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ABSTRACT

The development of acoustic subsurface atomic force microscopy, which promises three-dimensional imaging with single-digit nanometer
resolution by the introduction of ultrasound actuations to a conventional atomic force microscope, has come a long way since its inception
in the early 1990s. Recent advances provide a quantitative understanding of the different experimentally observed contrast mechanisms,
which paves the way for future applications. In this Perspective, we first review the different subsurface atomic force microscope modalities:
ultrasonic force microscopy, atomic force acoustic microscopy, heterodyne force microscopy, mode-synthesizing atomic force microscopy,
and near-field picosecond ultrasonic microscopy. Then, we highlight and resolve a debate existing in the literature on the importance of the
chosen ultrasound excitation frequencies with respect to the resonance frequencies of the cantilever and the observed contrast mechanisms.
Finally, we discuss remaining open problems in the field and motivate the importance of new actuators, near-field picosecond ultrasonics,
and integration with other techniques to achieve multi-functional non-destructive three-dimensional imaging at the nanoscale.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0035151

I. INTRODUCTION

Advances in microscopy are driven by the desire to image
objects that are invisible for the human eye. As a result, progress
in nanoscale imaging and characterization of nanocomposite,’
two-dimensional materials,” semiconductors,” and cell biology™”
pave the way to a deeper understanding of complexities of func-
tional materials and systems at small scales. Despite advances
reported to date, the need to visualize surface and subsurface
features non-destructively at the nanoscale persists, particularly,
for composites with sub-micrometer phases and for biological

systems including tissues, cells and their organelles, bacteria,
and viruses. A number of applications require ultimately single-
digit nanometer resolution in three dimensions (3D) using a
non-destructive method (see Fig. 1). Although a wide range of
microscopy techniques is available, utilizing ultrasound,”’ elec-
trons,” photons,”'? x rays,'*'* nuclear magnetic resonances, "
and vibration spectroscopy,’”™'® none of these techniques
achieve non-destructively single-digit nanometer resolution in
3D. A general purpose 3D imaging technique with sub-100 nm
spatial resolution would revolutionize our understanding of
complex systems at small scales.
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FIG. 1. The required 3D resolution as a function of the
characteristic size of nm scale features. The applicability
regimes of different techniques are indicated with colored
boxes. Conventional ultrasound imaging only resolves fea-
b tures larger than 1 um. Conventional optical imaging goes
down in resolution to 200 nm. Super-resolution optical
microscopy can resolve features in the plane with nm res-
olution but lacks resolution in the focus direction.
Consequently, the only technique that can resolve 3D fea-
tures down to the nanoscale is subsurface AFM.
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Currently, one can identify three major trends in microscopy
with the aim to enable 3D resolution at the nanoscale,

« super-resolution optical microscopy,
« near-field picosecond ultrasonic microscopy, and
« acoustic subsurface AFM.

Out of these trends, super-resolution optical microscopy
makes use of optical tricks such as stimulated emission to obtain a
resolution well below the diffraction limit in the imaging plane."”
This technique only works in optically transparent samples such as
cells, which limits the range of applications. Moreover, the light
intensities are destructive for the samples, and the fluorescence tag
can interfere with processes in the living systems in a manner that
is currently not determinable."’

Nanoscale characterization in 3D can be performed in
AFM using 3D force mappings or force spectroscopy. The 3D
force mappings are usually slow and invasive,””*' as the AFM
tip scans in a synchronized and sequential way the tip-sample
interface in 3D. The force exerted by the tip is recorded for dif-
ferent vertical displacements to generate a 3D force map. This
approach is usually slow and invasive; however, it provides 3D
nanoscale information.”>** Subsurface information is possible
in an AFM using thermal (scanning thermal microscopy),™* elec-
trical (Kelvin probe force microscopy),”” and acoustic (ultrasonic
AFM)*° excitations.

Low-power acoustic waves are advantageous for non-destructive
imaging as they induce minimal stress and heat on a material. The
speed at which the ultrasound waves propagate is directly related to
the wavelength and frequency and is specific to a material. However,
the wavelength of the most common ultrasonic actuator ranges from
0.1 to 100 MHz, which corresponds to the wavelength of several
micrometers and beyond. Hence, acoustic imaging is limited by dif-
fraction and cannot readily probe nanoscale features. One approach
considered to improve the spatial resolution of ultrasonic microscopy

has focused on using higher frequency waves, generated by ultrashort
laser pulses. Picosecond and also femtosecond ultrasonic spectroscopy
use a pump-probe scheme to detect the sample response to the ultra-
short excitation (pump) and have been reported to offer nanoscale
depth resolution. To reach lateral resolution with such an approach,
new developments considering near-field monitoring of the sample
upon excitation with the ultrashort pulse are being considered.
Another approach to characterize materials with ultrasounds is to
couple the acoustic actuation in the 0.1 to 100 MHz range to an AFM
measurement to locally detect the sample response.

Ultrasonic force microscopy (UFM) was the first reported
technique coupling ultrasonic and AFM capabilities.”® In this
mode, the sample is excited at ultrasonic frequencies much greater
than the first resonant mode of the cantilever (typically MHz fre-
quencies are used), using a piezoelectric actuator beneath the
sample.”” Greater sensitivity to deep nanoscopic and microscopic
subsurface features than what can be achieved with AFM has been
demonstrated when using multiple actuations such as with hetero-
dyne force microscopy (HFM)™ and mode-synthesizing atomic
force microscopy (MSAFM).”’ All methods could provide nano-
scale lateral and depth imaging, though the nature of the contrast
remains difficult to assess.

Based on the limitations of existing techniques, we identify the
acoustic subsurface AFM as the most promising approach to realize
a general 3D non-destructive nano-acoustic imaging technique,
without the need for fluorescence tag. Such a platform holds the
potential to enable deep subsurface imaging of soft (biological and
polymers structure) and hard materials (engineered systems). For
example, UFM is used to characterize amyloid-f peptides in
protein fibers.” Moreover, HFM was applied to visualize the aggre-
gation of carbon nanoparticles that is buried in red blood cells.”’
To quantitively interpret the subsurface image, the exact contrast
mechanisms of subsurface imaging should be investigated in
greater detail. It has been suggested that the contrast in acoustic
subsurface AFM results from different factors including contact
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stiffness variations between the tip and the sample,””™* scattering
of ultrasonic waves by buried nano-features,””™ and friction.”*™*’

In this Perspective, we will first discuss the different modalities
in nano-acoustic imaging before focusing on the identified contrast
mechanisms and highlight current debates in the field by discuss-
ing different excitation schemes. Next, we will discuss existing
applications and limitations in nano-acoustic imaging. Finally, we
will provide our view on the future direction of the field.

Il. IMAGING MODALITIES

Atomic force microscopes are used as a common surface char-
acterization technique that can achieve nanometer spatial resolu-
tion in three dimensions. Conventional AFM techniques operating
in contact or the tapping mode have shown sensitivity to shallow
subsurface features."’ This motivated the introduction of ultrasonic
methods in an AFM to develop nondestructive techniques with the
nanoscale resolution that are sensitive to both the mechanical prop-
erties of the surface and deeply buried subsurface features. In this
Perspective, all schemes combining ultrasound excitations and
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AFM are labeled acoustic subsurface AFM. Most of the reported
implementations work in contact modes such that the deflection of
the cantilever is kept constant using a feedback loop. The ultra-
sound vibration modulates the tip—sample contact at a frequency
that is too high for the feedback loop to compensate for. The
dynamic cantilever’s response is used to evaluate the elasticity of
samples and to detect subsurface defects. The detection and visual-
ization of subsurface features are often difficult to determine with
conventional AFM modes. The differentiation between implemen-
tations of acoustic subsurface AFM is based on the frequency range
of the acoustic waves, on whether the actuations are applied to the
sample, the cantilever, or both, and on the number of actuations.
We categorize them in three main types: (1) ultrasonic force
microscopy (UFM) and atomic force acoustic microscopy (AFAM)
where an ultrasound signal is applied to either the sample or canti-
lever, (2) heterodyne force microscopy (HFM) where both of the
sample and cantilever are excited, and (3) mode-synthesizing
atomic force microscopy (MSAFM) where multiple acoustic excita-
tions are applied on the cantilever and/or sample. A summary of
these configurations is provided in Fig. 2(a).

Near-field Picosecond Ultrasonics
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FIG. 2. (a) Acoustic subsurface AFM uses one or multiple ultrasound excitations of the sample (at frequencies {f!, f?
.}) and records the cantilever motion at their mixing frequencies (at frequencies {f!. , f2

{7

i, f&, ... }) andlor cantilever (at frequencies
.}) using the optical beam deflection (OBD) method. These mixing

mix> 'mix> - -

frequencies are generated by the nonlinear dependence of the tip-sample force F;s as a function of the tip-sample separation z, as depicted in (b) and (c). Here, the pink
line is measured data and the dashed black line is the corresponding analytical model for Fis. (b) To describe Fis at the vertical dashed line, one needs at least a quadratic
polynomial (blue line). The nonlinear Fs results in nonlinear frequency mixing, hence, in many detectable {f", } with increasing mixing strength. The different modalities in
the acoustic subsurface AFM owe their name to a particular choice of excitation frequencies on the sample and/or tip. (d) For example, UFM using an amplitude modulated
high-frequency excitation signal on the sample (red). The cantilever can only follow the modulation frequency, this results in a rectifying effect (blue). (e) The resulting canti-
lever response z(t) also modulates the tip-sample separation, similar to the ultrasound motion; hence, it couples back into the Fis (green arrow), which complicates the
modeling of the acoustic subsurface AFM. (f) By combining the recorded signals at different {f, , f2,, ...}, it is under certain conditions possible to reconstruct a 3D
image of the measured device. (g) Near-field picosecond ultrasonics uses an ultrashort laser pump—probe technique in combination with a cantilever probe in order to
perform pulse-echo measurements in the nanoscale (inset). By varying the delay At between the pump and probe pulse, the measurement depth can be controlled.
Adapted from Refs. 38 and 42—44.
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A. Single-acoustic actuation combined with AFM

The original design of combining acoustic and AFM imple-
mented a single ultrasound excitation [frequency f;, amplitude
A;, where i represents whether the actuation was applied to the
tip (t) or the sample (s)] and was operated in the contact mode.
The techniques using sample actuations include UFM, atomic
force acoustic microscopy (AFAM), and contact resonance
atomic microscopy (CR-AFM). AFAM and CR-AFM employ a
sinewave with a constant amplitude at a frequency near the reso-
nance frequencies (f,s) of the cantilever in contact with the
sample, while UFM operates using an amplitude modulation
signal well below the resonance of the cantilever. CR-AFM can
also be carried out with tip actuation, which is referred to as
ultrasonic atomic force microscopy (UAFM)."

In the UFM mode, the nonlinear tip-sample interaction Fi; as
a function of the tip—sample distance z [see Fig. 2(b)] generates a
force at the modulation frequency fi4 < f;. Consequently, the
dynamic motion of the cantilever will contain a vibration with
amplitude A4 and phase ¢, 4 at the modulation frequency.

The UFM method operates in the contact mode where the
deflection of the cantilever defines a certain tip-sample force Fy
that is to be held constant by a feedback loop. The ultrasound
motion is generally of such a high frequency that it cannot be com-
pensated for by the feedback. Therefore, the feedback loop
responds to an average tip-sample force (Fy), which is just the
average force over one ultrasound cycle of duration Ty = 1/f,,

T,

1 s
(Fys) = FJ Fis(zp + 6 + A, cos 2zfit) dt, (1)
sJo

where z;, is the base position of the cantilever and § its deflection.
To understand a UFM measurement, we need to consider the non-
linearity of the tip-sample surface interaction forces. Figure 2(b)
shows the tip-sample interaction. In the UEM, the tip is in contact
with the sample surface, ie., in the repulsive force regime. When
an ultrasonic vibration is applied to the sample, the tip—sample sep-
aration is changed corresponding to the amplitude of the vibration.
When the amplitude of vibration A, is small, the tip-sample dis-
tance sweeps a linear part of the force curve. In this case, the canti-
lever’s response remains the same as in the absence of ultrasonic
vibration. However, when the amplitude of ultrasonic vibration is
increased, the tip-sample separation sweeps the nonlinear part of
the tip-sample interaction. In this case, the cantilever’s response
experiences a jump deflection that is called ultrasonic deflection or
ultrasonic force. This mechanism is known as a mechanical diode,
as the tip-sample interaction in a sense rectifies the ultrasound
vibration.”*™** The AFM feedback will respond to the average force
(Fis) to keep it at its given set-point. To separate this increase in
deflection from the true topography, the ultrasound amplitude is
modulated. The frequency fuoq of this modulation is set below or
on the fundamental mode of the cantilever and above the band-
width of the AFM feedback. Generally, the modulation frequency is
chosen in order of a few kHz. On the other side, the carrier fre-
quency must be chosen sufficiently higher than the resonance fre-
quency of the cantilever. It is more common to choose a frequency
in an order of a few MHz. Figure 2(d) shows an exemplary

PERSPECTIVE scitation.org/journalljap

measurement of this detection mechanism. As fio0 < frs, the
motion of the cantilever is well captured by the equation of motion
of a harmonic oscillator,

S+ Zg—ﬁ“é + (27fre0)?6 = @, 2)

res Meff

in which Qs quantifies the quality Q-factor of the cantilever and
mey is its effective mass. Equation (2) has to be solved self-
consistently as both the left and right side depend on &. The deflec-
tion & acts thus as a feedback parameter for the force (Fj), as sche-
matically illustrated in Fig. 2(d). In this figure, the ultrasonic
excitation signal is modulated in amplitude with a ramp shape in
which the carrier and modulation frequencies are 1.8 MHz and
2 kHz, respectively (red signal), where the AFM cantilever response
measured by a position-sensitive photodiode (PSPD) shows the
measured out of plane vibration of the sample (blue signal). The
repetitive jump in the normal deflection of the cantilever is a result
of the amplitude modulation of mixed two excitation waves. Note
that f.; and Q. are effective resonance frequency and Q-factor of
the cantilever, respectively, and also depend on (Fy) (see Sec. I1I B).
As a result, the total deflection is separated into a static component
that characterizes the height and a dynamic component that repre-
sents the ultrasound signal.

AFAM and UAFM methods also operate in the contact mode.
When the AFM tip is brought into contact with the sample surface,
vertical and lateral elastic forces as well as adhesion forces act
between the tip and the sample. Because of this tip—sample interac-
tion, the boundary condition at the end of the cantilever changes
and consequently the resonance frequency of the cantilever.”™"
The nonlinear interaction forces can be modeled considering a
contact stiffness (k') and contact damping (c) only. The variation
of the contact resonance frequency is approximated by a harmonic
oscillator model. The first resonance frequency of the cantilever far
away from the sample (free) is given by Ref. 49,

1 [k 1.87% |EI
=] = = 3
Srfree 2r N m' 2\ pA 3)

where m" depicts the effective mass of the cantilever and E, I, p,
and A denote the Young’s modulus, area moment of inertia,
density, and cross section area of the cantilever, respectively. The
spring constant of the cantilever, k., can be calculated for forces
acting at the end of it as

_3El _Ebw
R EETA

4

where L, w, and b are the length, width, and thickness of the canti-
lever, respectively. By substituting Eq. (4) in Eq. (3), the effective
mass (m"), can be written as

* kc 3prb 1
m = 3 = 1 ~ —m. (5)
@rfipe)’ (1.870)" 4
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When there is a contact between the tip and sample, a second
spring constant related to contact stiffness (k') is added to the
spring constant of the cantilever. Then, the first contact resonance
frequency can be written as

1 k" 4k
fres - % m* > (6)

where k" represents the contact stiffness between the tip and the
sample. The contact stiffness can be calculated from the Hertzian
model.”” In the simplest case, the sample is considered as a flat
surface, and the tip is considered as a sphere with a radius R. If the
applied force on the tip is equal to F,, the contact stiffness between
the tip and sample is given by

K = 3\/615*2121[:,1. (7)

Here, E* is the effective Young’s modulus of the contact, which for
isotropic elastic materials is defined as

1 71—9t2+1—952

E E, E,

, (8)

where E;, E;, 9, and 9 are the Young’s modulus and Poisson’s
ratios of the tip and sample, respectively. Equations (7), and (8)
depict that the contact stiffness is affected by the material proper-
ties of the sample. Considering Eq. (6) subsequently shows that
contact resonance frequency depends on the mechanical properties
of the sample. Therefore, AFAM and UAFM measurements can be
performed in the point-by-point mode and collecting the contact
resonance frequency data at the position of interest on the sample.
Mapping the mechanical properties of the sample using this
approach is more time consuming due to the large number of data
points that should be collected. Another approach, as with UFM,
the qualitative AFAM image can be acquired by collecting a single
value instead of a spectrum at each pixel. In this case, the sample
(in AFAM) or cantilever (in UAFM) is excited near the contact res-
onance frequency. Then, the amplitude or phase signal of the canti-
lever is detected by lock-in amplifier, which provides a particular
surface and subsurface property of the material. Both the tip and
sample actuations present advantages. For instance, tip actuation
makes the implementation on commercial systems more straightfor-
ward as it circumvents the use of an ultrasonic sample holder. On
the other hand, some differences should be considered, the main
one being the fact that in a sample actuation configuration to the
entire sample is excited while in the tip configuration, the excitation
is more localized. Subsurface nanoscale imaging has mainly been
reported using sample actuation platforms to date. The performance
of the configuration with tip actuation requires further investigation.

B. Heterodyne force microscopy

HFM uses an ultrasound excitation of the sample, Sl, as well
as of the cantilever, f!, that are commonly induced with piezoelec-
tric actuators.”” Both excitations use a single frequency slightly
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offset from one another. The nonlinear tip-sample interaction Fy
mixes the frequencies and generates an effective driving force at
their sum and difference frequencies [see Fig. 2(c)]. Similar to the
modulation frequency in UFM, the difference frequency is usually
chosen on or below the contact resonance of the cantilever. This
motion is characterized by an amplitude A,,x and phase ¢,;,. Note
that the tip—sample distance is a superposition of the sample and
the cantilever vibrations, on the basis of which the nonlinear tip—
sample interaction generates the difference and sum frequency
signals. Although HFM may be perceived as a straightforward
extension of UFM, the mechanisms of its signal generation have
only recently been understood.*”*>* The complexity of HEM is that
the averaged tip-sample force Fy;, as defined for UEM [see Eq. (1)],
may not even exist. The ultrasound frequencies f; and f; usually
have a common period on the time scale at which the measure-
ment is performed. The theoretical framework for this process has
recently been elucidated,*

AA; I b

A, eld’mix — )
e A? +A% H_l(fmix) -1

&)

where ¢, and ¢, are the phases of the ultrasound vibrations in the
sample and cantilever tip, respectively. The transfer function of
the cantilever H(f,,;,) and functions I; and I, related to the tip-
sample interaction are given by

H () = 202y {(f,is R zle} . 0)

1 ! 8Ft5 du
I == 8+ A2+ A%y | ——, 11
=2] G (e yarran) L= ay
1 (' OF, udu
L==- s S+ A2+ A%u ) — . (12
3 ”L e (zb+ +4/A2+ tu) — (12)

Similar to the signal generation in UFM, Eq. (9) has to be solved
self-consistently with the equation for the static deflection

where I is related to the tip-sample interaction through

1! du
Iy=-| F, S+ A2+ A%y | ——. 14
f) ”J_l t(zb—O— + i+ tu) T (14)

The advantage of using HFM over UFM is that it provides
information of the relative phase between the two ultrasound exci-
tations. This relative phase is directly accessible through ¢,.;,.
Initially, it was argued that the amplitude of the difference fre-
quency resolves differences in the local sample stiffness, whereas
the phase indicates differences in the sample viscoelasticity and/or
adhesion.”® However, the origin of contrast in HFM turns out to be
more complex as it depends on numerous factors, including the
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size of the characteristic feature with respect to the wavelength, the
tip-sample interaction, and friction (see Sec. III).

C. Mode-synthesizing atomic force microscopy

Mode-Synthesizing Atomic Force Microscopy (MSAFM) con-
siders the general framework of multi-frequency AFM*>*°" and
the higher order coupling modes generated by the nonlinear tip-
sample interaction in the presence of two or more actuations.”’
Although the concept described when invoking MSAFM does not
impose for actuations to be ultrasonic in nature, the first report of
MSAFM* demonstrated the effect with up to three ultrasonic actu-
ations. As with HFM, MSAFM uses transducers to create each one
of the single frequency excitations at the tip (f and A!) and/or
underneath the sample (f and A{). The nonlinear tip-sample
interaction (Fy) constitutes the mixing component leading to the
formation of multiple combinations of sum and difference frequen-
cies (%, A7.). A semi-analytical model indicated that the ampli-
tude of the mixing is maximal in the presence of van der Waals
forces.”” The model, validated experimentally, also indicated that
for the synthesized mode considered, namely, the difference mode,
the amplitude was more sensitive to variations in the long-range
van der Waals power law than to variations in the short-range
repulsive power law.”” This is in agreement with experimental
observations that A, varies with respect to the tip-sample dis-
tance, showing a significant increase as the distance reaches the
limit at which the tip and the sample come “out of contact” in the
long-range attractive regime.59

By sweeping the driving frequencies over large frequency
spans (from 50 kHz to 4 MHz), including cases where f' > f/ and
fi < f/, it was found that A}, consistently increases as the differ-
ence between two excitations matches one of the contact resonan-
ces of the cantilever.”” The results showed that though most
protocols reported for HFM considered two single excitations fre-
quencies slightly offset from each other, with the difference fre-
quency on or below the contact resonance of the cantilever, these
conditions do not constitute stringent requirements to obtain an
image. However, the contrast of the images produced varies.”’
When considering the amplitude of the difference mode between
two ultrasonic actuations in the MHz range, the signal was found
to be stronger when the f’ > f/ at a driving amplitude of 2 V"
The sweeps also revealed the presence of resonance frequencies
emanating from the sample, a feature that was later considered by
Shekhawat et al. as a means to image subsurface variations in the
sample with lateral nanoscale resolution down to 5 nm.*’

Increasing the amplitude of the driving excitation was found
to strengthen the nonlinearity of the interaction, leading to a high
number of synthesized modes. Up to 65 synthesized modes could
be experimentally observed for a system with three actuations
Fig. 2(c).”” A, was affected when increasing the driving ampli-
tudes of the actuations from 0 to 10 V. This is consistent with
Eq. (3). However, given the level of complexity of the multi-
frequency system with strong non-linearity of the tip-sample
interaction, the increase in amplitude cannot be described as a
simple linear function, and energy redistribution in the various
modes should be considered in details.
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As with HFM, signals generated in MSAFM using a phase-
locked excitation scheme provide information on the phase of
each mode, which can be accessed directly via lock-in amplifier
measurement. As previously mentioned, although all modes
synthesized with MSAFM have been shown to be operational
for imaging,” the nature of the contrast in the images remains
a complex question. Sample properties (local stiffness, Poisson’s
ratio, surface roughness, adhesion, viscoeleaticity), friction, and
the dimension of the buried features with respect to the wave-
length of the synthesized modes are expected to play a role in
the variation of the signals. This approach has been shown to
be amenable for nanoscale subsurface imaging. *®***>¢"62
However, the optimal choice of parameters to be used to
control the probing depth has not yet been clearly defined. One
study by Vitry et al."’ shed some light on this process by con-
sidering that the connection between attenuation coefficients of
the respective ultrasonic actuation waves and the probing depth
of the difference mode. The proof of concept could be validated
on calibration samples designed using nanofabrication to
embed aluminum features in a silicon layer coated with nickel
[see Figs. 6(g) and 6(i)]. It is important to note that the fabrica-
tion of the calibration sample for subsurface imaging at the
nanoscale is in itself a substantial challenge. In this case, the
collection of sequences of MSAFM phase images while main-
taining one actuation frequency fixed and tuning the other to
vary the difference mode frequency made it possible to reach a
three-dimensional reconstruction of the subsurface features that
was in good agreement with the design of the calibration
sample. Though additional work is needed in this direction,
reports to date suggest that MSAFM is capable of quantitative
nanoscale subsurface imaging.

D. Near-field picosecond ultrasonic microscopy

Conventional picosecond ultrasonics spectroscopy uses ultra-
short laser pulses of the order of tens of femtoseconds to generate
elastic waves in a sample (i.e., pump) followed by a probe pulse
that detects the amplitude and arrival time of the acoustic pulses
arriving back at the surface of the sample [Fig. 2(g)].

The pump pulse increases the kinetic energy of electrons in
the material. Energy transfer to the phonons follows within pico-
seconds. Due to the extremely short excitation time, phonons
can be excited over a wide frequency range, up to a few THz,
which enables the formation of an acoustic pulse. The absorbed
energy results in local thermoelastic expansions of the sample
generating surface and bulk acoustic waves. These propagating
waves are subject to reflection, refraction, scattering, and diffrac-
tion due to variations in density, elasticity, and damping. The
acoustic pulses arriving back at the surface of the sample can be
detected using a probe emitted with a delay of a few picoseconds
after the pump. The time-resolution of picosecond spectroscopy
measurements is of the order of 1 ps and can be improved.’>*
The time-resolution is related to the depth probed. In silicon, for
example, the acoustic pulse would travel with a speed of 8433 m/
s, resulting in a penetration depth of only 4.2 nm for a 1 ps time
delay. However, the lateral resolution remains restricted by the
diffraction limit.*”
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To reach nanoscale lateral resolution, recent advances have
focused on carrying out picosecond ultrasonic measurements with
near-field probes, as shown in Fig. 2(g). Ahn et al.° reported the
implementation of high-frequency ultrasound high resolution
mapping on an apertureless near-field scanning optical micro-
scope. The work demonstrated that the intensity of the probe
pulse can be enhanced by coupling the light to a AFM cantilever
tip. The ultrasonic wave resulting from the process could be
detected by monitoring the modulation of the backscattered near-
field light during a transient state of the system, as shown in
Fig. 2(g). The current record yields a spatial resolution of 100 nm
even in biological samples.®

Though this approach is attractive to generate pulses with fre-
quencies such that phonon behavior can be probed, a good control
of the depth probed as a function of delay between the probe and
the pump, and a sturdy approach to achieve lateral resolution is
required to advance the technique to the level of quantitative nano-
scale subsurface imaging. In addition, we note that the ability to
generate ultrasounds is dependent on the absorption of the mate-
rial. Transparent samples that do not absorb the ultrashort laser
pulses cannot be studied unless special transducers are developed.

lll. CONTRAST MECHANISMS

Each nonlinear frequency component in the motion of the
cantilever, characterized by the amplitude Afmx and phase (b;jix, can
be measured as a function of position. A nano-acoustic image can
be reconstructed for each of these components. The contrast is
then simply defined as the signal with respect to the background,
i.e., measured signal when not over a subsurface feature, in the

same image. For the amplitude, this yields

Ca= (Ainix - Ainix,b)/ Ainix,b (15)

and for the phase,

C¢ = (b:"nix - d)inix,b’ (16)
where A}, and d)imx’b quantify the background signal.

The contrast observed in current nano-acoustic imaging can
originate from three different physical sources (see overview in
Fig. 3). First, the ultrasound waves present in the sample interact
with its internal structure, resulting in a position-dependent ampli-
tude and phase of the ultrasound wave on the sample’s surface.
Second, the interaction between the tip of the cantilever and the
sample can be position dependent. Consequently, the response of
the cantilever to the ultrasound in the sample becomes position
dependent resulting in an observable contrast. These spatial varia-
tions in the interaction can be due to the surface’s topography but
also to physical variations in the (visco-)elasticity of the sample.
The latter can be the result of the internal structure of the sample.
Finally, friction at the interface between tip and sample, at inter-
faces within the sample, and internal friction can lead to an observ-
able contrast, as depicted in Fig. 3.
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FIG. 3. Overview of the reported contrast mechanisms in the acoustic subsur-
face AFM. The left panel depicts contrast due to the wave propagation effect in
the case when the ultrasound wavelength A is much larger or smaller than the
typical size d of the buried features. The center panel illustrates contrasts due
to variations in the conservative tip-sample interaction, i.e., a change in the
stress field between the cantilever and buried feature. The right panel depicts
contrasts due to friction, i.e., variations in the non-conservative part of the tip—
sample interaction occurring at boundaries between different materials. Each
panel contains keywords for the respective contrast mechanisms.

A. Wave propagation

The propagation of ultrasound waves in a material can experi-
ence reflection, diffraction, scattering, and refraction. To which
extent these effects are present when exciting a sample largely
depends on the ultrasound wavelength and the properties of the
sample. Given the speed of sound in polymers (2000 m/s), gold
(3240 m/s), and silicon (8433 m/s), one can estimate the wavelength
used in the acoustic subsurface AFM with actuators varying from
0.1 to 100 MHz to range between 20 um and 8 cm. Given that these
wavelengths are at least 100 times larger than the typical features
probed in the sample (and often even larger than the total sample
thickness), the origin of the reported sensitivity should be carefully
considered. On the other hand, efforts to carry out the measure-
ments with higher frequency have been reported. In fact, new ultra-
high frequency piezoelectric sample transducers with frequency up
to 1 GHz, i.e., the wavelength of the order of 1 #m, make it possible
to reach a regime in which the wavelength of the probing wave is
smaller than the dimension of the characteristic feature of the
sample. Beyond 1 GHz, optically-driven processes such as in pico-
second ultrasonic should be invoked. These two aspects are
described further in the remainder of this section.

Let us first focus on the situation for which the ultrasound
wavelength is much larger than the typical size of the features in the
sample. In this particular case, the distance between the features in
the sample and the AFM tip is usually much smaller than the wave-
length. These measurements are thus in the so-called near-field
regime. The physical contrast mechanism originates from the scat-
tering of ultrasound waves in the sample. This scattering problem
has been solved analytically for plane waves impinging on a spheri-
cal particle in the late 1950s and early 1960s of the last century.®*™""
Recent works have implemented these analytical calculations in
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samples of finite size using finite element analysis (FEA) as shown
in Figs. 4(a) and 4(b). The typical Rayleigh dependencies of the con-
trasts on the elastic constants (linear), the density difference between
the bulk and the scattering particle (linear), on the radius r of the
spherical particle [r®, see Fig. 4(a)], and with some restrictions, on
the frequency f; of the external incoming wave (f?) have been con-
firmed. The depth d at which the sphere was buried seems to have
little to no effect on the observed contrasts. The reason being the
many reflections of the ultrasound wave between the top and
bottom surface of the sample before the wave damps out. This
smears out the expected analytical 1/d-dependence of the contrasts
completely depending on the boundary conditions [see Figs. 4(a)
and 4(b)]. Using the FEA, it has been shown that C4 for a gold par-
ticle with a diameter of 20 nm in a polymer matrix under a 3 MHz
excitation is of the order of 10~* that Cy is of the order of 1073
degrees. These contrasts are so small that it is questionable if these
can ever be detected.

Now, we consider the case for which the ultrasound wave-
length is smaller than or roughly equal to the typical size of the fea-
tures in the sample. In this case, wave phenomena such as
diffraction, reflection, and transmission determine the ultrasound
propagation. The reflection and transmission of ultrasound waves
at a material interface is well described by the acoustic imped-
ance.”' Moreover, the differences in speed of sounds of materials

characteristic length << ultrasound wavelength
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generate a time delay for the ultrasound waves arriving at the
surface of a sample. Recently, the required ultrasound frequencies
(= 3 GHz) for this regime have been reached in acoustic subsurface
AFM experiments using special piezoelectric transducers.”””> Hu
et al. showed that the time delay expected based on the differences
in speed of sound indeed results in the measured phase contrast®”
[see Figs. 4(c)-4(e)]. By using short acoustic pulses, van Neer et al.
showed that the time delay itself can be used to quantitatively
determine nanometer layer thicknesses.”” The contrast in these
experiments is identical to that observed in picosecond ultrasonics
[see Figs. 4(f) and 4(g)]. However, one of the hurdles for picosec-
ond ultrasonics is the imperfect contact between different materials
at the nanoscale. The theory for computing the transmission and
reflection of acoustic pulses using the acoustic impedance assumes
a perfect contact.”' In reality, however, there will be a finite inter-
face stiffness connecting the materials that originate from the adhe-
sion force and the interface roughness.*’ Depending on the
interface stiffness value, this gives rise to a significant correction to
the acoustic transmission and may possibly be reduced to zero
completely. The effects of adhesion and finite interface roughness
will become increasingly important for shorter acoustic pulses.
Picosecond ultrasonics has just started to touch upon these topics
experimentally and those results may be linked to the results in the
acoustic subsurface AFM with GHz transducers.

characteristic length = ultrasound wavelength
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FIG. 4. (a) Computed amplitude and phase contrasts, C4 and C,, respectively, as a function of the radius R of a buried gold nanoparticle in PMMA at a ultrasound fre-
quency of 3 MHz. Different colors indicate different depths. The dashed lines are analytical calculations, and the continuous lines are from finite element modeling. (b) Ca
and Cy as a function of the nanoparticle depth for an ultrasound frequency of 2 (red), 4 (black), and 10 MHz (blue). Panels (c)-(e) highlight an acoustic subsurface AFM
experiment at an ultrasound frequency of 1 GHz by Hu et al.®’ (c) Gold structures deposited on silicon were covered by 200 nm thick polystyrene, which was spin-casted
into the gold grating. Measured (d) topography and (e) contrasts C4 and C,, clearly reveal the buried gold structures. Panels (f) and (g) illustrate the near-field picosecond

ultrasonics experiment by Ahn et al.*

By measuring at different surface locations indicated in (f), the location of the buried CB/SUg composite could be detected by (g)

looking at the returning ultrasound echoes. Panels adapted from Refs. 35, 36, 44, and 67.
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B. Tip-sample interaction

Current acoustic subsurface AFM techniques rely on the non-
linear tip-sample interaction Fy for the detection of the ultrasound.
Consequently, any change in F;, will affect the measured ultrasound
signal.3 ° The detection schemes for UFM, HEM, and MSAFM (see
Sec. 1I) all rely on Fj; in two ways. First, a change in the tip-sample
interaction itself will alter the measured signal, as can be inferred
from Egs. (1), (11), (12), and (14). Second, the tip-sample interac-
tion will change the resonance frequencies and corresponding
Q-factors of the cantilever itself. Hence, the transfer function
H7™!(f,nir) of the cantilever changes the detected signal (see Sec. IV).
In the following, we describe known origins for variations in Fj as
cause for contrast in the acoustic subsurface AFM.

The tip-sample interaction arises from the contact, the separa-
tion z, and the deformation of two solid objects. Here, the solid
objects are the cantilever’s tip and the sample. The former is
usually taken as a sphere and the latter as an infinitely large sample
with a flat surface. This problem has been widely studied in the
field of contact mechanics’” and gave rise to the Hertz,”” Lennard-
Jones,”® Detjaguin-Muller-Toporov,”” Johnson-Kendall-Roberts,*’
and the Maugis-Dugdale”’ model. All these different models have
their own range of applicability.”> However, they all are parameter-
ized by the effective elasticity E of the tip and the sample contact,
the tip radius R, the Hamaker constant H, and a distance g, that
defines the z value of the maximal attractive tip-sample force. Any
variation in these parameters can thus locally alter F,, hence, the
observed contrast.

The variations in the contact radius, partly set by the tip radius
R, are of less importance in the contact mode. The tip is continu-
ously touching and indenting the sample resulting in a more or less
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constant contact area. The small variations will only give rise to a
smooth background in the observed subsurface contrasts.

Let us continue with the Hamaker constant H, and the dis-
tance ao. These parameters together with R determine the attractive
part of the tip-sample interaction. Although subsurface AFM is
usually operated in the contact mode, hence (Fj) is repulsive, the
ultrasound vibration can cover part of the attractive regime of Fy. If
this happens, the cantilever comes loose from the surface for part
of the ultrasound vibration, which enhances the detected signal.”®
Once the cantilever is probing the attractive part of F,, any change
in H, and ay due to local changes in the sample will affect the
detected signal inducing an apparent contrast in A,y and ¢,,;,. As
H, and ay are surface properties, this contrast is not expected to be
linked to (deeply) buried subsurface structures.

The main parameter determining Fy in the contact mode is
the effective elasticity E. The effective elasticity of the sample at its
surface is a direct function of what is underneath. Several works
have investigated this effect numerically for nanoparticles inside a
polymer matrix.”>**** In particular, Sharahi et al.”” performed a
FEA and found that the effective elasticity E and thus contact stiff-
ness contrast depends on the nanoscale feature depth, size, applied
force, and ultrasonic excitation frequency [see Fig. 5(b)]. It shows
that the contact stiffness contrast decreases as the depth of embed-
ded features increases. At the same depth, the contact stiffness con-
trast increases when the applied force on tip increases. This is
mainly because of the increasing tip-sample contact area and prop-
agation of the stress field. Figure 5(c) represents the contact stiffness
contrast as a function of applied force. A gold particle, carbon nano-
horns (CNHs), and a spherical cavity with a radius of 50 nm are
embedded 60 nm deep in a PS matrix. In these finite element analy-
sis, the CNHs generate greater contact stiffness contrast compare to
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FIG. 5. (a) Cross section of 3D finite element mesh of a polystyrene matrix (blue), an embedded nanoparticle with a radius of 50 nm (green), and an AFM tip (orange) for
the analysis of contact stiffness in acoustic subsurface imaging. The AFM tip was modeled as a hemisphere with a radius of 150 nm. (b) The contact stiffness contrast as
a function of gold nanoparticle depth for three different applied forces on the tip: F = 6 nN (blue triangles), 20 nN (red circles), and 100 nN (black squares). (c) The
contact stiffness contrast as a function of the applied force. The gold nanoparticle, CNHs, and spherical nano-cavity have the same radius of 50 nm which are embedded
60 nm deep in a polystyrene matrix. (d) By placing the tip at different positions on the sample, the spatial extent of the contrast can be determined. (e) C,, from the analyti-
cal solution for Rayleigh wave scattering (red dotted line) and the contact stiffness simulation (blue data points). A Gaussian fit to the FEA data points (blue solid line)
allows for the combination of the two contrast mechanisms for a total phase contrast (black dashed line). The peak contrast when the tip is directly over the nano-cavity is

45 mdeg. Panels adapted from Ref. 35.
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the gold with the same applied force. The better contrast can be dis-
cussed by considering the higher values in the elastic modulus of
the CNHs. Additionally, CNHs with the same dimensions at the
same depth are expected to be easier to image than a comparably
sized gold nanoparticle. It should be noted that the relation between
the contact stiffness contrast and elastic modulus is nonlinear, and
the nano-cavity gives the maximum phase contrast.’”

The frequency dependence of the contrasts originates from the
frequency dependent elasticity of many polymers. The depth and
size can be understood naively by regarding the sample as three
springs in series for the location of the nanoparticle and a single
spring otherwise. If the materials are known, this possibly allows
for the non-destructive evaluation of the nanoparticle depth using
the extracted effective elasticity for different ultrasound frequencies.
This idea is supported by the work of Kimura et al. which showed
that the experimentally observed contrast indeed depends on the
depth of the nanoparticle.”” However, the exact relation between
the subsurface feature depth and the experimentally observed con-
trast remains unclear. Sarioglu et al. showed that the stress field
induced by the tip falls off rapidly with the depth into the
sample.”” The contact stiffness approaches the intrinsic sample
material without subsurface features within 100 nm. Hence, it is
unclear how small features that are buried deeper than this depth

Interface friction \

Buried interface fi

can give a measurable contrast in experiments.”>** This is particu-
larly difficult to understand when the feature size is smaller than
the depth at which they are buried. Recent work showed that this
problem is nonlinear and depends on the stress field induced by
the tip, the tip shape, geometry, and material properties of the sub-
surface.”” Moreover, it was suggested that a relation between resolu-
tion and depth can only be obtained on a case by case basis and
that it is possible to detect features buried deeper than their size.
To test the theory, it should be applied to experiments reported in
the literature to see if it can explain the measured contrasts.

C. Friction

In Secs. IIT A and III B, we were mainly concerned with conser-
vative forces. In reality, the ultrasound vibrations in the subsurface
AFM will dissipate energy due to friction at various instances. The
observed mechanisms in the literature can be separated as (i) fric-
tion at interfaces and (ii) internal friction.

Let us start with the friction at interfaces. In the acoustic sub-
surface AFM, the cantilever deflection & depends on the present
ultrasound excitations.”® & increases with increasing ultrasound
amplitudes due to the nonlinear tip-sample interaction [see Sec. II
and Fig. 6(a)]. Interestingly, this heavily reduces the time that the
tip is in contact with a sample, similar to conventional tapping
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FIG. 6. (a) and (b) Surface friction in UFM as measured by Sharahi et al.*® (a) Cantilever deflection signal for ultrasound excitation amplitudes increasing from 2 nm (red)
to 7 nm (green) in steps of 1 nm under a load of 60 nN. For clarity, the deflection signals have been offset from one another. (b) Extracted friction force vs mean excitation
amplitude while exciting the sample using the UFM mode for a constant average normal force of 20 nN, 60 nN and 110 nN. Insets labeled (1), (Il), (IIl) show the AFM topog-
raphy images of PS beads at three different amplitudes. The lateral scale bar in all AFM images is 1um. (c) and (d) Buried interface friction as measured by Verbiest
et al* (c) Schematic cross section of the measured sample. (d) HFM measurements for different contact forces: from top to bottom measured simultaneously: height, Cg,
and C, of the difference frequency. The contact force (Fis) as well as the resulting average indentation into the sample is indicated at the top in the height images. (e)
and (f) Internal friction as analyzed by Vitry et al.*° (¢) Evolution of the attenuation coefficient for different Af, which controls the investigation depth. (f) Representation of
the dependence of relative depth of investigation Az, as a function of Af. (g) Cy4 image recorded in MSAFM at Af = 70 kHz. The cross section at the blue line is shown
in (h) and allows to extract the width of the trench. (i) By recording images at different Af, a 3D reconstruction of the trench can be obtained. Panels adapted from

Refs. 38-40.
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mode AFM. As the average tip-sample force (Fi) increases, the
induced motion of the cantilever ensures that the tip spends only a
limited amount of time in contact. Although there is still a
mechanical contact, damage to the sample surface is lessened as the
contact is intermittent and less lateral frictional force is applied to
the sample [see Fig. 6(b)]. Exactly this effect has been reported for
the various modes of acoustic subsurface AFM. Variations in
contact time, for example, due to changes in (F;) or due to the
sample topography may lead to changes in the lateral frictional
force leading to an observable contrast.

The other interface at which friction effects occur are bound-
aries between different materials within the sample. Friction at
these interfaces can locally reduce the ultrasound vibration ampli-
tudes A’ of the sample. In HFM, it has been shown that this leads
to an observable contrast in A and ¢,,;,. Verbiest et al. mea-
sured nanoparticles with a diameter of 20 nm that were buried
82 nm deep in a polymer matrix [Fig. 6(c)]. Figure 6(d) shows the
measured contrast in height, A, and ¢,,;,, from which an energy
loss of 2.79 eV per ultrasound oscillation at the buried gold nano-
particles was extracted. The observed energy dissipation nicely
compares to the dissipation observed in atomic scale friction
experiments, in which a sharp tip is laterally moved in contact
with a surface. Moreover, the lateral size of the nanoparticles in
the measured A,,;; and ¢,,;, contrasts was approximately equal to
the buried depth. This highlights that the propagation in ampli-
tude reduction obeys a scattering-like behavior (see Sec. IIT A).
Dissipation at interfaces is thus a major contributor to the contrast
in acoustic subsurface AFM.

We now consider internal friction, which is the ultrasound
dissipation within a single material. Vitry et al. considered a HFM
measurement scheme, in which one ultrasound wave was launched
from the tip into the sample and one wave from underneath the
sample.*’ These waves have amplitudes A; and A,. Once they prop-
agate through the sample, their vibration amplitude will decrease
due to the internal friction. This process is generally described by
the two frequency-dependent attenuation coefficients @; and ¢, for
the waves launched from tip and sample, respectively,

Ay (2) = Ay e @0, (17)

where v is the velocity of ultrasonic waves in the material and z is
the position into the sample with respect to where the ultrasound
was launched. Within this model, the detected signal A,,;, was con-
sidered to be proportional to As(z)A;(z) [see Eq. (9)]. This results
in the smallest attenuation of A,y 0 A;A; e~ (@~%)/V at a particular
depth z [see Fig. 6(e)]. As the depth of the smallest attenuation
depends on the ultrasound frequencies, the internal friction allows
one to probe the subsurface structures at a particular depth as illus-
trated in Fig. 6(f). Using a well-defined sample [Fig. 6(g)], this
method has been used to extract the width [Fig. 6(h)] of an alumi-
num filled trench as a function depth [Fig. 6(i)]. As friction occurs
at well-defined positions within a sample, this provides a promising
route toward a general 3D imaging technique at the nanoscale.
MSAFM, in which multiple ultrasound waves are launched from
both the tip and the sample may give access to different depths
simultaneously.
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IV. EXCITATION SCHEMES

The many different contrast mechanisms and the fact that
they all occur simultaneously makes it hard to perform quantitative
subsurface AFM measurements. To get insight into the exact con-
trast mechanism, a good understanding of the generated signal in
acoustic subsurface AFM is necessary. Although it is clear that the
nonlinear tip-sample interaction generates this signal at some fre-
quency fuix, the mechanical response of the cantilever itself is
equally important for the signal generation. For example, choosing
excitation frequencies on a contact resonance of the cantilever with
high amplitudes leads to mode coupling and even chaos.*’
Following Eqs. (1) and (2), we see that the cantilever deflection &
also plays a role in (Fj). Consequently, the response of the
cantilever at f,,;x, which is set by its frequency-dependent transfer
function H(f,;;) has a back-action on the signal generation."’
Moreover, H(f,i) itself is a function of the tip-sample interac-
tion.”” There is a debate in the literature on how and if a
particular choice of excitation frequencies sets the observed contrast
mechanism. In the following, we will link the different experimen-
tally observed contrast mechanisms to particular excitation
schemes.

The influence H(f) is also observed in the usual intermittent
contact operation of an AFM, which is also known as a tapping
mode or amplitude modulation. Here, the amplitude (or phase) of
a single cantilever excitation close to a resonance peak is used to
measure the topography of the surface. For this mode of operation,
it is well known that variations in the elasticity of the surface influ-
ence the measured topography. The reason is that for a soft sample,
a larger indentation of the sample is necessary to achieve the same
force on the cantilever in comparison with a hard sample. It is this
force, which is called the contact force, that determines the ampli-
tude reduction of the cantilever’s excitation. The exact amount of
amplitude reduction is related to the shift in resonance frequency
of the cantilever.

In addition to the response of the cantilever at fi;, the
ultrasound vibrations A’ and A} themselves are dependent on the
H(f). Usually, a constant driving force on the cantilever generates
the signal A}. The amplitude A} is solely determined by H(f;) and
thus depends on the frequency f; and indirectly on the tip-
sample interaction. A similar argument holds for the ultrasound
vibrations Al of the sample except that the transfer function of
the sample takes on the role of H7!(f). The latter was observed
by Tetard et al. experimentally as an increase in the amplitude of
the signal at fyu;y.””

In order to understand the different observed experimental
contrasts, it is thus of utmost importance to not just know {fj}, {ﬂ I8
and {f,’.} but also all the resonance frequencies of the cantilever
[see Fig. 7(a)]. Note that the resonance frequencies are a function
of the tip-sample interaction [see Figs. 7(b)-7(d)]. When the tip is
in contact with the sample, these frequencies are the so-called
contact resonances. Depending on the choice of frequencies, the
measured amplitudes A, can be different. Hence, the observed
contrast can be different. We will highlight this dependence on the
example of (i) a HFM experiment in which {f}, {f;}, and {f,uix} were
not matching any resonances of the cantilever and (i) a UFM
experiment in which f,;, was set to a contact resonance.
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FIG. 7. (a) The typical vibration spectrum of a free cantilever. The red lines indicate the resonances, and the blue lines the particular excitation scheme used by Verbiest
et al> (b) The first 10 resonances of a cantilever as a function of the position of the cantilever's base z when the fourth mode is vibrating with an amplitude of 10 nm (con-
tinuous line) and 1 nm (dashed line). The external force (Fis) is shown in red. The first 10 resonances of the cantilever as a function of the normalized tip-sample spring
k* /k for (c) an attractive and (d) repulsive Fi. The shifts of the resonance frequencies reduce for the higher modes, as these modes get stiffer with increasing resonance
frequency. (e) The calculated tip-sample interaction and, as a function of the applied contact force, the corresponding sample indentation as well as the amplitude A; and
phase C of the heterodyne signal for different sample elasticities: 2 GPa (black), 3 GPa (red), 4 GPa (magenta), 5 GPa (green), and 6 GPa (blue) for the excitation
scheme depicted in panel (a). The inset in the lower left panel shows A, for 6 GPa plotted as a function of the position of the cantilever's base z,. (f) The ima%es on the
left show the measured demodulated amplitude of the cantilever deflection at different f,,. By measuring C4 and C,, for the 32 different images, van Es et al. ® showed
the effect of detuning between fy,;x and the cantilever’s resonance frequencies “on” and “off’ the subsurface features. The data from the images on the left are marked with
circles. The black line is the theoretically expected curve for the used experimental settings. Panels adapted from Refs. 39, 86, and 87.

In recent work, Verbiest et al.’” chose all ultrasonic frequen-
cies f; = 2.52 MHz and f; = 2.50 MHz as well as the mixing fre-
quency fuix = 20 kHz not to match any resonance frequency of the
cantilever [see Fig. 7(a)]. The sample used is depicted in Fig. 6(c).
The authors observed a significant decrease in A,,;x and ¢,,;, above
the buried gold nanoparticles [see black dots in Fig. 6(d)]. Through
detailed numerical analysis of the expected variations in elasticity
as well as Rayleigh scattering, the authors concluded that the
sample vibration amplitude A, must be reduced on the surface
directly above the nanoparticles. Note that the expected elasticity
contrast, as inferred from Fig. 7(e), for this particular excitation
scheme results in an increase of Ay, opposite to what is mea-
sured. As the internal friction of Au is much smaller than

polymers, the friction must happen at their interface. The esti-
mated dissipation of 2.79 eV/oscillation agrees well reported
atomic scale friction experiments. Similar work by Sharahi et al.”
performed their experiments with a f,,;, = 200 kHz, hence much
closer to the first contact resonance of the cantilever.
Interestingly, the variations in sample elasticity were identified as
the main source of contrast in these experiments.

Let us now turn to an example utilizing UFM. Recently, van
Es et al. published work® employing UFM in which the low-
frequency fu;y of the amplitude modulation was set equal to the
first contact resonance f,.; of the cantilever [see Fig. 7(f)]. The
samples consisted of a 150 nm thick aluminum structures deposited
on a silicon substrate. The aluminum structures were buried with
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photoresist or SiO, such that the total thickness of the stack was
300 nm. Note that the fabrication was done such that there were no
signatures of the buried structures in the topography of the sample.
The AFM was operated in the contact mode with a setpoint force
in the range from 200 nN to 800 nN with little observable damage
to the sample after scanning. By varying f, in a small range
around f, the authors could show that the observed contrasts,
both in amplitude and phase, is related to the local elasticity of the
sample. A change in local elasticity shifts f. resulting in a different,
measurable response of the cantilever. When tuning f,;. away from
fres» the contrasts disappear.

Apart from the observation of different contrast mechanisms
for different excitation schemes, the lateral resolution of the
observed contrasts was different. In case of friction at buried inter-
faces, one should assume that the amplitude reduction obeys a
scattering-like behavior. Moreover, as the measurements are in the
near-field regime, the lateral size of the contrasts should be of the
order of the depth of the buried features. This is exactly what
Verbiest et al. found: the lateral size of the nanoparticles at the
surface showed a significantly larger diameter than the true diame-
ter of the nanoparticles.” If the variations in the elasticity of the
sample are the cause of the contrasts, this argumentation does not
hold. Moreover, the elasticity is a local surface property. Hence, the
observed contrasts have a lateral dimension that is roughly equal to
the actual size of the buried features. This is exactly what is
observed in measurements employing the contact resonance.”

In this section, we discussed the missing link between excita-
tion schemes and contrast mechanisms. By making this link, we
highlight the importance of tracking driving and mixing frequen-
cies, as well as contact resonances of the cantilever.

V. APPLICATIONS

A general 3D nano-acoustic imaging technique would have
enormous impact on various field of research and industry. In
this section, we highlight the most promising applications for
such a technique: semiconductor industry, material science, and
life sciences.

A. Semiconductor industry

It has been recognized that traditional 2D transistors following
Moore’s law will not be sufficient to satisfy rising demands emanating
from the need for more performant electronic devices. Recent
advances and future expected surges in demands related to wear-
able electronics and to the Internet of Things (IoT) further under-
line the need for a new generation of electronic components. As a
result, 3D device architectures that allow for higher performance
and lower power consumption have been introduced and are
expected, in time, to phase out older generations of transistors.
Famous examples of the 3D devices are Gate all Around (GAA)
Nanowire FETs (successors of FINFETs) and 3D NAND memory
[Figs. 8(a) and 8(b)]. Nanowires are stacked on top of each other
below several layers of metal and gate while in 3D NAND memory
features are positioned within the layered devices, with up to 120
layers today and in the future to be scaled up to 512 layers.

A new challenge accompanies the introduction of 3D
structures in the semiconductor industry: existing nanoscale
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FIG. 8. Semiconductor industry in NAND characterization used to (a) check the
fabricated devices and to (b) check devices at various fabrications stages. (c)-
(e) Overlay measurements as reported by van Es et al%’ (c) Cross section of
sample design, (d) height and simultaneously recorded A image, (e) cross
section through A image (averaged across all rows of image) with a sine
function plotted to show the periodicity and apparent feature size. Panels
adapted from Ref. 89.

characterization techniques become insufficient to nondestructively
probe the several layers of buried subsurface layers and nanoscale
features in the volume of these 3D assemblies. Subsurface AFM
imaging has a key role to play in addressing this challenge. In a
recent study, Gramse et al. presented a new approach,” broadband
electrostatic force microscopy (EFM), to image of atomically thin
dopants n-type (phosphorus) and p-type (boron) buried in silicon.
A lateral resolution of 10 nm and depth resolution of 0.5nm was
demonstrated using this technique. Though no subsurface imaging
of GAA FETs or 3D NAND has been yet reported, model systems
have been used in several studies using acoustic AFM. For instance,
heterodyne force microscopy (HFM) has been used to probe the
depth of metal-polymer systems,”**"" with a clear application in
semiconductor overlay metrology [see  Figs. 8(c)-8(e)].*’
Topography images of the nanofabricated samples did not indicate
any sign of buried defects, while HFM indicated the presence of
voids in the volume of polymer coatings covering silicon nitride.**
In the case of scanning near-field thickness resonance acoustic
microscopy,”’ heterodyne detection was implemented by launching
a first wave matching a resonance of the sample and a second wave
using the cantilever so that the difference mode synthesized by the
tip—sample interaction could be used to sense subsurface features. In
this case, tapered holes obtained by focused ion beam (FIB) on
silicon (Si) were detected. In addition, sub-100 nm voids in Al/
Polymer trench structures could be resolved. Similar studies were
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carried out on Cu interconnect patterns.”” UFM was also used to
study systems of interest in the semiconductor industry. UFM
images of nanometer-scale mechanical imaging of low-k intercon-
nect test structures revealed the presence of regions with different
elasticity as well as a distribution of voids in the Al/polymer
system.” Furthermore, UFM was used to nondestructively image
InAs quantum dots capped with GaAs,”* AlAs/GaAs superlattices, *
and InSb/InAs quantum dots superlattice with an approximately
18 nm periodicity capped with a 5 nm InAs layer.”” Overall, in these
studies, the qualitative performance of subsurface AFM in their
resolving subsurface defects (voids, sublayer of nanoparticle, etc.)
was confirmed. However, as described in previous Sections, at
present, the technique is not well controlled so that identifying the
depth at which structures and the composition of the feature are
buried remains difficult. Nonetheless, the ability to identify the pres-
ence of defect below the surface already constitutes a step forward
for quality control in the semiconductor industry. Overall the dis-
ruption from 2D to 3D semiconductor device architectures will
enable a further increase of the performance with the promise of
being economically also viable but only if the yield of production is
sufficiently high. Acoustic subsurface AFM could provide meaning-
ful feedback to better understand the fabrication and operation of
these devices, nondestructively.

B. Two-dimensional materials

Two-dimensional (2D) materials show distinct properties
compared to their bulk counterparts. A large number of 2D
materials, including graphene, hexagonal boron nitride, and
transition metal dichalcogenides (TMDCs) have triggered a great
interest and research, from fundamental investigation to practi-
cal applications.”” The unique properties of 2D materials result
from the layered structure, high-surface area, layer-dependent
optical bandgap, and variation of chemical compositions.”® In
the aforementioned materials, 2D confinement provides unique
mechanical responses, electronic structures, optical characteris-
tics, and electrochemical properties. Electron microscopy and
AFM have been extensively used for characterizing these 2D
systems but often limiting studies to common modes of AFM.””
Multi-dimensional and functional characterization under con-
trolled environment is highly sought after to advance the field of
2D material research, for instance, in developments for catalysis
and energy.

Ultrasonic-AFM has also been recently implemented for char-
acterization and investigation of 2D materials, particularly, to
explore the presence of defects and residues below layers of graphene
and molybdenum disulfide (MoS,).”° Figure 9 shows some data
obtained for a graphite flake (around 50nm in thickness, excluding
folded areas) deposited on a patterned cyclic olefin copolymer
(COCQ) film. Figures 9(a) and 9(b) show the same flake imaged with
UFM. The topography [Fig. 9(a)] is identical to the topography
acquired by means of the tapping mode-AFM. This shows that
minimal damage to the sample surface occurs due to the low friction
between the tip and the sample. Moreover, the UFM contrast in
Fig. 9(b) clearly shows the contrast from the suspended portions, the
latter appearing darker. In Fig. 9(c), the profiles of the lines drawn
in Figs. 9(a) and 9(b) are presented. The topographic profile does
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not show any major variation that can be attributed to the presence
of voids. In the UFM profile, the signal is smaller in correspondence
of the voids underneath the flake with a minimum at the center of
the suspended areas. This minimum depends on the lateral size of
the suspended regions. The UFM signal depends also on the flake
thickness. Figure 9(d) shows a second example with a MoS, flake
(with thickness varying from 10 to 50 nm) placed on a COC film,
patterned with parallel grooves randomly bridged. In this case, the
flake is thinner than the graphite flake reported above. The topogra-
phy signal faintly reveals the presence of grooves underneath, as the
flake is less rigid and its shape is affected by the substrate topogra-
phy. On the other hand, the UFM contrast is even higher than for
the case of the graphite flake and still depends on the flake thickness,
the lateral size of the suspended regions, and excitation scheme.'”’
In another study, UFM was used to probe nanoscale graphene-
liquid interfacial interactions.'”" It was shown that effective Young’s
modulus of graphene reduced slightly in the ambient environment
while it reduced by a factor of 3 in the non-polar dodecane environ-
ment. Moreover, to understand the atomic nature of the interlayer
interaction in graphite, UFM was applied in observing the subsur-
face edge dislocation within highly oriented pyrolytic graphite
(HOPG).'” It also showed the movement of a dislocation at higher
applied forces. This lateral motion demonstrated the considerable
sliding between carbon layers, which enables graphite to act as a
superior solid lubricant.

C. Composites

Polymeric nanocomposites, mixtures of polymers with nano-
fillers (nanoparticles, nanofibers, nanoplatelets, etc.), have been
actively developed for automobile, aerospace, electronics, and bio-
medical industries due to many desirable mechanical, electrical,
physical, and chemical properties.'’*™'*> However, the relationship
between internal structures of polymeric nanocomposites (disper-
sion, orientation, agglomeration, and interface of nanofillers inside
polymer matrix) and favorable properties is poorly understood due
to the lack of currently available non-invasive, multi-modal nano-
scale imaging and characterization techniques. Most manufacturing
process variables for polymeric nanocomposites have been deter-
mined semi-empirically so far and structure-property relationships
in the nanoscale have not yet been firmly established. Recently,
AFM was used to characterize the fiber morphology of polymer/clay
nanocomposite.'”® Acoustic subsurface AFM techniques are also
applied for characterization and visualization of nano-features inside
polymeric nanocomposite. In a recent work by Kimura et al,*” Au
nanoparticles deeply buried into the polymer matrix visualized by
various ultrasonic-AFM techniques. Figures 10(b) and 10(c) show
2nd-harmonic UAFM images (A and ¢ signals) obtained on a
sample with the top-coat thickness of 900 nm of a photo-polymer.
These images are compared with the conventional UAFM images
[Figs. 10(e) and 10(f)] and HFM images [Figs. 10(h) and 10(i)] on
the same area. The sample was actuated at 49 kHz and 98 kHz in
2nd-harmonic UAFM and UAFM, respectively. In HFM, the
sample and cantilever were actuated at 800 kHz and 898 kHz,
respectively. The results show that all three techniques provided
clear images of subsurface gold nanoparticle buried near 1um
in photopolymer.®” In another application, epoxy-silica
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nanocomposites were examined by AFAM to obtain information
about the local elastic modulus of the surface at nanoscale resolu-
tion.'”” The capability of AFAM was shown by subsurface imaging
of the rigid structure buried under soft matrix such as aluminum
under a polymer layer and also rigid structure under rigid matrix
such as aluminum under silicon oxide.*® Additionally, AFAM was
applied to visualize the buried nanoparticle in polymer matrix. For

this purpose, silica nanoparticles embedded in different depth into
polystyrene matrix. Then, higher contact resonance modes of can-
tilever were excited to show the effects of buried silica nanoparticle
on the contact stiffness between the tip and sample.”> HFM was
also used in nanocomposite applications to reveal the nanoscale
elastic and viscoelastic properties of samples of poly(methylmeta-
crylate) (PMMA)/rubber nanocomposites.28
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(900 nm). The sample was oscillated at 49kHz and
98 kHz in 2nd-harmonic UAFM and UAFM, respectively.
In HFM, the sample and cantilever were oscillated at
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D. Life sciences

The versatility of AFM to probe properties of soft matter at
the nanoscale, even in a liquid environment, without any require-
ment of fixation or fluorescent tagging has brought about substan-
tial discoveries in life sciences including, but not limited to, cellular
and bio-molecular studies [see Fig. 11(a)]. Other reviews have
described the applications of traditional AFM in biological studies
from molecular, cellular, and tissue levels (:omprehensively.los’111
Here, we highlight the advances reported using nano-acoustic
imaging. UFM has shown promising results in visualizing intracel-
lular fibers of live endothelial cells (ECs). The technique is able to
reveal an enhancement in stress fibers formation in response to
thrombin.''> HEFM, in a form coined scanning near-field ultra-
sound holography (SNFUH), constituted one of the first attempts
to study closed biological systems with nanoscale subsurface imaging.
The study demonstrated the ability to detect the presence of malaria
parasites within infected red blood cells (RBCs), thereby offering a
way to complement histopathological and immunohistochemistry
approaches in cases that require sub-100nm spatial resolution,
without the need to disturb the system by chemical treatment or
cross-sectioning.”* A similar technique was used to resolve nanoparti-
cle uptake in macrophages and RBCs collected from mice previously
exposed to carbon nanohorns®' [see Figs. 11(b)-11(g)] and silica
nanoparticles'"” inhalation. This study illustrates a field of study
where the impact of nanoscale subsurface imaging could be signifi-
cant as few other tools are available to study the fate and interaction
of nanomaterials with complex living systems such as cells and bacte-
ria. Yet, given the surge of nanomaterials used in industrial processes,
in pharmaceutical and in antibacterial products for health or agricul-
ture applications, the lack of suitable tools to understand the funda-
mental interactions of nanoparticles, their evolution in various media
such as the human body, plants, water, or cells leaves room for unpre-
dicted long term harmful effects.

The capabilities of HFM were expanded to MSAFM for
liquid imaging of cell.”* The first demonstration of liquid imaging
with MSAFM resolved inner structures of keratinocyte skin cells,
including their cytoskeleton. Injection of a chemical stressor, pes-
ticide glyphosate, in the liquid medium surrounding the cells led
to a significant loss in structure of the cells.”” Although the capa-
bilities constitute an important instrumental milestone, a number
of questions remain when studying complex systems at such
scales given the lack of chemical speciation of the technique. For
instance, in the proof of concept study of MSAFM,” multiple
modes were used to image the cell walls of a wood cross section.
Although the images provided stark contrast differences, the bio-
logical understanding of the plant system did not significantly
advance from these findings.

It is generally true that the complexity of changes taking place in
biological systems cannot be solely explained from a morphological
standpoint. As a result, future efforts focused on combining MSAFM
to nanoscale infrared (IR) spectroscopy to gain a deeper understand-
ing of biological systems at the nanoscale. Vitry et al. proposed an
approach to overlay nanoscale IR maps on top of MSAFM images to
determine the composition of the vesicles resolved in bacteria.''* The
findings demonstrate that the chemical signature of lipid corresponds
exactly to the location of the round vesicles resolved by MSAFM. In
addition to the chemical confirmation, the study performed three-
dimensional reconstruction of the inner structure of the bacteria
using the MSAFM data. We note that the spatial resolution of the
MSAFM images was higher than that chemical mapping. Hence
another study considered the combination of MSAFM and chemical
imaging to study plant cell walls'® and showed it was possible to dif-
ferentiate a cellulose-rich region from a lignin-rich region.

Cells and tissues are inherently heterogeneous material,
and visualizing their spatial distribution in mechanical properties
is essential for understanding underlying mechanotransduction
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VI. FUTURE DIRECTION

The acoustic subsurface AFM in its current form faces several
technical challenges. First, current piezoelectric excitations are
limited to relatively low ultrasound frequencies up to a few GHz.
At these frequencies, the ultrasound wavelength is of the order of a
micrometer, which limits the potential 3D application of the tech-
nique. Second, the piezoelectric excitations suffer from spurious
resonances in the system. These spurious resonances are mechani-
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(d AEM (e) cal modes of the AFM as well as of the piezoelectric actuator itself.
To overcome these limitations, we foresee the development of
acoustic subsurface AFM techniques based on photothermal excita-
tions. Photothermal excitations are known to eliminate spurious
resonances and thereby offer cleaner signals.'”'*> The combina-
tion of AFM cantilevers with pico- or femtosecond ultrasonics
offers in this regard an additional advantage, as the ultrashort laser

¢ 4340 MHp 2V pulses generate high-frequency acoustic pulses with the potential

200 nm e — 3.052 MHz, 2.5 ¢ nanometer spatial size. Therefore, future developments in near-field

) (9) ' " pico- and femtosecond ultrasonics promise great potential for sub-
Relative length T, (nm) Relative length I, (nm) surface AFM applications in realizing nano-acoustic imaging.

200 200 300 350 400 200 250 300 350 400 We also point out that apart from characterizing 2D materials

P e N A nars v/ N S T\ with acoustic subsurface AFM techniques, suspended 2D materials

é 70 —6e5 2 8:2% themselves could have an important role in future subsurface AFM

E ol 60 2) 053 techniques. Suspended 2D materials are highly sensitive to changes

=y i 55 1 102 in their environment which, in combination with their intrinsically

50 Litiiitititdsg 2 Bt n GOV high resonance frequency due to their low mass, opens up new pos-
100  1.10 1.20 1.00  1.10 1.20 sibilities of detecting high-frequency ultrasound. For this purpose,

\___felative length T, (hm) Relative length I, (hm) J graphene resonators seem ideal candidates because their typical
dimensions allow for the integration into standard AFM cantile-

FIG. 11. (a) Schematic illustration of a life cell in an acoustic subsurface AFM vers, and they have been shown to detect ultrasound waves within a

measurement. (b)-(g) Red blood cells (RBCs) containing carbon nanohoms. substrate.'*® This opens up ways to eliminate the need of the non-

AFM height images (b) and (d) and C4 images (c) and (e) of carbon nanohorns linear tip-sample interaction in current acoustic subsurface AFM

in RBCs at different scales. Panels (f) and (g) show profiles taken along Ty

detecti h .
and T', across nanohorns buried in (d) and (e), respectively, show that HFM € ec;ﬁn fic ellnes t of tic i ing is also held back
can resolve nanoparticles that are inside the cells. The figure has been adapted ¢ development Of Nano-acoustic IMmaging 1S also he ac

from Ref. 61. by well-defined reference samples, as it is difficult to validate a
new technique, for instance, for opaque samples, if there is no
other technique capable of probing the sample at the same scale.
To overcome this problem, we propose the following approach.

mechanisms.''> Conventional nano-indentation techniques can First, transparent samples with a known interior structure can be
be destructive; each indentation may locally form a sizable dent in used. For example, artificial cells containing metallic nanoparti-
the sample,"''"” which not only reduces spatial resolution but  cles with fluorescent tags. This allows for validation measure-
also interferes with normal cellular behaviors in real-time ments with super-resolution microscopy and could pave the way
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for nano-acoustic imaging on living cells. Some success was
achieved by combining micro-Raman spectroscopy and acoustic
subsurface AFM to confirm buried carbon nanohorns inside
cells." Second, opaque samples encountered in the semiconduc-
tor industry can be fabricated in steps. This allows detailed
surface characterization at each step from which the final 3D can
be inferred. Alternatively, samples can also be cross sectioned
afterward with Focused Ion Beam (FIB). Third, nanocomposite
samples with embedded nanoparticles in a polymer could be ana-
lyzed using Rutherford back-scattering to estimate the depth dis-
tribution of the nanoparticles. These sample strategies are vital for
the future development of the subsurface AFM.

Recent work shows that the concept of acoustic subsurface
AFM encompasses excitations beyond ultrasound waves, such as
AC voltages'”” or modulated light.'® Using the concept of virtual
resonance in MSAFM,” IR light with laser pulses matching the
difference frequency mode synthesized by mixing of two ultra-
sonic actuations, nanoscale IR imaging with spatial resolution
down to 10 nm was demonstrated on polymeric samples and the
technique could be applied to study plant cell walls.'® This, in
turn, could constitute an advantageous approach to circumvent
inherent limitations of nanoscale IR imaging and spectroscopy
obtained by photothermal actuation as it may provide a means to
localize information probed in depth, to differentiate surface
from volume features. A different approach would be to combine
the recently developed scanning thermal probe techniques®*'*®
with acoustic subsurface AFM. As the local thermal conductivity
is affected by buried features, this could be used to distinguish
between the AFM experimental artifacts and buried subsurface
features. These lines of work remain in their infancy. However,
we believe that their further development will open up new possi-
bilities to study fundamental processes, e.g., electrical and chemi-
cal, at the nanoscale.

VIl. CONCLUSION

In summary, we have shown that nanoscale acoustic imaging
techniques are most promising to achieve full 3D resolution at the
nanoscale.

From recent trends in microscopy, including super-resolution
optical microscopy, femto- and picosecond ultrasonic microscopy,
and nanoscale subsurface AFM, it seems that probing the volume
of complex systems with nanoscale resolution is in reach. A
detailed consideration of the latter showed that different configura-
tions are possible, including sample actuation, tip actuation, or
both. The frequency range used for the acoustic waves is of tre-
mendous importance to reach the targeted information on or
within the sample. This information is related to contrast gener-
ated by wave propagation effects, variations in the tip-sample
interaction, and/or friction. We analyzed the debate in the existing
literature on which one is dominant and conclude that all different
contrast mechanisms contribute simultaneously to the experimen-
tally observed contrasts. However, the amount in which they con-
tribute to the contrasts is highly dependent on the choice of
ultrasound frequencies and their positioning with respect to the
(contact) resonance frequencies of the cantilever. We have argued
that setting one of the ultrasound frequencies or their frequency

PERSPECTIVE scitation.org/journalljap

difference to a contact resonance will make the measurement very
sensitive to variations in the elasticity of the sample. Mismatching
all the ultrasound frequencies with the contact resonances of the
cantilever will increase the sensitivity to friction and wave propa-
gation effects. This new insight highlights that acoustic subsurface
AFM experiments can be used to study different properties of a
sample by just changing the ultrasound frequencies, thereby
enabling fast multi-mode sample characterization. In the near
future, we expect the development of different tip-enhanced tech-
nologies simultaneously employing micro-Raman, laser pulses, or
other nano-scale characterization techniques to correlate the 3D
structure of a sample with other properties.

The gained insight into the different contrast mechanisms also
indicates a major hurdle in achieving full 3D resolution at the
nanoscale. In such a technology, it is desired to extract the depth of
particular features from a measured quantity. However, this only
seems feasible for high-frequency wave propagation effects. To
reach the desired frequency regime, in which the ultrasound wave-
length is roughly equal to or smaller than the relevant structures,
the integration of femto- and picosecond ultrasonic microscopy
techniques in acoustic subsurface AFM seems to be the way
forward. The ultrasound pulses in femto- and picosecond ultrason-
ics are so short that a nanometer depth resolution should be possi-
ble. Moreover, these pulses would enable pulse-echo imaging,
similar to conventional medical ultrasound imaging. The synergy
between these research fields may prove to be crucial for the next
big technological advances in nanotechnology.
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