
Feasibility of Nano-Acoustic Subsurface Imaging
for Atomic Force Microscopy

1st Clayton J. Carlon
School of Engineering

The University of Newcastle
Newcastle, NSW, Australia
Clayton.Carlon@uon.edu.au

2nd Yuen Kuan Yong
School of Engineering

The University of Newcastle
Newcastle, NSW, Australia

Yuenkuan.Yong@newcastle.edu.au

3rd Andrew J. Fleming
School of Engineering

The University of Newcastle
Newcastle, NSW, Australia

Andrew.Fleming@newcastle.edu.au

Abstract—The feasibility of a new imaging regime for sub-
surface Atomic Force Microscopy (AFM) is investigated us-
ing synthetic aperture focusing technique. This technique uses
two Atomic Force Microscopy (AFM) probes to emit acoustic
pulses and sense echoes. Unlike other existing subsurface AFM
methods, Nano-Acoustic Subsurface AFM (NASAFM) provides
cross-sectional images of a sample below the surface with depth
information in the nanometre scale. In order to determine the
best resolution, two ideal wideband AFM probes are considered
in simulation. The results show that a 20 ps pulse with a
bandwidth of 330 GHz was able to resolve two 50 nm discs,
500 nm below the surface, separated by 340 nm. Future work
is needed to understand the relation between resolution and
bandwidth, the optimal imaging parameters, and the sensing
technique.

Index Terms—microscopy, atomic force, acoustic, subsurface,
imaging, echography, synthetic aperture, beam-forming

I. INTRODUCTION

IN semiconductor manufacturing, the quality-control of the
fabrication parameters such as layer-thickness and feature-

size is achieved by destructively cross-sectioning the device,
followed by scanning electron microscopy [1]. This process is
wasteful, can only infer the quality over a batch, and adds a
delay between the fabrication and quality measurement [2]. To
enable real-time quality-control of buried features, subsurface
microscopy methods with nanometre scale resolution are in
demand.

One subsurface method is scanning acoustic microscopy.
These microscopes emit pulses and receive echoes to mea-
sure the depth of scattering features and use an acoustic
lens coupled on the surface through a liquid [3]. However,
the wavelength and the size of the acoustic lens limit the
lateral resolution in the micrometre scale [4]. Furthermore,
the penetration-depth reduces with higher resolution and fre-
quency.

Depth measurements in the nanometre scale have been
achieved with pump-probe lasers in photoacoustic microscopy
[5], [6]. Pulses with nanometre wavelengths are emitted and
scattered by buried features. Such wave-periods are often in
the picoseconds given the high speed of sound in most solids.
Although the axial resolution in depth can be achieved at the
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Fig. 1: A basic representation of the subsurface AFM problem.

nanometre scale, the lateral resolution along the surface is
limited by the classical diffraction limit and the spot-size of
the laser. This resolution is 100 nm to 1 µm [7], [8]. Other
methods work around this with either near field optics [9] or
acoustic lenses [10], [11].

On the other hand, Atomic Force Microscopy (AFM)
achieves lateral resolution in the nanometre scale because
of the small tip-size [12]. Although AFM was originally
developed to measure the surface topography, there are also
opportunities for measuring subsurface properties [13], [14].

The vast majority of subsurface AFM methods rely on
inferring mechanical differences through the local elasticity at
the surface. This localised measurement can be achieved from
either the measured shift in contact-resonance [15], [16] or the
force-distance curve inferred from the non-linear mechanical
diode effect [17], [18]. A major disadvantage with these
methods is that the imaging penetration is only as deep as
the stress field of the AFM tip.

To increase the imaging depth, other subsurface methods
emit acoustic waves on the underside of the sample which
interact with the probe on the top [19], [20]. One of these
methods is scanning near-field ultrasound holography which
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can resolve gold nanoparticles 15 to 20 nm wide at a depth
of 500 nm [21]. However, the sample may need to be cross-
sectioned or tampered with to excite waves on the underside.
In addition, the feature depth is not directly quantifiable since
the estimated depth is indirectly inferred from the local surface
properties [22], [23].

In response to this limitation in quantifying depth, optically
coupled acoustic AFM methods have been developed that can
resolve picosecond acoustic signals. In one such method, an
AFM tip was repurposed as a near-field optical probe to sense
evanescent waves on the surface [24]. In another method, a
pump-laser was applied on the topside of an AFM probe which
channelled the nanometre acoustic waves onto the sample
through the tip [25]. In a simulation, the thickness of the
sample was estimated by the time of flight and speed of
sound. These methods open up the feasibility of picosecond
pulse-echo measurements with AFM. Despite the promising
resolution, an imaging technique is needed to convert the
one-dimensional pulse-echo signals to a cross-sectional two-
dimensional image.

A. Contributions

A new imaging technique for Nano-Acoustic Subsurface
AFM (NASAFM) that utilises time-resolved pulse-echo mea-
surements is proposed to reliably measure the depth and lateral
position of buried features. As shown in Fig. 1, a force-pulse
is emitted on the surface from an emitting AFM probe, and
the resulting echoes are received as surface-deformations by a
sensing AFM probe.

A cross-sectional image along depth is constructed as a grid
of pixels in Fig. 1. Each pixel’s brightness is directly processed
from the received signal’s amplitude and is correlated to
the reflectivity at that location. Thus, the acoustic interfaces
between differing materials are imaged.

Since the pulse-wave is spherical and travels across a wide
angle, echoes from scattering objects are received from mul-
tiple angles. Thus, a method to spatially filter and deconvolve
the multiple echoes is needed.

In order to augment the signal processing, the emitting
probe repeats a pulse at the same location whereas the sensing
probe is moved to a different location. This data-collection
process resembles a virtual array of multiple sensing probes.
Since the time-scale is in the picoseconds, the repetition
of emission-events does not penalise the imaging duration.
This configuration allows more advanced signal-processing to
enhance the image. As a result, the synthetic aperture focusing
technique is utilized to form sharper images than a generic
side-scan with a single transducing probe.

This study investigates a theoretical imaging technique as
a preliminary step in the future development of NASAFM.
Therefore, the imaging method is simulated assuming ideal
emitting and sensing probes as a starting point.

As seen in the results, the dual-probe synthetic aperture
focusing technique improves the image of single disc com-
pared to a generic single-probe side-scanned image. The lateral

resolution is also estimated as 350 nm. However, this can be
improved with pulse-compression and anisotropic modelling.

The remainder of the article is as follows. Section II
discusses the fundamental acoustic physics which provides
estimates of the acoustic speed of sound which is used in the
imaging method. Section III explains in detail the synthetic
aperture focusing technique method for NASAFM. To test
the feasibility of this imaging method, a transient FEA is
performed in Section IV on a two-dimensional cross-section
with particular emphasis on the lateral resolution. Results and
discussions are presented in Section V.

II. ACOUSTIC THEORY

Acoustic waves in solids are fundamentally tied to the dis-
placement and elasticity of a particle. The three-dimensional
wave equation in a solid is

ρ
∂2u⃗

∂t2
= (µ+ λ)∇ (∇ · u⃗) + µ∇2u⃗, (1)

where ρ is the density, u⃗ is the particle’s displacement, and µ
and λ are the positive Lamé constants related to the stiffness
of the solid [26]. Given this equation of motion, the speed for
longitudinal waves, where the particle’s motion is parallel to
the wave’s propagation, is

VL =

√
λ+ 2µ

ρ
, (2)

and the speed equation for transverse waves, where the parti-
cle’s motion is perpendicular to the wave’s propagation, is

VT =

√
µ

ρ
. (3)

Comparing Eqs. (3) and (2), the longitudinal wavefront is
faster than the transverse wavefront. Due to the complexity
of the geometry and boundary conditions in this work, (1)
will be solved numerically using the techniques described in
Section IV.

III. NANO-ACOUSTIC IMAGING

NASAFM has two AFM probes, one as an acoustic emitter
and the other as an acoustic sensor. When the former emits
a picosecond pulse, the latter detects the scattered waves as
vertical surface-deformations. If the emitting probe repeats the
same emission at the same location, but the sensing probe is
moved to a different location, then the acoustic phenomena
should be the identical but sensed at a different location given
sufficient time-invariance. This procedure produces the same
dataset as a single emitter and an array of sensing transducers.
Thus the received echoes can be focused to improve the clarity
and resolution. On the other hand, the emitted pulse cannot be
directly focused as there is only one emission event at a time.

The synthetic aperture focusing technique can also be
used to virtually focus the emitted pulse, for example, in
synthetic aperture diagnostic ultrasound [27]. In this reference,
there are many receiving elements but only one transmitting
element, where each transducer in the array emits a single
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Fig. 2: The path of an emitted wave from the i-th emitter,
scattered at the p-th pixel, and then to the j-th sensor.

pulse sequentially. The echo is received by multiple sensing
transducers, then back-projected to generate a rough-resolved
image. Finally, each of these images are added to form a fine-
resolved image.

To investigate the synthetic aperture focusing technique
further, an image is drawn as a grid of pixels where the
brightness of each pixel represents the reflectivity. This value
of reflectivity is directly computed from the received acoustic
signal sampled at the time of flight that corresponds to the
back-propagated path between the emitter and the sensor. The
time of flight of a wave emitted by the i-th emitter, then
scattered at the p-th pixel, and received by the j-th sensor
in Fig. 2 is

tp(i, j) =
|r⃗p − r⃗e(i)|+ |r⃗p − r⃗s(j)|

c
, (4)

where r⃗e(i) is the i-th emitter’s position, r⃗s(j) is the j-th
sensor’s position, r⃗p is the p-th pixel’s position, and c is the
speed of sound in the medium [27].

The amplitude of the received signal sampled at this time
tp is computed as the reflectivity at the p-th pixel. A high
reflectivity corresponds to a scattered echo in the time-domain
signal. Therefore, the fully focused reflectivity-image at that
given p-th pixel is

Rf (r⃗p) =
∑
i

∑
j

yr (tp(i, j), i, j) , (5)

where yr(t, i, j) is the j-th sensor’s received time-domain
signal for a single emission from the i-th emitter at time t [27].
Since the received acoustic signals yr(t, i, j) are measured
surface-deformations in the femtometre scale, the units of the
reflectivity Rf (r⃗p) are femtometres.

To intuitively understand the synthetic aperture focusing
technique more, the inner sum

∑
j of (5) is analogous to

a receiving delay-and-sum beam-former given an array of
sensors. In addition, the outer sum

∑
i of (5) is analogous

to a virtual transmitting delay-and-sum beam-former. Thus,
there are two layers of focusing, one receiving and the other
transmitting, even though there is only a single emitter each
time. These steps are illustrated in Fig. 3.
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Fig. 3: Process of synthetic aperture imaging.

IV. SIMULATION METHOD

Simulations are done through transient FEA in An-
sys®Mechanical EnterpriseTM. A two-dimensional 1 µm-by-
1 µm cross-section of a test-sample is simulated to substan-
tially reduce computational time compared to a full three-
dimensional model. A mesh of elements is created with
element-sizes of 2 nm near the surface, 5 nm near any
features, and a default element-size of 20 nm elsewhere. Most
of the samples are made of silicon with a copper feature to
emulate a semiconductor context. The timestep is 2 ps which
gives a simulation bandwidth of 500 GHz.

Surface deformations in the vertical direction are measured
on 10 nm wide edges along the surface. A 1 µN pulse force
is also applied on one edge at a time. Each of these edges
operates as a probing location for either a sensing probe
or an emitting probe. Instead of repeating the simulation,
multiple sensors are measured for one emission-event. Twenty-
six probing locations are 40 nm apart along a 1 µm length.
The resolution of the simulated image is 64 by 64 pixels.

The acoustic emission is a 1 µN 20 ps Hann pulse, which
results in a bandwidth of 330 GHz. This pulse length is chosen
based on the precedent of the acoustic channelling AFM [25]
and for achieving a pulse-length of approximately 80 nm in
silicon given a longitudinal speed of 8.44 kmh−1.

The surface wave is approximately 100 times higher in
amplitude than that of the scattered echoes. As a result, these
scattered echoes are difficult to be detected in both the time-
domain signal and the image itself. The first preprocessing step
is to subtract the reference response from the measurement.
The reference response is a pulse-echo measurement, where
there are no features.
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Fig. 4: The NASAFM cross-sectional imaging process of a 100 nm wide copper disc buried in silicon. (a)-(d): back-projected
components for a single emitter positioned 320 nm laterally from the left with the sensor positioned at 80, 320, 640, and
960 nm respectively. (e)-(h): the components are then summed into one of these rough-resolved images with the emitter
positioned at 80, 320, 640, and 960 nm respectively. (i): the rough-resolved images are then summed further into this fully
focused fine-resolved cross-sectional image. Note that only four arbitrary examples are shown in each of the first two rows for
simple illustration.

V. SIMULATION RESULTS

A. Single Disc

The first simulation is an example where a 100 nm copper
disc is buried in a silicon plate. An example of a measured
acoustic signal in the time-domain is shown in Fig. 5. The
received echoes are complex given the multi-path scattering.
The impulse on the surface generates both longitudinal and
transverse waves. Given that longitudinal waves are the fastest,
as shown in Section II, the first peak is the first longitudinal
echo.

Back-projection is performed on the received signals for
each sensor-emitter pair, which is the innermost term of (5).
As seen from the examples in Fig. 4(a-d), each sample of the
signal draws an ellipse with the sensor and the emitter as foci.
This is expected given that (4) is of the same form as the
mathematical definition of an ellipse; that is the sum of the
two distances is equal to a constant. The first smaller ellipse
corresponds to the first longitudinal echo.

Once these back-projected components are added, the
rough-resolved image for a single emission-event is obtained,
which corresponds to the inner sum in (5). Examples of the
rough-resolved images for a few different emission events
are shown in Fig. 4(e-h). As seen in the transformation
from Fig. 4(a-d) to Fig. 4(e-h), the blurred spot near the
top of the disc is formed by the overlapping of each ellipse
corresponding to the first longitudinal echo.

Lastly, all the rough-resolved images are added to form the
final fine-resolved image; this is equivalent to the outer sum
in (5). From Fig. 4(e-h) to Fig. 4(i), the blurred spots in all

100

50

0

Su
rfa

ce
 D

efo
rm

ati
on

 (f
m

)

The Raw Signal, yraw

raw
reference

0 100 200 300 400 500
Time (ps)

1

0

1

Su
rfa

ce
 D

efo
rm

ati
on

 (f
m

)

The Signal, y

Fig. 5: An example of a received time-domain acoustic signal
measured by the vertical surface deformation at a point.

the rough-resolved images overlap to form one brighter and
sharper spot in the final image.

Although there are some artifacts outside the disc, there is
still a sufficiently bright spot at the top of the disc where the
waves would scatter. Despite the complexity in the received
signal in Fig. 5, the synthetic aperture focusing technique
removed the secondary echoes and retains the first longitudinal
echo. Looking at all these steps, it can be conjectured that
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Fig. 6: An alternative image from single emitters and mea-
surements. The disc is drawn at the expected location along
the time-axis based on the speed of sound in the material.

sharpness was dependent on the pulse-length of the first echo
since the bright spot is an overlapping of the first scattered
echo in Fig. 4(a-d).

As a comparison, an alternative image is generated from
a single emitting and sensing probe is used, analogous to
B-scan medical ultrasound. Each column of pixels is the
amplitude of the one-dimensional time-domain signal received
at that lateral position. Thus, the image is a series of pulse-
echo measurements packed together laterally as side-scans.
As seen in Fig. 6, there is a broad undesirable scattering
pattern that tapers away from the disc. Furthermore, there
is complexity from the secondary echoes beneath the disc.
Therefore, between Fig. 4(i) and Fig. 6, the dual-probe method
provides improved clarity and simplicity over the single-probe
method.

B. Lateral Resolution

The resolution is defined as the shortest distance between
two features that can be resolved. Another set of simulations
are performed where two 50 nm wide copper discs are
moved closer together as shown in Fig. 7. Despite the added
complexity of two primary echoes, the two discs are still
resolved separately until the bright spots merge together.

To help quantify that lateral resolution, the average of
the two brightest peaks is compared with the dimmest spot
between the them, referred to as the ’trough’. The trough-to-
peak ratio is then calculated for each distance. From Fig. 8,
the trough is at 50 % of the average peak at around 340 nm.

VI. CONCLUSION

This article investigates the feasibility of nano-acoustic
subsurface imaging with synthetic aperture focusing. Cross-
sectional images are achieved in simulation with few artefacts
and a lateral resolution of 340 nm. Therefore, subsurface
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Fig. 8: The trough-to-peak ratio as a percentage versus the
lateral distance between two scattering discs.

cross-sectional images can be achieved in the nanometre scale
given a sufficiently short pulse length.

This imaging method can obtain directly quantifiable depth-
information using time-resolved pulse-echo measurements.
Unlike existing subsurface AFM methods, it does not rely on
surface elasticity to infer the depth of shallow features.

The thicknesses of the ellipses and their overlaying in
Fig. 4(a-h) demonstrate that the sharpness of the spot on the
disc in Fig. 4(i) is dependent on the width of the first echo.
Thus, both the lateral and the axial resolution requires a high
bandwidth in the GHz range. Such a high bandwidth is difficult
to implement with electronics. The bandwidth requirement can
however be relaxed with pulse compression techniques. Future
work will include optimising the array size and pulse signal,
and investigating methods for emission and sensing.
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