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Abstract

We present a new contact resonance force microscopy (CRFM) imaging technique, isomorphic
contact resonance (iso-CR), that acquires data at a constant contact resonance (CR) frequency, and
hence constant tip-sample contact stiffness across the scan area. Constant CR frequency is obtained
by performing force versus distance measurements to vary the applied force at each pixel (i.e.
force-volume mapping mode). The CR frequency increases with increasing applied force; thus, a
carefully selected target frequency will be reached for most pixels at some point in the force versus
distance curve. In the iso-CR mode, the cantilever maintains an invariant vibrational shape and a
constant environmental damping, thus simplifying interpretation of amplitude and quality factor
contrast compared to conventional CRFM. Iso-CR imaging of a piezoelectric AIN thin film sample
is demonstrated. Iso-CRFM images were obtained by mechanically driving the base of the
cantilever, and iso-CR piezoresponse force microscopy (iso-CR-PFM) images were obtained by
electrically biasing the tip. The PFM phase images reveal that the sample contains nanoscale
Al-polar (or ‘up’) and N-polar (or ‘down’) domains, with ~180° phase contrast between oppositely
polarized domains. The PFM amplitude and Q-factor images also show ‘up’ vs. ‘down” domain
contrast, which decreases with increasing CR frequency. The frequency-dependent amplitude and
Q contrast is ascribed to a frequency-dependent electrostatic contribution to the signal. Domain
contrast is not observed in the CRFM (mechanically driven) images. To summarize, the iso-CR
capability to control the resonance frequency across multiple excitation schemes helps elucidate the
origin of the electromechanical and nanomechanical image contrast.

1. Introduction

Contact resonance force microscopy (CRFM) is an atomic force microscopy (AFM) method in which the tip
is brought into repulsive contact with the sample, and the coupled tip-sample system is then driven at or near
a mechanical resonance frequency. Analysis of the resonance characteristics, including contact force,
frequency, amplitude, phase, and Q factor, can provide insight into mechanical and electromechanical
sample properties [1]. Applications of CRFM to measurements of a number of material properties has been
demonstrated, including elastic modulus [1, 2], viscoelasticity [3, 4], bias-induced strain due to inverse
piezoelectric response [5] (piezoresponse force microscopy, PEM), and bias-induced strain due to ionic
motion [6, 7] (electrochemical strain microscopy, ESM).

In most implementations of CRFM imaging, the tip is scanned over a selected sample area while
maintaining a constant contact force (F.) (as in contact-mode topographic AFM), and the resonance
characteristics are measured at each pixel in the image. Well-known CRFM imaging methods include Dual
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AC Resonance Tracking [8] (DART), Band Excitation [9] (BE), and Scanning Probe Resonance Image
Tracking Electronics [10, 11] (SPRITE). While the contact force is held constant in these methods, the
contact stiffness (krs) typically varies between pixels due to changes in tip-sample boundary conditions, such
as sample modulus or tip-sample contact area (which is correlated with sample topography). The CR
frequency (f,", where n > 1 indicates the CR mode order) is a monotonically increasing function of krs;
hence, the pixel-scale variation of ks leads to a corresponding variation of f,,°. These variations complicate
the interpretation of CREM image contrast, because the measured CR amplitude is proportional to a
frequency dependent shape factor [12, 13], and the measured CR Q-factor is partially determined by a
frequency dependent modal damping component. Thus, an observed amplitude difference between two
pixels could be due to the spatial variation within the sample of some material property, or to the f;,°
dependence of the shape factor. Similarly, an observed Q-factor difference between two pixels could be due to
the spatial variation within the sample of the viscoelastic loss, or to the f,,“ dependence of the modal damping.

In this work, we demonstrate a new CRFM imaging technique, denoted isomorphic CRFM (iso-CRFM),
which utilizes the force-volume mapping mode of the AFM to achieve constant f,,“ for all pixels in an image,
thus avoiding the problems with interpretation of image contrast in previous techniques caused by the
pixel-scale variation of krs and f,‘. In force-volume mode, the tip is initially out of contact with the sample at
each pixel. The tip is moved toward the sample, contact is established, F, is increased (extension) until a
predefined maximum force is reached, F, is then decreased (retraction), and the tip is withdrawn from
contact. The tip is then moved to the next pixel and the cycle is repeated. The key concept underlying
isomorphic CRFM is that krs and f,° increase with increasing F,; thus, it should be possible to reach a
constant target f,* for some value of F, at every pixel, provided that the maximum force is high enough.
(Actually, the target f,,° should be reached twice at each pixel, once during the extension segment of the force
curve, and once during the retraction segment.) The name ‘isomorphic’ was chosen because the vibrational
shape of the resonant cantilever [14, 15] is a function of f,,” and krs; hence, the vibrational shape is invariant
provided that £, and krs are constant.

To demonstrate the benefits of the iso-CR technique, iso-CRFM and iso-CR-PFM imaging results are
presented for a mixed-polarity piezoelectric AIN thin-film sample that contains nanoscale up-polarity or
‘Al-polar’ and down-polarity or ‘N-polar’ domains. The polarity of this sample was previously characterized
by sub-resonance (quasi-static) PFM [16]. The measured image parameters are the surface height, the
amplitude, phase, and Q-factor of the resonance line, the contact force at resonance, and the adhesion force.
The experimental results to be discussed include comparison of iso-CRFM (mechanically driven) and
is0-CR-PFM (electrically driven) images, contrast between Al-polar and N-polar domains in iso-CR-PFM,
frequency (f,°) dependence of iso-CR-PFM, and direct comparison of iso-CR with conventional DART-CR.
The experimental results demonstrate that the ability to compare multiple excitation schemes at specific
frequencies in iso-CR helps elucidate the origin of the electromechanical and nanomechanical image
contrast. Furthermore, the capability to control electrostatic artifacts in PEM by tuning the CR frequency
provides an additional example of the advantages of iso-CR over conventional CR.

2. Experimental procedure

2.1. Sample preparation

Epitaxial silicon-doped AIN layers (of ~85 nm thickness) were grown on Si(111) substrates by molecular
beam epitaxy (MBE), using a conventional effusion cell for aluminum and a radio frequency plasma source
for nitrogen. The samples were grown with the goal of developing optimized N-polar and Al-polar substrates
for the controlled nucleation and growth of GaN nanowires [16]. AIN layers with both polarity types were
obtained by controlling the V/III ratio during MBE growth; experimental details related to synthesis can be
found in [16]. The samples investigated in this study are designated D067 (mixed polarity, mostly N polar),
D068 (uniform, Al polar), and D069 (uniform, N polar). (Iso-CR results for samples D068 and D069 are
presented in the stacks.iop.org/NANOF/V/A/mmedia.)

The sample polarities were previously characterized by low-frequency (i.e. f < f;“) PEM measurements;
PFM results are shown in figure S2 (supporting information) of [16], where samples D067, D068, and D069
are labeled 5, 4, and 3, respectively. The polarity assignments based on PFM measurements were confirmed
[16] in similar AIN layers by observation of polarity-dependent surface reconstructions in reflection
high-energy electron diffraction (RHEED), and by polarity-dependent selective chemical etching.

Polarity control in AIN layers occurs via a polarity reversal from N- to Al-polar and appears to be
mediated by incorporation of silicon impurities under N-rich growth conditions [17]. As such, the N-polar
regions of the mixed-polarity sample D067 are expected to be homogenous across the entire film thickness,
while the Al-polar regions likely contain an N-polar underlayer near the silicon/AIN interface.
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2.2. AFM measurements

All measurements were performed with Budget Sensors ElectriTap300-G platinum-coated cantilevers ' with
the following nominal dimensions: cantilever length 125 pm, width 30 pm, thickness 4 pm, tip height

17 pm, and tip radius <25 nm. The detection laser spot was positioned at the base of the triangular picket
near the cantilever tip. Calibrations based on a combination of the Sader hydrodynamic method [18, 19] and
modified thermal noise method [20, 21] (GetReal', Oxford Instruments, Santa Barbara, CA) gave a spring
constant of 24.4 N m ™!, inverse optical lever sensitivity of 50 nm V~!, and first free resonance frequency of
283 kHz for one cantilever, which was used for most iso-CR experiments, and spring constant of 16.4 N m™1,
inverse optical lever sensitivity of 45.4 nm V!, and first free resonance frequency of 220 kHz for a second
cantilever, which was used for the comparison of iso-CR and DART-CR.

The image size was 2 um x 2 pm for all measurements. Most iso-CR images were acquired with a
resolution of 80 x 80 pixels (corresponding to a pixel pitch of 25 nm); one higher-resolution iso-CR image
was acquired with 200 x 200 pixels (pitch of 10 nm); and DART-CR images were acquired with
192 x 192 pixels (pitch of 10.4 nm). The data acquisition rate was 2 pixel s~ for all iso-CR measurements.
(The slow acquisition rate is a limitation of the force-volume mapping mode of the AFM platform used in
this work.)

The first flexural CR mode (f;“) was used for all measurements. For iso-CR-PFM or DART-CR-PEM
imaging, an AC voltage consisting of a sum of sine waves at two drive frequencies (fg1, fav2) Was applied
between the tip and sample with the sample grounded; the zero-to-peak voltage at each drive frequency was
set to 2 V (hence the maximum total zero-to-peak voltage was 4 V). For iso-CR-PFM, the drive frequencies
were fixed at one of the following sets of values: (1085 kHz, 1095 kHz), (1095 kHz, 1105 kHz),

(1105 kHz, 1115 kHz), (1125 kHz, 1135 kHz), or (1077 kHz, 1085 kHz), corresponding to target CR
frequencies (f1°) of 1090 kHz, 1100 kHz, 1110 kHz, 1130 kHz, or 1081 kHz. For both DART-CR-PFM and
DART-CREM, the drive frequencies were varied in a manner controlled by the DART feedback loop, with
fixed difference fjo — fan1 = 8 kHz.

For iso-CRFM or DART-CRFM imaging, the cantilever was mechanically (photothermally) excited by a
405 nm laser with the light spot positioned near the base of the cantilever (where the cantilever is attached to
the supporting chip), and the laser intensity was modulated to create an AC component consisting of a sum
of sine waves at two drive frequencies (fi1,fan2); the AC optical power at each drive frequency was set to
0.5 mW. For iso-CRFM, the drive frequencies were fixed at one of the following sets of values:

(1065 kHz, 1075 kHz), (1085 kHz, 1095 kHz), (1105 kHz, 1115 kHz), or (1077 kHz, 1085 kHz),
corresponding to target CR frequencies (f;“) of 1070 kHz, 1090 kHz, 1110 kHz, or 1081 kHz.

The maximum F, (the force at which the cantilever motion changes from extension to retraction) was
610 nN for most iso-CR measurements of sample D067. In the comparative measurements of iso-CR and
DART-CR, the maximum F, for iso-CR was 1500 nN, while the fixed F. for DART-CR was 750 nN. The
maximum F, was 1500 nN for iso-CR measurements of samples D068 and D069 (supplementary data). Note
that the high F. values attained in this work, which are advantageous for iso-CR, were enabled by the use of
relatively high spring constant (16.4 N m~! or 24.4 N m~!) cantilevers.

3. Isomorphic contact resonance: methodology

3.1. Modeling and data analysis

The experimental implementation of iso-CR is conceptually described here. In the DHO model (see
equation (1) of [8]), the dependence of the response amplitude A (fg,,,f,°) on the drive frequency fj,,, and the
CR frequency f,," is given by

A(fd?‘v)fnc) = (fn(:) Adrv (]‘;’C) Q(fnC) ) (1)

VIRU (i~ )]+ il

where f,, increases monotonically with F. and can thus be experimentally controlled by varying F,, and the
drive amplitude A, and quality factor Q are functions of f,,°.

Two methods for probing the frequency dependence of A (fy, ) are shown schematically in figure 1. In
the first method, f;, is varied continuously within some range, for one or more discrete values of F. and
hence f,,‘, as shown in figure 1(a). The five response amplitude curves in figure 1(a) correspond to f,° of

1 Commercial equipment, instruments, or materials are identified only in order to adequately specify certain procedures. In no case does
such identification imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that
the products identified are necessarily the best available for the purpose.
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Figure 1. (a) Simulated response amplitude vs. fy,, curves, with A, = 1 and Q = 160, are plotted for CR frequencies (f,) of
1094 kHz, 1097 kHz, 1100 kHz, 1103 kHz, and 1106 kHz. The curves are labeled with different shades of gray; darker gray
indicates higher f,,°. The vertical dashed lines indicate the drive frequencies f4,1 = 1095 kHz (red) and f,, = 1105 kHz (blue).
(b) Simulated response amplitude vs. f, curves, with Az, = 1 and Q = 160, are plotted for drive frequencies fz,1 (red curve,
denoted A1) and fy,» (blue curve, denoted (fin2 /fam ) A2). (The A, curve is multiplied by the factor fin2 /fan to show the correct
amplitude crossing location, corresponding to equation (2).) Squares show the f,,° values from (a), with the same grayscale coding.
Vertical dashed lines indicate f,° = fy,1 (red) and f,© = f,» (blue). (c) Simulated response amplitude vs. f,, curves, analogous to
(b), are plotted with A, increasing from 0.4 to 1.6 in the plotted frequency range and Q = 160. (d) Simulated response amplitude
vs. f° curves, analogous to (b), are plotted with A, = 1 and Q increasing from 40 to 160 in the plotted frequency range.

1094 kHz, 1097 kHz, 1100 kHz, 1103 kHz, and 1106 kHz, with constant A;, = 1 and Q = 160 (similar to the
highest Q observed experimentally in this work). For each curve, the peak amplitude corresponds to

fare = f»°- The vertical dashed lines in figure 1(a) mark the response amplitudes at two drive frequencies,

fam1 = 1095 kHz and f, = 1105 kHz. The response amplitudes at fz,; and f;,, are seen to be
(approximately) equal for the f,“ = 1100 kHz curve, i.e. when £, is midway between f,,1 and fy,.

The method of figure 1(a) is commonly used for quantifying f,° in single-point CRFM (with the tip at a
fixed location on the sample). However, in an imaging experiment, the dependence of f,,° on F, varies from
pixel to pixel. Hence, imaging based on this method with a fixed set of F, values will, in general, result in
different f,° values at each pixel. This is inconsistent with the iso-CR goal of keeping f,,° constant. In addition,
the data acquisition rate for an imaging method based on acquisition of several fy,, ‘sweeps’ (for different
values of F,) at each pixel would be impractically slow—much slower than even the 2 pixel s~ rate of the
iso-CR method presented in this work.

The second method, shown in figures 1(b)—(d), is derived from force-volume mapping mode. In this
method, F, and hence f, is varied continuously within some range, while the tip-sample contact is
simultaneously driven at two discrete frequencies, f,1 and fi.,. The response amplitudes at fz,1 and fin2,
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denoted A; and A, respectively, are measured as functions of F,. (In figures 1(b)—(d), it is assumed for
simplicity that f,,“ is a known function of F,, hence f," rather than F, is plotted on the x-axis.)

The iso-CR experiments in this work are based on the method of figures 1(b)—(d). The following
relation, which is derived from equation (1), shows how this method enables acquiring data at constant f;,":

1ffnc =\ fdrvlfder therlAl (fnc) = (fder/fdrvl) A2 (fnc) . (2)

The CR frequency f, has the fixed value frarget = \/far far2 at the ‘amplitude crossing point’

A1 = (fama/farn) Az. Hence, identifying the amplitude crossing point at each pixel fulfills the iso-CR
requirement. (The response amplitudes A; and (fy2 /fir1) Az are plotted in figures 1(b)—(d), rather than A;
and A;., to correctly locate the crossing point.)

It is typical in CRFM that Ay, and Q vary with f,“ due to non-constant ‘shape factor’ and modal
damping. Comparison of figures 1(b)—(d) illustrates the effect of different dependencies of A, and Q on f,“.
In figure 1(b), A4, and Q are constant, with the same values as in figure 1(a). Therefore, f, = fi1 at the
maximum of the A; curve, and f,° = f4,,, at the maximum of the A, curve. In figure 1(c), A4y, increases
linearly from 0.4 to 1.6 within the plotted f,° range, while Q is constant. In figure 1(d), Q increases linearly
from 40 to 160 within the plotted f,, range, while A, is constant. It is seen that when either A, or Q has a
non-zero slope vs. f,,°, the maxima of the amplitude curves are displaced from the ‘CR frequency = drive
frequency’ points (the red and blue vertical dashed lines) and do not correspond to known frequencies;
hence these maxima are not accurate indicators for iso-CR. In addition, figures 1(c) and (d) confirm that the
amplitude crossing condition of equation (2) holds when A, or Q is frequency-dependent.

To fully determine the fit parameters in the DHO model (A, Q, and drive phase ¢g,,), the phase shifts
with respect to the drive signals at frequencies f;,1 and f4.,2, @1 and ¢,, are measured in addition to the
response amplitudes A; and A,. The fit parameters are then calculated from A;, A, ¢1, and ¢, based on [8],

with f,° = frarger:

fdrv1> 1
A=A, [ 1— 1+ — 3
d 1 < ﬁjrvz Xlz ( )
i =1 —tan ' {13, 7'} (4)
fuf )
andQ= | ——— | [X4], 5
Q (fder 7fdrvl ‘ 1‘ ( )

where X; is defined as

1—sgn(®)y/1+ P2
P

X, , with, @ = tan (p, — 1) . (6)

3.2. Comparison of iso-CR and DART

The new iso-CR method presented here has several similarities to the well-known [8] DART-CR method.
Both methods are based on driving the tip-sample system with a sum of sine waves at two frequencies 441
and f412, and finding a resonance frequency (f,,“) midway between the drive frequencies from an amplitude
matching condition. Key differences are as follows.

In DART, F, is held constant, while k1s and £, vary between pixels. The first drive frequency fy,,1 (and
thus the average drive frequency 0.5 (fi1 + fian2)) is continually adjusted by a feedback loop (with fi,2 — farn
fixed) to maintain equality of the amplitudes A; and A, and hence track f,*, based on an approximation to
equation (2),

if " = 0.5 (fan1 + famz) then Ay (£,°) = Ay (1) (7)

which is valid when fy,, — fan1 < f»°. (Use of this approximation simplifies design of the DART feedback
loop that provides the required frequency tracking.)

In iso-CR, F, is varied between zero and a pre-selected maximum at each pixel, with f;,; and f;,,, held
constant. In contrast to DART, no feedback loop is needed. Complete amplitude (A;, A;) and phase (1, ;)
vs. force curves are recorded and saved. The force point that satisfies the amplitude-crossing condition of
equation (2) is located in post-acquisition data analysis, and the DHO model parameters at the ‘crossing
force’ are then calculated from equations (2)—(6).
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3.3. Advantages of iso-CR over standard CRFM methods

Iso-CR offers several advantages over standard CRFM methods (including DART and band excitation) that
are based on imaging with constant F, and variable f,°. In particular, iso-CR provides a more direct path to
quantification of important material properties, as explained below.

(a) Quantification of bias-induced strain in PFM and ESM requires knowledge of the ‘shape factor’ that
gives the ratio of the cantilever deflection to the vertical tip displacement [12, 13]. The shape factor is
determined by the vibrational shape of the cantilever and the laser spot position on the cantilever. In
iso-CR, the vibrational shape is invariant and hence the shape factor is constant. Thus, the deflection
amplitude image is directly proportional to the tip displacement image; i.e. the ratio of the measured
deflection amplitudes at any two pixels is equal to the ratio of the tip displacements. On the other hand,
in standard CRFM, the shape factor varies from pixel to pixel, and errors in determination of the shape
factor may result in a distorted tip displacement image; significant errors are likely to occur at frequencies
near anti-nodes (where the shape factor approaches zero).

(b) A ‘sensitivity factor’ for CR-PFM and CR-ESM is defined [12, 13] as the product of the shape factor and
Q; the sensitivity factor describes the ratio of the measured deflection signal at the resonance peak to the
tip displacement. In iso-CR, f,, can be tuned to maximize the sensitivity factor and hence the signal-to-
noise ratio for the entire image. In standard CREM, the sensitivity factor may be high in some parts of
the image and low in other parts.

(c) The interpretation of Q is simplified by operation at constant frequency. The total measured damping
(1/Q) can be described as a sum of a sample damping term 1/Qg due to viscoelastic loss, and a modal
damping term 1/Q,p4. due to damping of the cantilever motion in air (or other surrounding medium),
which is affected by the vibrational shape of the cantilever and the proximity of the sample surface. Both
damping terms are, in general, functions of frequency:

1o
Q N QS (fnc) Qmodul (fnc) ’

In iso-CR, f,,“ and Q,,04a1 (f,°) are constant; thus, any image contrast in Q can be attributed to
inhomogeneity in the material properties that determine viscoelastic loss (at a fixed value of f,,°) or, as
discussed later, variations in the AC drive force. Further, images can be acquired at different values of f,,",
providing information on the frequency dependence of the viscoelastic loss. In standard CRFM, due to the
pixel-to-pixel variation of f,,, Q image contrast may arise from the frequency dependence of the modal
damping, the frequency dependence of the viscoelastic loss, or inhomogeneous viscoelastic loss at fixed
frequency. The multiple possible mechanisms for the image contrast complicate the interpretation of the
data.

(d) Thesample indentation modulus can be calculated from CR measurements via a Hertzian contact model,
which assumes indentation of a flat surface by a hemispherical tip. According to the Hertzian model
(see equations (4.8)—(4.12) of [1]), the vertical tip-sample contact stiffness is

ks =2 <2RFt) ) 9

where R is the tip radius of curvature, F, is the total tip-sample contact force (F; = F. 4 F,4, where F, is the
applied contact force and F,4y is the adhesion force), and E* is the reduced tip-sample modulus given by

1 1 1

— = — 10
FooMs My (10)
where Mg and My are respectively the sample and tip indentation modulus. In iso-CR imaging with constant
krs, the ratio of reduced moduli at two pixels (denoted p; and p,) is given by

For=(r0)

Because of the incorporation of force-volume mapping with iso-CRFM, the adhesion force F,4;, is quantified,
and hence F, is known. Thus, when appropriate (e.g. for adhesion forces acting primarily outside the contact
zone), the Hertz analysis can be modified to be Derjaguin-Miiller-Toporov—Ilike. Further, when calculating a
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ratio of forces in AFM, the calibration factor relating force to photodetector voltage cancels; thus, the
modulus ratio of equation (11) depends only on a ratio of photodetector voltages. In standard CRFM, the
reduced modulus ratio is given by

P (RD) [

where the CR frequencies f,° (p1) and £, (p;) are measured, but the functional dependence of ks on f,,“ is
sensitive to details of the cantilever geometry. Hence, imperfect modeling of the cantilever by the beam
model used for analysis may lead to errors in the calculation of krs (f,,°). In addition, F,g, is not typically
measured in standard CREM, hence F; is not fully determined. (It is possible to perform standard CRFM in
force-volume mapping mode, enabling measurement of F,.)

(12)

Note that variation of the tip-sample contact area due to surface topography is not accounted for in the
Hertzian model (which assumes a flat surface), and may lead to topography-related artifacts in the F;
(iso-CR) or f,, (standard CRFM) image contrast. In addition, any change in R due to tip damage during data
acquisition will affect the modulus measurements. These problems are not solved by iso-CR.

(e) Inthe DART method, if the frequency tracking mechanism fails at one pixel, possibly due to low response
amplitude or an abrupt change in f;, often the tracking will not be restored at later pixels, hence data
will not be obtained at the later pixels [15]. For example, after a large change in £, such that f,“ is not
bounded by the current drive frequencies fz,,1 and f4,,, at the new pixel, the frequency tracking may not be
recoverable because the response amplitudes A; and A, are too small to provide the needed input to the
DART feedback circuit. Because iso-CR uses a non-tracking method of data acquisition, a measurement
failure at one pixel does not affect subsequent pixels. Further, the frequency tracking in DART is imperfect
due to the non-zero feedback time constant(s), i.e. a tracking error (0.5 (fy1 + fuanz) — f»*) can be defined
at each pixel. The effect of tracking error on measurements of the fit parameters was recently analyzed
in the context of DART-CR-PFM and DART-CR-ESM experiments [22]. Frequency tracking error does
not occur in iso-CR because the drive frequencies are fixed.

(f) Standard CRFM is usually performed in contact mode, in which the tip is moved laterally while in contact
with the sample, and shear tip-sample forces are present. In the force-volume mapping mode used for
iso-CR, shear forces are avoided, thus reducing tip and sample damage as compared to contact mode.

4. Experimental results

4.1. Examples of raw iso-CR data

Examples of raw (as-measured) iso-CR data from individual pixels are shown in figure 2(a), for frequencies
far = 1085 kHz, fy,, = 1095 kHz, and f;° = 1090 kHz, and figure 2(b), for frequencies f;,1 = 1105 kHz,
fara = 1115 kHz, and f;° = 1110 kHz. (Note that the pixels represented in figures 2(a) and (b) are distinct
and well-separated. The 1st flexural CR mode (1 = 1) was used for all experiments.) In figures 2(a) and (b),
all parameters are plotted as functions of time during the extension and retraction segments of the force
curve; the lower plot shows the contact force, the middle plot shows the response amplitudes A; and

(farv2 /far1) A2, and the upper plot shows the phases ] and . (The z coordinate of the tip piezo stage, not
shown, increases linearly with time during the extension segment and decreases linearly with time during the
retraction segment.) The amplitude crossing points, at which A} = (f4n2/far1) A2 and hence

£ = \/fam1 far2, are indicated by vertical dashed lines. The adhesion force, defined as the difference between
the force measured after the tip is pulled off the sample (which is effectively zero force) and the minimum
force at the pull-off point, is also illustrated in figure 2. Intuitively, the crossing force for fi" = 1110 kHz is
greater than for f;“ = 1090 kHz because the higher force corresponds with higher k. Correspondingly, at a
fixed f1° a stiffer material will exhibit crossing at a lower force. At crossing, the phase difference is larger for
fi = 1110 kHz than for f;* = 1090 kHz, indicating a higher Q value for the resonance.

4.2. Iso-CR imaging with electrical and mechanical excitation

Iso-CR imaging results, for electrical or mechanical excitation with f;“ = 1110kHz, are shown in figure 3. The
displayed parameters are drive amplitude (Ag4,,) (first column), Q factor (Q) (second column), drive phase
(@ary) (third column), and surface height (fourth column). The parameters are color-coded as follows: green
for Ay, cyan for Q, blue for g ,,, and magenta for height. The first row (figures 3(a)—(d)) shows images
obtained with electrical excitation, the second row (figures 3(e)—(g)) shows images obtained with mechanical
(photothermal) excitation, and the third row (figures 3(h)—(k)) shows comparative probability plots of the
results. Note that the color (light to dark) scales are different for the electrically and mechanically excited
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Figure 2. Examples of raw iso-CR data from individual pixels. The applied contact force F. (gray curve—bottom), response
amplitudes A; and A; (green curves—middle), and phases ¢; and ¢, (blue curves—top) are measured as functions of time. The
adhesion force F,gy is also shown. The amplitude crossing points, at which A1 = (fi2/farn1 ) A2, are indicated by vertical dashed
lines. (a) Example data for frequencies f,,1 = 1085kHz, f4,, = 1095kHz, and f;° = 1090kHz. (b) Example data for frequencies
fam1 = 1105kHz, fy,, = 1115kHz, and fi° = 1110kHz. Notably, the higher £, in (b) is achieved at a higher force than in (a).

images. The color scale for each image is chosen to facilitate visualization of the contrast within the given
image. To compare the parameter values for electrical and mechanical excitation, see the probability plots.
The red regions in the amplitude, Q, and phase images represent pixels where the iso-CR parameters
were not determined because a unique amplitude crossing could not be identified; these pixels are excluded
from the data analysis. Examination of the raw data showed that failure to find a unique amplitude crossing
is usually due to either low drive amplitude and hence poor signal-to-noise (if the amplitude signals are
noisy, there will typically be several ‘false crossings’ of the A; and (fi2 /fir1) Az curves) or insufficient
contact force (such that the amplitude crossing is never reached within the force range of the experiment).
The electrically driven phase image (figure 3(c)) has a strongly bimodal character, with distinct ‘low
phase’ and ‘high phase’ regions with values of i, are near —95° and 86° respectively. (Note that 4. was
not corrected for a phase lag of several degrees in the measurement electronics.) For quasi-static PEM
measurements [16], the response of the N-polar domains is predicted to be in-phase with the applied voltage
(@arw = 0°), i.e. the piezoelectric strain is tensile (or compressive) when the tip bias is positive (or negative)
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Figure 3. Iso-CR-PFM (electrically excited, fi° = 1110 kHz) and iso-CRFM (mechanically excited, f;“ = 1110 kHz) images of a
selected area from sample D067, and derived parameter probability plots: (a) drive amplitude (electrical), A4, (1V); (b) Q factor
(electrical); (c) drive phase (electrical), @, (deg); (d) height (nm); (e) drive amplitude (mechanical), Az, (LV); (f) Q factor
(mechanical); (g) drive phase (mechanical), ¢4, (deg); (h) comparison of probability plots for A, (electrical) within N-polar
domains (red curve), Ay, (electrical) within Al-polar domains (green curve), Az, (mechanical) within N-polar domains (blue
curve), and Ay, (mechanical) within Al-polar domains (magenta curve); (i) comparison of probability plots for Q factor, with
same color coding as A; (j) comparison of probability plots for ¢4, with same color coding as A4,; (k) comparison of
probability plots for height within N-polar domains (red curve) and within Al-polar domains (green curve). (Red pixels in the
Adr» Q, and g, images denote locations where the iso-CR parameters could not be determined.)

relative to the N-polar surface, while the response of the Al-polar domains is predicted to be out-of-phase
(¢ary = 180°). However, a phase retardation of approximately 90° (relative to quasi-static conditions) occurs
at the first CR frequency (f;). Hence, the low-phase (¢4, & —95°) regions in the electrically driven phase
image are ascribed to N-polar domains, and the high-phase (¢4, = +86°) in the electrically driven phase
image are ascribed to Al-polar domains. By comparing the electrically driven amplitude image (figure 3(a))
and Q image (figure 3(b)) with the electrically driven phase image (figure 3(c)), it is seen that the amplitude
and Q vary in a manner correlated with piezoelectric polarity. The electrically driven amplitude is slightly
lower, on average, in Al-polar domains than N-polar domains, and the electrically driven Q is substantially
higher in Al-polar domains than N-polar domains.

Comparison of the mechanically driven amplitude, Q, and phase images (second row) with the
corresponding electrically driven images (first row) enables distinguishing electromechanical or electrostatic
phenomena from purely mechanical phenomena. The variation within the image area of the mechanically
driven amplitude, Q, and phase is seen to be much smaller than the variation of the corresponding
electrically driven parameters. Further, the mechanically driven parameters do not show domain contrast
(i.e. variation correlated with piezoelectric polarity).

The probability plots in figure 3(h) show the distributions of electrically driven amplitude in N-polar
domains (red curve), electrically driven amplitude in Al-polar domains (green curve), mechanically driven
amplitude in N-polar domains (blue curve), and mechanically driven amplitude in Al-polar domains
(magenta curve). The probability plots in figures 3(i) and (j) show the analogous distributions for Q and
phase. To create the probability plots, a masking procedure was devised that classifies individual pixels as
belonging to N-polar or Al-polar domains. A pixel was assigned to the ‘N-polar mask’ if the electrically
driven phase (figure 3(c)) lies within a specific range around 4, = —95°, or was assigned to the ‘Al-polar
mask’ if the electrically driven phase lies within a specific range around ¢, = +86°. The N-polar and
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Figure 4. Iso-CR-PFM (electrically excited, 1081 kHz) and DART-CR-PFM (electrically excited) images, and calculated
probability plots, from sample D067: (a) iso-CR drive amplitude, A4, (V) (80 x 80 pixel); (b) iso-CR Q factor (80 x 80 pixel);
(¢) iso-CR drive phase, ¢4, (deg) (80 x 80 pixel); (d) height (nm) (80 x 80 pixel); (e) iso-CR drive amplitude, Az, (V)

(200 x 200 pixel); (f) iso-CR Q factor (200 x 200 pixel); (g) iso-CR drive phase, ¢4, (deg) (200 x 200 pixel); (h) height (nm)
(200 x 200 pixel); (i) DART-CR drive amplitude, Ay, (LV) (192 X 192 pixel); (j) DART-CR Q factor (192 x 192 pixel); (k)
DART-CR drive phase, @4, (deg) (192 x 192 pixel); (I) DART-CR frequency (fi) (MHz) (192 x 192 pixel); (m) probability plots
for.

Al-polar masks created with this procedure were then used to calculate probability plots that show the
amplitude, Q, and phase distributions within the Al-polar and N-polar domains. The probability plots
confirm the conclusions drawn from inspection of the images: the electrically driven amplitude is slightly
lower in Al-polar than N-polar domains, the electrically driven Q is substantially higher in Al-polar domains,
and the mechanically driven amplitude, Q, and phase do not show domain contrast.

The height image, figure 3(d), and corresponding frequency vs. domain type plots, figure 3(k), show that
the average height of the N-polar domains is ~0.8 nm larger than the average height of the Al-polar
domains; further, sample locations at the high end of the height distribution belong almost entirely to
N-polar domains. These results suggest that the piezoelectric polarity affects the AIN growth rate.

Iso-CR amplitude, Q, and phase imaging results for samples D068 (Al-polar) and D069 (N-polar) are
shown in the supplementary data, figures S1 and S2. Crossing force (F; ) and adhesion force (F,4,) imaging
results for sample D067 are shown in the supplementary data, figure S3. Possible mechanisms for the polarity
dependence of the CR amplitude and Q are discussed below in section 5.

4.3. Comparison of iso-CR and DART-CR imaging
Electrically excited iso-CR and DART-CR images and probability plots from a selected area of sample D067
(different than the area examined in figure 3) are compared in figure 4, and the corresponding mechanically
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Figure 5. Iso-CRFM (mechanically excited, 1081 kHz) and DART-CRFM (mechanically excited) images, and derived parameter
probability plots, from sample D067: (a) iso-CR drive amplitude, A4, (V) (80 x 80 pixel); (b) iso-CR Q factor (80 x 80 pixel);
(¢) iso-CR drive phase, ¢4y, (deg) (80 x 80 pixel); (d) height (nm) (80 x 80 pixel); (¢) DART-CR drive amplitude, Ay, (LV)
(192 x 192 pixel); (f) DART-CR Q factor (192 X 192 pixel); (g) DART-CR drive phase, @, (deg) (192 x 192 pixel); (h)
DART-CR frequency (fi°) (MHz) (192 x 192 pixel); (i) comparison of probability plots for A, with iso-CR (80 x 80 pixel) data
shown as green curve and DART-CR (192 x 192 pixel) data shown as red curve; (j) comparison of probability plots for Q, with
same color coding as A5 (k) comparison of probability plots for ¢y, with same color coding as Agy; (1) probability plots for
DART-CR frequency (f;°) and iso-CR frequency (fixed value, f;° = 1081kHz). Red pixels in the images denote locations where the
iso-CR or DART-CR parameters could not be determined.

excited images and probability plots are compared in figure 5. The displayed parameters are drive amplitude
(Agry) (first column), Q factor (Q) (second column), drive phase (¢g,) (third column), surface height
(fourth column), and DART frequency (f;°) (also fourth column). (For comparison with the DART results,
note that all the iso-CR images in figures 4 and 5 were acquired at a fixed frequency of 1.081 MHz.) The
parameters are color-coded as follows: green for A, cyan (blue-green) for Q, blue for ¢g4,,, magenta for
height, and gray for f;“. The first rows of figures 4 and 5 show iso-CR images with 80 x 80 resolution; the
second row of figure 4 shows iso-CR images with 200 x 200 resolution; the third row of figure 4 and the
second row of figure 5 show DART images with 192 x 192 resolution; the fourth row of figure 4 and the third
row of figure 5 show probability plots that summarize the imaging results. (Note that each probability plot in
figures 4(m)—(o0) and 5(i)—(k) is normalized to the number of the pixels in the corresponding image. Before
normalization, the peak heights for the iso-CR-PFM (200 x 200 pixel) probability plots (blue curves in
figures 4(m)—(0)) were much greater than the peak heights for the iso-CR-PFM (80 x 80 pixel) probability
plots (green curves). With normalization, the peak heights for the iso-CR-PFM (200 x 200 pixel) and
iso-CR-PFM (80 x 80 pixel) plots are similar.)

The main conclusion from comparison of the iso-CR and DART-CR images and probability plots is that
the pixel-scale variation of f;* in DART (figures 4(i), (p) and in 5(h), (1)) leads to a pixel-scale variation of the
CR fit parameters (A, Q, and @), which causes a broadening of the DART-CR parameter distributions
(red curves in figures 4(m)—(0) and in 5(i)—(k)) as compared to the iso-CR parameter distributions (green
and blue curves). This is direct experimental confirmation of the primary advantage of iso-CR over
DART-CR. By eliminating the pixel-scale variation of f;°, the iso-CR method removes any f;“-dependent
variation of the CR fit parameters, thus enabling more direct observation of the parameter variation (image
contrast) that arises from spatially varying material properties within the sample.

Comparison of the probability plots associated with the iso-CR-PFM (80 x 80 pixel) images (green
curves in figures 4(m)—(0)) and the probability plots associated with the iso-CR-PFM (200 x 200 pixel)
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Figure 6. Probability plots of selected iso-CR parameters obtained with electrical excitation at CR frequencies of 1090 kHz (gold
curves), 1100 kHz (green), 1110 kHz (blue) and 1130 kHz (magenta), or with mechanical excitation at resonance frequencies of

1070 kHz (red curves), 1090 kHz (gold), and 1110 kHz (blue): (a) Az, (1V), electrical; (b) Q, electrical; (c) F; . (nN), electrical;
(d) Agr (UV), mechanical; (e) Q, mechanical; (f) F; . (nN), mechanical.

images (blue curves in figures 4(m)—(0)) shows that going from lower (80 x 80 pixel) to higher
(200 x 200 pixel) resolution has very little effect on the fit parameter distributions, as expected.

Ay, with iso-CR (80 x 80 pixel) data shown as green curve, iso-CR (200 x 200 pixel) data shown as blue
curve, and DART-CR (192 x 192 pixel) data shown as red curves; (n) probability plots for Q, with same
color coding as A, (0) probability plots for ¢, with same color coding as Ag,,; (p) probability plots for
DART-CR frequency (f;“) and iso-CR frequency (fixed value, f;“ = 1081kHz). Red pixels in the images
denote locations where the iso-CR or DART-CR parameters could not be determined.

4.4. Frequency dependence of iso-CR parameters

Probability plots of Agry, Q, and Fy ., measured with electrical or mechanical excitation, for several values of
£, are shown in figure 6. To facilitate visual comparison of the results, for each parameter the x-axis range for
electrical excitation (figures 6(a)—(c)) matches the x-axis range for mechanical excitation (figures 6(d)—(f)).

The A4y and Q are seen to increase with increasing f;“ for mechanical excitation (figures 6(d) and (e)).
The peak amplitude, which is the product of A4,y and Q, thus shows an even larger relative increase with f;°.
The width of the mechanically excited Ag4;y distribution narrows with increasing f;°. This narrowing might be
due to the correlation between increasing f;° and increasing contact force (F,). For a fixed-amplitude AC
mechanical (photothermal) excitation, the ratio of the AC component to the DC component of the total
contact force will decrease with increasing DC contact force, hence any non-linearity in the response of the
tip-sample system to the AC mechanical excitation will decrease with increasing DC contact force.

For electrical excitation, the width of the amplitude distribution (figure 6(a)) broadens slightly with
increasing f;°. The width of the Q distribution (figure 6(b)) narrows with increasing f;°, and in addition the
Q distribution changes from a bimodal (double-peaked) shape at low f; to a unimodal shape at high f;°.

To provide more insight into the frequency dependencies of the Ag4,, and Q distributions, imaging results
for electrical and mechanical excitation are shown in figures 7 and 8 respectively. The ¢4, image for electrical
excitation at 1110 kHz is shown in figure 7(i) (repeated from figure 3(c)) to identify the N-polar and
Al-polar domains. For electrical excitation at the lowest frequency, the Aq,y is lower (figure 7(a)) and Q is
higher (figure 7(e)) in Al-polar than N-polar domains. (The domain contrast is more distinct in the Q image
than the A4, image.) The contrast between the Al-polar and N-polar domains decreases with increasing f;°,
for the electrically excited Aq4ry and Q images. In addition, the average Q increases with increasing f;°, while
the average Ag,y shows little change with f;“. There is no visible contrast between Al-polar and N-polar
domains in the electrically excited Q image obtained at the highest frequency (figure 7(h)). In the
mechanically excited Ay, and Q images (figure 8), the average parameter value (Ag,y or Q) increases with
increasing f;°, and the image contrast decreases with increasing f;“. The contrast within the mechanically
excited Aqyy and Q images at f;“ = 1070 kHz (figures 8(a) and (d)) does not show an obvious correlation with
the piezoelectric domain structure (figure 7(i)).

The ¢4, image for electrical excitation at 1110 kHz is shown in figure 7(i) (repeated from figure 3(c)) to
identify the N-polar and Al-polar domains. For electrical excitation at the lowest frequency, the Ag4,y is lower
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Figure 7. Images of iso-CR-PFM A, Q, and ¢y, obtained with electrical excitation at various CR frequencies: (a) Ag, (1V),
1090 kHz; (b) Agry (1V), 1100 kHz; (¢) Agyy (V), 1110 kHz; (d) Agry (1V), 1130 kHz; (e) Q, 1090 kHz; (f) Q, 1100 kHz; (g) Q,
1110 kHz; (h) Q, 1130 kHz; (i) ¢4y (deg), 1110 kHz.

(figure 7(a)) and Q is higher (figure 7(e)) in Al-polar than N-polar domains. (The domain contrast is more
distinct in the Q image than the Ag4,, image.) The contrast between the Al-polar and N-polar domains
decreases with increasing f1°, for the electrically excited Aq,y and Q images. In addition, the average Q
increases with increasing f;“, while the average A4,y shows little change with f;“. There is no visible contrast
between Al-polar and N-polar domains in the electrically excited Q image obtained at the highest frequency
(figure 7(h)). In the mechanically excited A4, and Q images (figure 8), the average parameter value (Aq,, or
Q) increases with increasing f;°, and the image contrast decreases with increasing f;“. The contrast within the
mechanically excited A4y and Q images at f;“ = 1070 kHz (figures 8(a) and (d)) does not show an obvious
correlation with the piezoelectric domain structure (figure 7(i)).

Probability plots comparing the A4y, Q and @, distributions within the Al-polar and N-polar domains,
with electrical excitation at different values of, re shown in figure 9. These probability plots were obtained by
the same domain masking procedure (described in section 4.2) as the probability plots in figure 3. The results
of figure 9 confirm that the A4,y and Q within the two domain types differ at low f;, and the domain contrast
diminishes with increasing f,°. In addition, the widths of the ¢, distributions decrease, and the separation
between the peaks of the phase distributions for the two domain types approaches 180°, with increasing f;°.

Median A, and Q values calculated for electrical excitation in N-polar domains (red triangles), electrical
excitation in Al-polar domains (green inverted triangles), mechanical excitation in N-polar domains (blue
squares), and mechanical excitation in Al-polar domains (magenta circles) are plotted as functions of f;“ in
figures 10(a) and (b) respectively. These plots show that the median A4, and Q values for electrical excitation
are polarity dependent, while the corresponding values for mechanical excitation are not polarity dependent.
The relative difference between the median A, (or Q) value in N-polar domains and the median A, (or Q)
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Figure 8. Images of iso-CR A, and Q obtained with mechanical excitation at various CR frequencies: (a) A4, (1tV), 1070 kHz;
(b) Agr (1V), 1090 kHz; (¢) Agry (LV), 1110 kHz; (d) Q, 1070 kHz; (e) Q, 1090 kHz; (f) Q, 1110 kHz.
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Figure 9. Probability plots of iso-CR-PFM parameters measured within N-polar (solid lines) and Al-polar (dashed lines)
domains, for electrical excitation at CR frequencies of 1090 kHz (gold), 1100 kHz (green), 1110 kHz (blue), and 1130 kHz
(magenta). (a) Ag (LV); (b) Q; (¢) @ary (deg), N-polar domains (vertical dashed line indicates 4, of —94.5°); (d) @4, (deg),
Al-polar domains (vertical dashed line indicates ¢, of —85.5°).
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Figure 10. Median values of A;, (mV) and Q: (a) Agy, for electrical excitation in N-polar domains (red triangles), electrical
excitation in Al-polar domains (green inverted triangles), mechanical excitation in N-polar domains (blue squares), and
mechanical excitation in Al-polar domains (magenta circles); (b) Q for electrical excitation in N-polar domains (red triangles),
electrical excitation in Al-polar domains (green inverted triangles), mechanical excitation in N-polar domains (blue squares), and
mechanical excitation in Al-polar domains (magenta circles).

value in Al-polar domains is seen to decrease with increasing f;° (i.e. the polarity dependence of these
parameters decreases with increasing fi°).

A warning must be made about comparison of the electrically excited and mechanically excited A4,
values in figure 10(a). Because of the difference in drive mechanism, quantitative comparison of electrically
and mechanically (photothermally) excited amplitudes is not possible. The mechanically excited A4, values
displayed in figure 10(a) were multiplied by an arbitrary factor (0.45) to make the mechanically excited
values to appear to lie between the electrically excited values in N-polar domains and the electrically excited
values in Al-polar domains. On the other hand, because Q is a dimensionless parameter, the comparison of
the electrically and mechanically excited Q values in figure 10(b) is valid. (Thus, Q is more useful than A4,
for comparing CR measurement results across multiple excitation schemes.)

5. Discussion

By precisely controlling f;“ in the iso-CR method for both electrical (figures 6(a)—(c), 7 and 9) and
mechanical (figures 6(d)—(f) and 8) excitation, we gain specific insight into the origin of the image contrast.
The N-polar domains and Al-polar domains have the same crystal structure and were grown under the same
conditions, differing only in polarity. It thus seems unlikely that the N-polar and Al-polar domains have
intrinsically different mechanical or electromechanical properties. Mechanically excited iso-CR reveals the
expected findings; N-polar and Al-polar domains exhibit similar Q distributions, confirming that no
dissipative contrast (i.e. internal friction or loss tangent) exists between domains. When varying f,°, the
relative Q contrast is maintained, but the absolute value of Q increases with increasing f;, as expected for the
modal damping contribution for this cantilever.

Before examining the results in more detail, consider the ideal case in which ‘pure’ CR-PFM
measurements (with no electrostatic artifacts or other complicating factors) are made on a piezoelectric
sample consisting of domains with ‘up’ or ‘down’ polarity. In this case, the drive amplitude and Q would be
the same over ‘up’ and ‘down’ domains, and the drive phase would shift by 180° when traversing a domain
boundary.

The polarity dependence of the drive amplitude and Q in electrically excited iso-CR-PFM, and the
difference in Q between electrically and mechanically excited iso-CREM, is attributed to an electrostatic
artifact contribution to the experintal PFM response. This assertion is bolstered by considering the deviation
of the drive phase difference between Al-polar and N-polar domains from the ideal 180° phase shift.
Electrostatic artifacts have been found to contribute to the apparent PEM response (i.e. the total cantilever
deflection at the frequency of the AC tip-sample voltage) in piezoelectric, ferroelectric, and non-piezoelectric
materials [23-25]. Electrostatic artifacts arise because the near-surface AC electric fields in the sample
(induced by the tip-sample voltage) modulate the near-surface electronic charge density or dipole density.
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Figure 11. (a) Schematic of time-dependent response of base excited single degree of freedom system with phase shifted
electrostatic force. (b) Calculated PFM Q contrast between oppositely poled domains, in presence of a phase-lagged force acting
on the cantilever body.

This modulation in turn produces an AC component of the sample electrostatic force on the cantilever (at
the drive frequency), which is given by the following general expression [26]:

oC .
Fel: WTS (ch+ Vdc) VucSIH(ZWde(t_RTSCTS)) ) (13)
where 852” is the gradient of the tip-sample capacitance in the vertical (z) direction, V,, is the built-in

contact potential difference between the tip and sample, V. is the applied DC bias, V,, is the amplitude of
the applied AC bias, fi, is the drive frequency, Rrs is the series resistance of the tip-sample circuit, and ¢ is
time. Note that F,; is phase-delayed by an amount prc = 27, R1sCrs relative to the AC bias due to the RC
time constant of the tip-sample circuit. In our experiments V. = 0, hence non-zero V,; is needed to produce
an observable F,.

Because the tip is in contact with the sample in PFM, the total electrostatic force can be divided into a
short-range force acting on the tip, called the tip electrostatic (TES) force, and a distributed long-range force
acting on the entire body of the cantilever, called the body electrostatic (BES) force [25]. The TES force may
produce short-range image contrast, on the same length scale as true PFM; the BES force will produce a
‘background’ signal that is uniform or slowly varying over the image area because of the large ratio of the
cantilever length (125 ym) to the image size (2 ym).

Recent experimental and modeling studies examined the frequency dependence of the measured
cantilever response in PFM [25] and ESM [27]. The focus of the PFM study was on comparing the responses
for the first and higher flexural eigenmodes; however, figures 5(a) and (b) from the PFM study [25] show
that the ratio of the electrostatic to PFM contributions to the deflection signal decreases when the static
tip-sample contact stiffness kys increases for a given eigenmode. This reduced electrostatic contribution is
less pronounced than for increasing eigenmode number, but similarly originates from an increased dynamic
stiffness of the cantilever. Figure 11 from the ESM study [27] shows that the TES (or ‘local electrostatic’) and
BES (or ‘non-local electrostatic’) contributions to the deflection amplitude decrease with increasing
frequency, while the surface displacement induced amplitude increases with increasing frequency. In
comparing the present work to these results, it should be pointed out that the static cantilever stiffness was
significantly higher here (24.4 N m~!) than in the PFM study where several cantilevers were used with static
stiffnesses of 2 N'm™!, 0.2 N m~!, and ~0.006 N m~!, or the ESM study where the static stiffness was
~1 N m~!. Using a cantilever of relatively high static stiffness, and going to high tip-sample contact force (up
to 610 nN), facilitates attaining a small ratio of electrostatic to PFM deflections for the first flexural
eigenmode.

5.1. Iso-CR-PFM phase contrast

The true PFM (surface displacement) response is 180° out of phase for ‘up’ and ‘down’ domains for ideal
oppositely poled domains. On the other hand, the phase of the TES response (due to modulation of the
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surface charge or surface dipole density) is likely to show little change when the tip moves from an ‘up’ to
‘down’ domain, and the phase of the BES response is necessarily uniform because of the long range of the
BES force. If the phase of the total electrostatic response is uniform, or nearly uniform, over the image area,
then the electrostatic response will add to the PFM response and increase the total deflection for domains of
one polarity, but will subtract from the PFM response and reduce the total deflection for domains of the
other polarity, resulting in amplitude contrast between domains. The dependence of the drive phase contrast
on CR frequency provides further evidence for the presence of electrostatic artifacts. As f;° increases, the
drive phase difference between domains increases and moves closer to 180°, as shown in figures 9(c) and (d).

5.2. Iso-CR-PFM amplitude contrast

The probability plots in figure 9(a) show that the distribution of drive amplitudes within each type of
domain is very broad at the higher resonance frequencies. There are significant contributions to the
amplitude probability plots at 1110 kHz and 1130 kHz from amplitudes near zero. A basic understanding of
the PFM mechanism implies that regions of near-zero amplitude should occur around the boundaries
between the ‘up’ and ‘down’ domains in a sample containing ‘up’ (e.g. Al-polar AIN) and ‘down’ (e.g.
N-polar AIN) domains. Indeed, zero signal at boundaries between ‘up’ and ‘down’ domains is considered to
be a test of the accuracy of PEM measurements. The measured PEM amplitude near a domain boundary is
expected to shift away from zero when an electrostatic artifact is present. This may explain why near-zero
amplitudes are less prevalent in the amplitude probability plots at the lower CR frequencies (where the ratio
of electrostatic to piezoelectric response is larger).

The probability plots (figure 9(a)) show that higher amplitudes are measured in N-polar than Al-polar
domains, even at the highest CR frequency (compare the solid and dashed magenta curves). The median
value plot (figure 10(a)) shows that the median amplitude is lower in Al-polar than N-polar domains, even at
the highest CR frequency. As already suggested, the amplitude contrast between domains may arise from
different combinations of electrostatic and piezoelectric forces over the two domain types. However, another
amplitude contrast mechanism is possible: the Al-polar domains are known to originate from polarity
reversal during growth, such that each Al-polar domain lies on top of an N-polar layer rather extending all
the way to the AIN-Si(substrate) interface. Thus, if the AC electric field in the sample (induced by the AC tip
bias) penetrates through an Al-polar domain into the underlying N-polar domain, the compressive (or
tensile) strain in the Al-polar domain will be partially cancelled by tensile (or compressive) strain in the
underlying N-polar domain, causing an overall reduction in the CR-PFM amplitude. This mechanism would
naturally lead to lower amplitude over Al-polar domains, which is consistent with the results. The
electrostatic and strain-cancellation mechanisms for the amplitude contrast are both plausible, and we do
not have sufficient quantitative knowledge of the electromechanical and electrostatic interactions to
determine which mechanism is dominant (e.g. the average depth below the surface for the polarity domain
reversal, and the penetration depth of the AC electric field, are unknown).

5.3. Iso-CR-PFM Q contrast

The images of figures 7(e)—(h) and probability plots of figure 9(b) show the electrically driven Q values
depend strongly on polarity, especially at lower f;° where the ratio of electrostatic to piezoelectric response is
largest. The mechanically driven Q values (figure 6(e)) differ from the electrically driven values (figure 6(b))
and do not depend on polarity (figures 8(d)—(f)). The polarity dependence of the electrically driven Q, and
shifts between the electrically and mechanically driven Q, cannot be explained within the standard beam
models previously used to described CRFM. In a typical homogeneous solution to such a beam model [3],
the CR Q factor depends only on f;° and damping within the sample. Prior analyses with an external driving
force [2] determined that the location of the drive force (e.g. at the tip or the cantilever base) does not
influence Q. In a spatial solution to the beam model, the combination of electrostatic and
surface-displacement drive forces modifies the amplitude of the resonance peak, but does not affect Q.

Here we propose a simple point-mass model that can explain, at least qualitatively, the experimental Q
contrast. The key feature of the new model is a ‘secondary’ AC force on the cantilever that is both
phase-shifted and spatially separated from the ‘primary’ force. In our experiments, the primary force is the
surface displacement (piezoelectric) force and the secondary force is the BES force. As discussed above (see
equation (13)), the electrostatic force is expected to be phase lagged relative to the tip bias by
wre = 27f4R1sCrs, while the surface displacement force is in phase with the tip bias over N-polar domains,
and 180° out of phase over Al-polar domains. (In MacDonald et al [25], the authors also proposed that a
phase lag between surface-displacement and electrostatic forcing must exist.) Further, the surface
displacement force acts on the tip, while the BES force is distributed along the cantilever, providing the
required spatial separation. Figure 11(a) depicts a DHO model where drive forces, representing the surface
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displacement force and phase-lagged electrostatics force, act on either side of the spring-dashpot system. The
frequency-dependent response of the modeled system to the drive forces is given by

ifary B —i
X(fdrv) _ 1+ fng + m(ZTrfIC)Ze rene (14)

y(,fdrv) _ frv : ; frv
- () +ilfe)

where x (f;,) is the steady-state displacement of the point-mass oscillator (i.e. the AFM cantilever) in
frequency space, y (f4) is the steady-state base excitation input (i.e. the PFM surface displacement), F,; (¢) is
a phase-lagged electrostatic force that is proportional to the base excitation input and phase shifted by an
amount pgc, f1° is the natural frequency of the single degree of freedom system (i.e. the first CR frequency),
m is the equivalent mass of the system,, k is the equivalent stiffness, c is the equivalent damping, B is a
parameter that modulates the magnitude of the external forcing to the system, and ¢ (in figure 11(a)) is time.

Figure 11(b) shows calculations for a change in Q between two 180° offset base excitations (which
represent the surface displacement forces over N-polar or Al-polar domains) in the presence of another drive
force of varying phase lag (which represents the BES force). Results are shown for multiple values of the ratio
of surface-displacement drive force Fy;c,. to electrostatic drive force F,;. In the absence of the electrostatic
force, the model is set to Q = 100. When the two drive forces are of similar magnitude, the measured Q can
be increased by 50% or decreased by 20%. The effect is reduced as either drive force becomes more dominant
in magnitude, but the effect remains ~5% even if the electrostatic force is half the magnitude of the
surface-displacement force. The finding indicates that unexpected Q contrast can be a sensitive indicator of
the presence of ‘secondary’ drive forces that are phase and location shifted relative to the ‘primary’ force, and
that the possibility of such secondary drive forces should be considered anytime absolute Q measurements
are made (e.g. for vioelastic measurements).

A previous experimental study [28] supports our model for the origin of the Q contrast. In that study, the
tip was held 1 pm above the sample in an ultra-high-vacuum environment. A conventional shaker piezo
drive produced an AC force on the base of the cantilever. An AC voltage, proportional to but phase-lagged by
90° relative to the deflection signal, was applied to the tip, creating a phase-lagged BES force on the
cantilever. A DC voltage on the sample provided another control element. Giant changes in Q were induced
by controlling the AC and DC voltages, with Q varying from 400 to 104 000 for a particular cantilever.

To summarize, the frequency (f;°) dependence of the drive phase, drive amplitude, and Q contrast
between domains suggests a convergence to a pure PFM response (180° out of phase, with equal amplitude
and Q) at high f;°. However, measurable drive amplitude and Q contrast persists at the highest examined f;°,
with lower drive amplitude and higher Q over the Al-polar domains. As discussed, the lower drive amplitude
over the Al-polar domains may arise from an electrostatic contribution, or from partial strain cancellation
due to field penetration into an underlying N-polar layer. On the other hand, according to our model, the Q
contrast can arise only from a BES contribution (because the BES force is phase-lagged and spatially
separated from the surface displacement force). In the present state of development of the model, it is not
possible to quantify and subtract the electrostatic artifact contributions from the experimental values of
drive amplitude and Q.

6. Conclusion

We implement a new contact resonance AFM imaging technique, isomorphic contact resonance (iso-CR),
which utilizes the force-volume mapping mode of the AFM to attain a constant CR frequency, and hence
constant tip-sample contact stiffness and invariant vibrational shape of the cantilever, for all pixels in the
image. The iso-CR technique is demonstrated by acquiring iso-CR-PFM (with electrical excitation of the
tip-sample contact) and iso-CRFM (with photothermal excitation of the cantilever) images of a piezoelectric
AIN thin film, grown epitaxially on Si, that contains nanoscale Al-polar (or ‘up’) and N-polar (or ‘down’)
domains. Images are acquired at several resonance frequencies for the first flexural CR mode. The CR fit
parameters, including drive amplitude, drive phase, and Q, show contrast between Al-polar and N-polar
domains in the iso-CR-PFM images, but the domain contrast does not occur in the corresponding iso-CRFM
images. The PFM drive amplitude is lower in Al-polar than N-polar domains, and the PFM Q is higher in
Al-polar than N-polar domains, at low CR frequency. The domain contrast of the PEM drive amplitude and
Q decreases strongly with increasing frequency. Finally, the PFM drive phase contrast between domains
increases and approaches 180° with increasing frequency. These frequency dependent domain contrast
effects in iso-CR-PFM are ascribed primarily to electrostatic contributions to the cantilever deflection. The
electrostatic contributions decrease with increasing CR frequency, so that the signal is mostly piezoelectric at
the highest frequency. To conclude, the demonstration experiments presented in this work illustrate the

18



10P Publishing

Nano Futures 4 (2020) 025003 L H Robins et al

promise of iso-CR for quantitative mapping and frequency dependence analysis of the entire range of
material properties that have heretofore been investigated by CRFM methods, such as indentation modulus,
viscoelastic loss tangent, and piezoelectric coefficient.
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