
shift can be a reliable signature for identifying true
ferroelectric domain switching processes, whether
of a 180� or non-180� type, and thus contact reso-
nance switching spectroscopy can be combined with
PFM to explore unknown materials and avoid possible
misinterpretations.

Recently, we found that well-defined off-field re-
sponse hysteresis loops with clear 180� phase flips,
closely resembling those usually observed on ferro-
electric materials, are measured on amorphous HfO2

thin film; however, these loops by no means suggest
ferroelectricity of the material and instead they can
be ascribed to hysteretic electrostatic responses due to
local charge injection and dissipation.18 A selected
example of such loops, along with the resonance
frequency loops obtained at the same location using
photothermal excitation, are presented in Figure 5. In
contrast to real PFM response, no frequency anomalies
are observed near the “switching” voltages in this case
and little difference exists between the on and off field
loops. The small, hysteresis-free frequency shift thereof
mayoriginate fromcertain types ofbias-induced surface
state changes in amorphous HfO2 except for domain
switching.

The nanoscale oxidation phenomena of silicon have
been extensively explored in the context of scanning
probe nanolithography.36�38 In this process, negative
biases are applied to an AFM tip (thus Si substrate is the
anode) which is placed in contact with or very close to

Figure 5. (a) Electrostatic response hysteresis loops and (b) photothermal excitation contact resonance frequency loops,
measured at the same location on amorphous HfO2 thin film. The on-field loops in (a) are divided by a factor of 2.
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the Si surface, and then thewatermeniscus surrounding
the tip�sample junction is decomposed by electrons
injected from the biased tip, i.e., 2H2O þ 2e� f H2v þ
2OH�. The resultant hydroxyl ions further react with the
Si substrate and thereby SiO2 forms on the surface.
This is typically an irreversible electrochemical process,
and controlled by a number of factors, e.g., bias voltage/
duration and humidity. Static measurements of the
height/size of formed SiO2 nanostructures were pre-
dominately used inprevious studies to study the reaction
kinetics in regard to those factors. Furthermore, tip bias-
induced electrochemical reactions are also observed
on some other oxides surface, for example, CeO2

39

and Li-ion electrolytes (reduction of Liþ).23,40 In these
studies, current measurements and real-time height
monitoring/control were also implemented, yielding
wealthy information about the reaction kinetics thereof.

Here, we applied contact resonance voltage spec-
troscopy to probe the Si nano-oxidation process.
Three consecutive cycles of dc waveforms [(8 V bias
window, total length = 4 ms (per step)� 64 (steps)� 2
(on/off-field)] were applied at 10� 10 locations evenly
defined on a 1 � 1 μm2 surface region. As shown
in Figure 6a, the pristine surface is extremely smooth
(rms roughness ∼0.05 nm) and shows a small fre-
quency variation ∼235 Hz across the scanned area,
both pertaining to the quality of the substrate used.
After the spectroscopy measurement, mild changes
occur to the topography with only a few SiO2 dots
clearly discernible, the highest dot being ∼0.4 nm
(lateral size ∼80 nm; see Figure 6 b). This means that
the applied biases only induced an early growth stage
of the oxidation process. By contrast, changes in the
resonance frequency image are more apparent and
the largest changes up to ∼10 kHz (corresponding
to ∼30% increase of contact stiffness) are observed
on the highest SiO2 dots (see also Figure 7b. Inset).
Figure 7a shows the amplitude spectrograph for a
typical location, which captured the entire reaction
process at this site. As shown in Figure 7a, the fre-
quency does not change during the first half (positive)
cycle until thebias reaches a negative value∼�2 to�3V.
This threshold voltage is reasonably close to the H2O

electrolysis potential (�1.23 V) given the likely exis-
tence of a potential drop at the tip�sample junction41

and other overpotential factors. Above this threshold,
the frequency increases quickly with bias ramping
to the maximum negative value in a nearly sigmoidal
way that suggests the voltage dependent kinetics
of the local reaction (Figure 7b). Then during the last
quarter of the loop and following repeats of the same
dc waveform, the frequency varies slowly, yet still in
some characteristic ways. Compared with the fre-
quency loops, the Q factor loops appear similar overall,
a remarkable difference lying at the first negative half
cycle where Q appears unchanged or even slightly
reduced. For both of them, the on- and off-field loops
overlap well with each other, indicating a stable rem-
nant state after each dc pulse.

The explanation of the observed frequency shifts is
not straightforward. Since SiO2 has a much smaller
Young's modulus than Si (160 GPa), the contact stiff-
ness might be expected to become smaller after SiO2

forms in between the tip-Si interface. Therefore, on
contrary to our observations, the resonance frequency
would decrease if the contact area is unchanged.42

However, one has to realize that the local stress field
exerted by the tip can extend into the sub-surface
with a depth of, as a rule of thumb, 3 times of the
contact radius (∼10 nm in this case).6 This depth is
much higher than the formed SiO2 dot (∼0.4 nm) and
thus the probed volume remains largely unmodified.
Again, assuming a constant contact area, the Young's
modulus is calculated to be ∼220 GPa for the 10 kHz
frequency shift. Such a sizable material hardening
effect seems very unlikely to be true for Si. From the
above analysis, the most reasonable explanation is the
variation of contact area during the oxidation process.
Stan et al. considered the influence of topography
on contact area in a study on granular Au film, and
proposed the concept of single/multiple-asperity con-
tact.43 A multiple-asperity contact enlarges the con-
tact area and seems to fit the scenario here because
SiO2 nucleates around the biased tip and may change
local curvatures of the surface. Despite the origin
of the frequency shift, it provides a very sensitive

Figure 6. 3D topography of a 1� 1 μm2 region on Si(001) substrate overlaid with corresponding CR-AFM frequency images,
(a) before and (b) after the voltage spectroscopy measurement performed on a 10 � 10 grid.
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measure of the onset and progress of the electro-
chemical reaction.

SUMMARY

We have explored the use of photothermal excita-
tion in CR-AFManddeveloped its voltage spectroscopy
based on the BE method. It is shown that photother-
mally excited CR-AFM produces well-defined material
contrast between PZT/SiO2, and their elastic moduli
can be obtained from a quantitative analysis. The
spectroscopic measurements on an epitaxial PZT thin
film reveal small but well detectable stiffness changes
during local polarization switching processes. Such
changes appear to be characteristic of ferroelectric ma-
terials and thus can be a criterion for distinguishing the
presenceofdomain switching inmaterialswithunknown
ferroelectric properties, which was demonstrated on

HfO2 as an example for a non-ferroelectric material. We
have also studied Si nano-oxidation phenomena using
the voltage spectroscopy. The results show that the
contact resonance frequency shifts remarkably during
an early stage of the reaction when the morphology of
the SiO2 product is still not well developed. This suggests
the high sensitivity of contact resonance voltage spec-
troscopy in detection of local irreversible electrochemical
processes. Extending from this work, more CR-AFM
spectroscopic methods can be envisaged for probing
the nanomechanical behavior of materials under other
types of applied stimuli. Finally, we emphasize that
contact resonance spectroscopy in principle can also
be implemented using alternative excitation manners
coupled with other multifrequency AFM techniques that
are capable of robust resonance frequency tracking and
provide quantitative dissipation information as well.

METHODS

Experiment and Sample Details. All AFM measurements were
carried out under ambient environment on a commercial AFM
(Cypher, Asylum Research) equipped with a BlueDrive photo-
thermal excitation module. A home-built BE system based on
a NI (National Instruments) PXI-6124 data acquisition/analog
output card was integrated with the microscope in Labview
software environment. Pt/Ir-coated conductive Si probes, Nano-
sensor PPP-EFM, were used, which typically have a moderate
stiffness of 4�5 N/m and resonance frequency of 75�80 kHz
as experimentally found. The set point force was maintained
at ∼350 nN for all contact-mode measurements. Several differ-
ent types of samples were investigated, including a 1 μm
Pb(Zr,Ti)O3(PZT)/Pt/SiO2 polycrystalline thin film deposited
with sputtering techniques (this sample has shape boundaries
between thePZT andSiO2 layers), a 100nmPZT thin filmepitaxially
grown on SrRuO3/(001) SrTiO3 with pulsed laser deposition, a

10 nm amorphous HfO2 film grown on Si(100) with atomic layer
deposition, and a commercial n-doped Si(001) substrate. The
samples were directly glued with silver paint on metal sample
pucks which sat on the AFM scanner and were grounded.

The BlueDrive Module. BlueDrive employs a blue laser beam
(wavelength λ = 405 nm) that is focused and transmitted to the
cantilever through the same objective as the infrared laser
beam used for optical lever detection. The optical system is
designed in such a way that the blue laser beam can be
independently moved along or perpendicular to the cantilever
within certain travel ranges. Therefore, both laser beams can be
aligned onto proper positions of the cantilever. When exposed
to the blue laser beam, the cantilever is locally heated and
thermal strain occurs to the laser spot location thereby actuat-
ing the cantilever. To oscillate the cantilevers, the blue laser
power is modulated with a required dynamic signal. For most
cases, the oscillation power level needs to be set below certain

Figure 7. (a) Amplitude spectrograph at a selected locationwith the dcwaveformoverlaid. (b) Resonance frequency and (c)Q
factor loops extracted from the data in (a). Inset in (b) is the frequency shift map for the measured grid.
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limits to ensure linear response of cantilevers, typically a few
milliwatts in this work. The BlueDrive module allows for
high speed (up to 6 MHz), large dynamic range modulation,
and user-configurable signal routing. These features havemade
our implementation of BE contact resonance voltage spectros-
copy feasible.
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