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Subsurface metrology techniques are of significant importance at the nanoscale, for instance for imaging
buried defects in semiconductor devices and in intracellular structures. Recently, ultrasonic-based atomic
force microscopy has attracted intense attention, also for subsurface imaging. Despite many applications for
measuring the real and imaginary part of the local surface modulus, the physical mechanism for subsurface
imaging is not fully understood. This prevents accurate data interpretation and quantitative reconstruction of
subsurface features and hinders the development of an optimized experimental and engineering set-up. In this
paper, we present quantitative depth-sensing of subsurface cavity structures using contact-resonance atomic
force microscopy (CR-AFM) imaging and spectroscopy. Our results indicate that for imaging subsurface
cavity structures using CR-AFM the induced contact stiffness variations are the key contrast mechanism.
The developed algorithm based on this mechanism allows to precisely simulate the experimental image
contrasts and give accurate prediction of the detection depth. The results allow a better understanding of
the imaging mechanism of ultrasonic-based AFM and pave the way for quantitative subsurface reconstruction.
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I. INTRODUCTION

In non-destructive testing and evaluation subsurface
metrology and imaging are important tools for detect-
ing defects in components and products. This also
holds for products and manufacturing processes where
nanoscale properties become important, e.g. for wafers,
in microelectronic devices, for thin films, and in biolog-
ical structures. Besides microfocal X-ray imaging, opti-
cal and infrared techniques, ultrasonic techniques are in
widespread use. Optical imaging systems are limited in
resolution due to diffraction in the sub-micrometer range.
In case of ultrasound, there is an indirect limitation for
employing sub-micrometer wavelengths because of scat-
tering in the component to be tested and above all due
to the attenuation in the coupling medium water of the
acoustic lens. This caused an upper limit of about 2 GHz
for a practical scanning acoustic microscope (SAM)! (res-
olution ~ wavelength A = 0.75 um) despite considerable
efforts to find other coupling media with lower attenua-
tion. Using a low-temperature SAM operated at 8 GHz
with superfluid helium as a coupling medium in order to
achieve both a short wavelength and low attenuation, a
resolution down to 20 nm has been demonstrated.? Due
to the lack of practical coupling media besides water,
commercial SAMs are operated at frequencies between
10 and 100 MHz.3 Near-field microscopes based on aper-
tures or tips as antennas may be used instead. Here, the
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technological challenge arises whether submicron resolu-
tion can be combined with depth resolution besides clar-
ifying the contrast mechanism.

Combinations of an aperture with an acoustic lens were
designed by Diirr et al* and Khuri-Yakub et al® . A
scanning near-field acoustic microscope using a pin was
built by Zienuk and Latuszek® with a resolution of 10 ym
at 35 MHz. Furthermore, Kulik et al.” developed a con-
tinuous wave (CW) system, where the reflection ampli-
tude of a CW signal at a frequency of 1 MHz propagating
in a tapered horn was used as contrast quantity. The res-
olution was determined by the horn diameter of 100 pm.
In a set-up built by Giithner et al.®, the sharp corner of
a vibrating tuning fork acted as a tip. Friction within
the moving air between tip and surface determined the
contrast. The spatial resolution was better than 3 pm.

Therefore, it was natural to combine the near-field
imaging principles of scanning tunneling microscopy or
atomic force microscopy (AFM) with ultrasonics. Indeed
Heil et al®, Takata et al.'®, Uozumi and Yamamuro'!,
Khuri-Yakub et al.'?, Chilla et al.'®, and Moreau and
Ketterson' developed instruments which combined ul-
trasonics with a tunneling microscope, using the sharp tip
as antenna. Resolution below 0.1 ym was thus achieved.
The contrast mechanisms for imaging were not discussed
in detail in these early papers, with the exception that
the acoustic impedance or the tunneling current were
involved. With the advent of atomic force microscopy,
efforts concentrated on combining AFM and ultrasonics
because AFMs were available commercially early on, and
in particular allowed not only to study metals but also
insulating materials.
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Since the first introduction of ultrasonic force mi-
croscopes two decades ago'®16, quite a number of re-
lated instrument techniques have been developed, see for
example the articles in “Acoustic Scanning Probe Mi-
croscopy”'” and the references contained therein. The
research efforts first concentrated deriving quantitatively
the local elastic and anelastic modulus from the measured
contact stiffness.'®19 The spatial resolution was given by
the tip-sample contact radius a., which is a fraction of
the tip radius R, and can be as small as a few nanometers.

Soon the question arose whether there was the possi-
bility performing subsurface imaging, because the elas-
tic stress-field generated by the tip in a homogeneous
body extends to about 3a. into the depth?’, altering the
contact stiffness if defects were present. Indeed it was
shown that there is subsurface contrast, see the articles
of Avasthy et al., Cantrell and Cantrell, Kolosov and
Briggs, Parlak and Degertekin, Yamanaka and Tsuji, and
Vairac et al. in'” and the articles cited therein. There is
early work by Scherer et al.?! and further detailed work
by Striegler et al.?? and Verbiest et al.23:24,

In these references, the contrast mechanism for subsur-
face imaging is discussed, sometimes quite controversial.
Two points of views prevail: (i) contrast due to scat-
tering of ultrasonic waves in the near field?>26 and (ii)
contrast due to changes in the contact stiffness!6:22:26-34,
Moreover, it has been suggested that both mechanisms
contribute to the image contrast?® and that variations
of contact stiffness and the viscoelastic damping of the
subsurface structure, here gold particles of 40 nm diam-
eters, contribute to the contrast34:3% or that solely inter-
facial friction of the oscillating gold nanoparticles in the
polymer material causes the contrast.?* In the model of
Cantrell and Cantrell in!” the contrast is determined by
the static tip load, the contact stiffness, and the contact
damping. These parameters are modified by subsurface
cavities and inclusions.

In this work, we present imaging and spectroscopy data
of subsurface cavities using AFM contact-resonances and
employing different flexural cantilever modes, thus ex-
tending our previous work36. Our results show that it is
sufficient to invoke contact stiffness variations as the key
physical contrast mechanism for subsurface cavity struc-
tures.

Il. EXPERIMENTAL METHODS
A. Contact-Resonance Imaging and Spectroscopy

A schematic illustration of contact-resonance (CR)
measurements for subsurface imaging is shown in Fig.
la. A silicon substrate with holes covered by an HOPG
(highly oriented pyrolytic graphite) flake is scanned with
an AFM in contact mode. The excitation of the can-
tilever contact-resonances is achieved either by a piezo-
element built in the cantilever holder (ultrasonic atomic
force microscopy, UAFM) or by a transducer attached

to the backside of the sample (atomic force acoustic mi-
croscopy, AFAM). For the detection and the display of
the cantilever vibrations, the instrument’s photo-diode
and its amplifier circuit are used. Such measurements
are operated in two modes. In the spectroscopy mode,
a cantilever amplitude spectrum is obtained by sweeping
the excitation frequency of the transducer or of the can-
tilever holder’s piezo-element at each measuring point.
In the imaging mode, the cantilever is excited at a close
frequency or at the contact-resonance frequency while
mapping the sample. For demonstrations, we show in
Fig. 1b cantilever spectra measured on the Si substrate
and on the HOPG flake. The spectra display the first
three flexural resonances of the cantilever which exhibit
frequency shifts that depend on whether the AFM tip
contacts the Si surface or the HOPG flake. Figure lc
shows the AFM topography and CR-AFM amplitude im-
ages acquired near a HOPG flake. The subsurface holes
covered by the HOPG flake are clearly visible in the am-
plitude image.
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FIG. 1. (a) Schematic illustration of CR-AFM scans on a
HOPG flake covering open holes on a Si substrate; (b) Vi-
bration spectra on the HOPG flake and on the Si substrate
for the first three flexural eigenmodes of the AFM probe; (c)
AFM topography and CR-AFM amplitude image.

In our experiments, UAFM images were obtained with
a MFP-3D Origin AFM (Asylum Research, Santa Bar-
bara, CA). AFAM mode experiments were carried out
with a Dimension Icon (Bruker, Santa Barbara, CA).
A commercial transducer (Steiner & Martins Inc., FL)
was used to excite the CRs. Furthermore, all CR spec-
troscopy measurements were carried out with the AFAM
mode. The cantilevers used were Multi75-G and ContAl-
G probes from Budget-Sensors, Bulgaria, with spring
constants k. of respectively 3.10 and 0.31 N/m. The
spring constants were measured using the well-known
thermal method yielding also the free resonance frequen-
cies for the first flexural mode of the two probes: 75.6
and 14.6 kHz.



AlP

Publishing

B. Sample Preparation

By electron-beam lithography holes were fabricated in
a pattern-like arrangement into the silicon wafers. Each
pattern contained nine holes of approx. 155 nm depth de-
termined by AFM. The data showed that they are hardly
tapered. Their diameters are 178 4+ 12, 424 + 7, 615 +
13, 821 4+ 12, 1116 £ 15, 1313 + 24, 1521 4+ 17, 1714 +
12, and 1927 4+ 22 nm, as measured by scanning electron
microscopy (SEM) (EVO 18, ZEISS). Using the scotch-
tape method, freshly cleaved HOPG flakes with thick-
nesses of 25, 110, 247, and 392 nm were transferred onto
the Si substrate partially covering the hole pattern. The
thicknesses of the HOPG flakes were measured by AFM
height profiles. Measurements at five different locations
gave standard deviations of maximal 3 nm for all the
flakes. Although cavities may have various shapes and
at different depths, such samples can be used in order
to clarify the subsurface imaging contrast without loss of
generality.

C. Cantilever Dynamics and Contact Mechanics

In CR-AFM, by using proper models for the cantilever
vibrations and contact mechanics, the data are analyzed
in a two-step process. In a first step the tip-sample con-
tact stiffness is obtained, followed by a second step in
order to obtain the sample’s indentation modulus with a
spatial resolution given by the contact radius.!?3742

To relate the measured CR frequency with the con-
tact stiffness, the oscillatory behavior of cantilever was
modeled taking into account the tip position, the can-
tilever tilt, and the lateral contact stiffness. The con-
tact damping was neglected. A detailed description of
the model can be found elsewhere3”. The parameters of
the employed Multi75-G probe were: cantilever length
L = Ly + Ly = 225 pm, cantilever tilt ag = 11, tip
height A = 17 um, tip position L; = 215 um, and
ratio between the normal and lateral contact stiffness
7=k /kn = 0.85, see Fig. 2a.

In the case of scanning the HOPG flake above a cavity
(Fig. 2b), the normal tip-sample contact stiffness ky is
regarded as a series connection of the stiffness kg of the
cavity structure and of the material stiffness kj;.

1 1 1

Ry R s .

When the tip is far away from the cavity in the sup-
ported HOPG flake region (Fig. 2¢), ks becomes infinite,
and hence ky = kjs. Considering a Hertzian contact, kps
is determined by the tip radius R and the applied tip load
FNZ

ka = (6E**RFy)'/3 (2)

(b)
HOPG flake

Si substrate
1/kn= 1lky+ 1/ks
(c)

Kn= Ku, ks~ o0

FIG. 2. (a) Cantilever model taking into account the tip
position and the lateral contact stiffness of the tip-sample
contact. Inset: SEM image of the tip of the Multi75-G probe
taken after measurements; (b) and (c) illustrations of the tip
contacting on top of a cavity and on the supported HOPG
flake. The normal contact stiffness kn on top of the cavity is
represented by a series connection of the deflection stiffness
ks and the material stiffness kas.

Here, E* is the reduced Young’s modulus with 1/E* =
(1 —v2)/E; + (1 — v2)/Es where (E;, v;) and (Es, vy)
are respectively the Young’s modulus and the Poisson’s
ratio of the tip and the sample. It should be mentioned
that the effect of the Si substrate on the effective elastic
modulus of the HOPG flake is omitted in the calculations
which follow. The ensuing error can be estimated using
the theory of Perriot and Barthel3, allowing one to cal-
culate the stiffness of coated half-spaces. This produces
approx. 18.3%, 4.1%, 1.4%, and 1.1% lower values for
ks for flake thicknesses of respectively 25, 110, 247, and
392 nm. The analysis was made using a contact radius
of 10.8 nm corresponding to a tip radius of 100 nm and
a tip load of 300 nN. For the smaller contact radii in our
experiments, the substrate effect will be smaller. Finally,
we observe no signs of heterogeneous adhesion between
the HOPG flake and the Si substrate.

The part of the HOPG flake covering the holes of the Si
wafer is considered to be an edge-clamped circular free-
standing membrane with a diameter of 2ry and a thick-
ness of t. For such a membrane with a point force P
attacking at a distance of r from its center, the stiffness
is given by:%4

16w Drg
'S gy )

where D = E,t3/(12(1 — v2) is the flexural plate rigid-
ity. In our analyses, a Young’s modulus and a Poisson’s
ratio of (169 GPa, 0.27) and (18 GPa, 0.25) were respec-
tively used for the Si tip and the HOPG sample. Fur-
thermore, after all the measurements reported here, the
tip for the employed Multi75-G probe was examined by
using a cold field emission SEM (SU8220, Hitachi) with
a magnification of 50000x. As seen in the inset of Fig.
2a, the tip shape is spherical with a radius R = 68 nm.
Fresh AFM tips wear during scanning in contact mode
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FIG. 3. (a) - (d) Topography and (e) - (h) corresponding UAFM amplitude images taken on the HOPG flakes. Some of the
holes were not covered and became visible in the topography images as well. The line scans shown in (a) - (d) and obtained by
scanning over the edge of the flakes indicate their thicknesses: (a) 25, (b) 110, (c) 247, and (d) 392 nm. The UAFM experiments
were made using the first CR resonance, which is close to 410 kHz on Si for an applied load of approx. 210 nN exerted by the

Multi75-G cantilever.

when large contact forces are applied. In turn, deliber-
ate but controlled tip-wear when scanning a Si substrate
prior to CR-AFM, results in defined and stable tip shapes
for further measurements.

I1l. RESULTS AND DISCUSSION
A. Depth-sensing using CR-AFM

We first describe the sensitivity of CR-AFM imaging
for subsurface cavities at various depths. UAFM imaging
was performed on four HOPG flakes with thicknesses of
25, 110, 247, and 392 nm using the Multi75-G cantilever.
All experiments were carried out at the first flexural CR
of the cantilever close to 410 kHz on the Si substrate with
an applied load of 210 nN. The resulting topography and
the corresponding UAFM amplitude images are shown in
Figs. 3a-3d and Figs. 3e-3h. In contrast to the topog-
raphy images, the amplitude images clearly reveal the
subsurface cavities. Furthermore, with increasing flake
thickness, the contrast of the cavities becomes gradually
weaker. While the smallest cavities can still be distin-
guished below the thinnest flake, only cavities with large
diameters can be detected and spatially resolved when
scanning the 392 nm thick flake.

For a quantitative study, we determine the modulation
contrast M of the subsurface cavities displayed in Fig. 3:

Asub - Acav

M= Asub + Aca'u (4)

where Az, and Ay, stand for the amplitudes mea-
sured on HOPG flakes far away and at the surface cen-
ters of the cavities. The results are shown in Fig. 4a. An
overall decrease of the contrast can be clearly seen for

deeper and smaller cavities. It can also be seen that for
a flake thickness of 25 nm, all cavities can be detected.
However, for cavities covered by HOPG flakes with thick-
nesses of 110, 247, and 392 nm, the contrast for cavity
diameters smaller than 424, 615, and 1116 nm is not suf-
ficient, so that they no longer can be detected with our
experimental system.

To explain the observed image contrast, we analyze
how the subsurface features influence contact stiffness
and hence CR frequencies. When the tip is above the
cavity the contact stiffness is regarded as a series con-
nection (Fig. 2b) given by Eq. 1 and for the contact
stiffness on the supported HOPG flake region given by
Eq. 2. For the Multi75-G cantilever used, we calculate
and display in Fig. 4b the dispersion curves for the first
and second flexural cantilever modes, which relate the
CR frequency to the contact stiffness k. For a tip load
F = 210 nN for the tip with a radius of R = 68 nm, the
contact stiffness on the supported HOPG flake is kp; =
296 N/m according to Eq. 2. For the first mode the cor-
responding CR frequency is 366.4 kHz (Fig. 4b). For our
measurement setup, a CR frequency resolution of Af, =
1.0 kHz is considered, which corresponds to a minimum
modulation threshold of M = 0.02 for amplitude images
for a quality factor of 50. Thus, when scanning, cavities
can only be discerned, if the sensed contact stiffness at
their centers are smaller than ky = 289 N/m.

For a number of cavities with varying diameters and
depths, the contact stiffness kxn at their surface centers
was calculated using Eqgs. 1 - 3. The background color of
Fig. 4c corresponds to ky with the color scale displayed
at its side. The contour line for ky = 289 N/m separates
the detectable from the non-detectable cavities depend-
ing on their diameters and depths. The detectability of
the cavities in Fig. 3 can be easily seen by overlaying
them with their diameters and depths onto Fig. 4c.
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FIG. 4. (a) Modulation contrast M as a function of diameter of the cavities with the flake thickness as a parameter; (b)
dispersion curve for the CR frequency of the Multi75-G cantilever as a function of the normal contact stiffness kn for the first
two eigenmodes; (c) calculated normal contact stiffness ky at the cavity’s center for various diameters and depths for a tip
radius R = 68 nm and a tip load of Fx = 210 nN. The dashed lines in (b) represent the contact stiffness on the supported
HOPG flake region kys = 296 N/m and the corresponding CR frequency 366.4 kHz. The contour line in (c) indicates the
threshold contact stiffness kxy = 289 N/m using the first CR mode.

B. Image Contrast

The oscillation of an AFM cantilever can be separated
into a mode-shape part and a time-dependent part. The
time-dependent part of the cantilever oscillation in the
tip-sample contact can be described as a driven damped
harmonic oscillator with a Lorentzian resonance line-
shape for the amplitude:

1
eak
@ Gy ey

A(fezc) =A (5)

Here, Apeqi is the peak amplitude at the resonance, f.
is the contact-resonance frequency which depends on the
contact stiffness (see dispersion curves in Fig. 4b), fesc is
the excitation frequency, and @ is the quality factor. As
an example we show in Fig. 5a the simulated CR spectra
on the supported HOPG flake region and at the surface
centers of the nine cavities examined with the Multi75-G
cantilever for a tip load of 293 nN. For convenience, the
amplitude was normalized so that Apc.r; = 1. Gradual
shifts of the resonance to lower frequencies can be seen
from the supported region to the largest cavity surface
center. A constant quality factor Q = 50 was used in our
calculations which is close to the measured value. The
contact stiffness and the modal shape of the cantilever
oscillations also influence the Q-value?®, however to a
minor extent and hence it is neglected.

The operation frequency affects the contrast of ampli-
tude images in CR-AFM?2:46, Therefore, in order to ver-
ify this aspect of the model, AFAM images with different
excitation frequencies f.,. near the first CR frequency
were obtained on a 125 nm thick HOPG flake for the
Multi75-G cantilever with a tip load of 293 nN. A topog-
raphy image of the flake and its adjacent area on the Si
wafer are shown in Fig. 5b and the corresponding AFAM
amplitude image at the excitation frequency fe,. = 350
kHz is shown in Fig. 5c. In this figure, the subsurface

cavities and also some other features related to the to-
pography can be seen. More interesting is the contrast
behavior of the cavities. Figure 5d shows the AFAM
amplitude images taken on the encased area shown in
Fig. 5c¢ for fese = 370, 360, 345, 330, and 315 kHz.
For fe,. = 370 kHz close to the CR on the supported
HOPG flake region, all cavities appear darker than the
supported region. When lowering f... stepwise towards
315 kHz, a frequency close to the CR at the surface cen-
ter of the largest cavity, contrast reversals in the images
of the cavities can be observed. Bright halos surround
the cavity images which contract towards their centers
with decreasing fe;.. This can be understood by the de-
crease of the contact stiffness causing also a decrease of
the resonance frequency from the cavity peripheries to
their centers. The simulated amplitude images for the
corresponding frequencies are shown in Fig. 5e. Their
appearance and contrast changes are quite close to the
experimentally observed behavior. This is a strong hint
that the contact stiffness is the main origin of CR-AFM
for imaging subsurface cavities.

C. Depth Sensitivity

The sensitivity df./dkn of the AFM cantilever to vari-
ations of the contact stiffness depends on the excited
mode*?. Let us give an example when using the ContAl-
G cantilever with a tip of radius R = 100 nm and a tip
load of 100 nN. A contact stiffness of 263 N/m is then ob-
tained on the supported HOPG flake region considering
a Hertzian contact (Eq. 2). For this set of contact stiff-
ness, the modal sensitivities of the cantilever df../dky are
determined to be approx. 0.03, 0.06 and 0.21 kHz/(N/m)
for respectively the first three flexural modes. For similar
experimental set-ups, the stiffness sensitivity is expected
to get better for the higher modes. This opens the pos-
sibility to exploit different modes for sensing subsurface
structures at different depths, which has been exploited
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FIG. 5. (a) simulated CR spectra on the supported HOPG flake region and at the centers of the nine subsurface cavities. The
cantilever oscillations represent a driven damped harmonic oscillator with a quality factor @ = 50; (b) Topography and (c)
AFAM amplitude image on a HOPG flake with a thickness of 125 nm using the Multi75-G cantilever operated at frequency of
350 kHz and for a tip load of 293 nN; (d) AFAM amplitude images of the encased area in (c) for various operating frequencies;
(e) simulated amplitude images for the operating frequencies used for (d).

for subsurface detection of stiff particles in a polymer3°.

Here, we demonstrate this possibility by conducting
UAFM imaging on a HOPG flake using the first three
modes of the ContAl-G probe. The flake has a thickness
of 81 nm. A tip load of 95 nN was applied, and the oper-
ating frequencies were chosen respectively as 70, 233, and
473 kHz close to the first three CR modes as shown in
Fig. 1b. The resulting UAFM images are shown in Figs.
6a - 6¢c. At first sight, a better contrast of the cavities can
be seen for the higher modes. This is confirmed by the
modulation contrast values M obtained for the first three
modes at the surface centers of the largest cavity feature,
which are respectively around 0.09, 0.16, and 0.38. While
with the first mode one can reveal some large cavities only
blurrily, the second and the third modes allow to image
the smaller cavities (see arrows) with good contrast. Fur-
thermore, it can be seen that the first mode is more sen-
sitive to surface features on the HOPG flake. The dashed
lines indicate grain boundaries which were previously ob-
served also with other approaches*”*8. The second and
third modes however, show little indications on the sur-
face but mainly subsurface features instead. Compared
to the second mode’s clean contrast on the supported
HOPG flake region, the third mode image shows fluc-
tuations on these areas which may come from fluctuated
bonding strengths between the flake and the Si substrate.
Although one can image and distinguish subsurface fea-
tures under different depths by exploiting multiple eigen-
modes, issues like mechanical cross-coupling from shal-
lower planes renders tomography with a high depth res-
olution difficult to realize.

s F*ICR2

FIG. 6. UAFM amplitude images of a HOPG flake with a
thickness of 81 nm using (a) the first (70 kHz); (b) the sec-
ond (233 kHz); and (c) the third CR mode (473 kHz) of the
ContAl-G probe for a tip load of 95 nN.

D. Reconstruction by CR Spectroscopy

In order to realize quantitative reconstruction of the
geometry of the subsurface cavities, CR spectroscopy
measurements were carried out for the largest cavity un-
der the HOPG flake with a thickness of 125 nm. Again
the Multi75-G cantilever was used with an applied tip
load of 212 nN. The AFAM amplitude image of the cav-
ity obtained at 380 kHz is shown in Fig. 7a. CR spectra
were then recorded at 25 positions along its radial axis
as illustrated in Fig. 7a. The spectra obtained at the
right side of the cavity center are displayed in Fig. 7b.
There is a gradual shift of the resonance from higher to
lower frequencies when moving the tip towards the sur-
face center of the cavity. This is in line with our analysis
that the tip senses a contact stiffness decrease from the
periphery to the center of the subsurface cavity. Inter-
estingly, an increase of the resonance amplitude and the
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quality factor can also be observed from the periphery
to the cavity center. This is contrary to the fact that a
lower resonance frequency will lead to a smaller quality
factor due to the modal damping effect for the same local
damping?®. This could be explained by a decreasing dis-
sipation as a function of contact volume from the HOPG
flake’s supported region to the cavity center. The local
damping factors Q! are determined from our data to
be approx. 0.09 on the flake’s supported region and 0.04
above the cavity center. Q~! was calculated by model-
ing the tip-sample contact as a Kelvin-Voigt element and
describing the cantilever’s motion with a complex wave
vector. In this way, the modal effect and the air damping
are considered and deducted. A complex contact stiffness
k* = k. + ik; is then obtained with k, and k; being re-
spectively the real and imaginary parts yielding the local
damping factor by Q=1 = k; /k,..4°
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FIG. 7. (a) AFAM amplitude image of the largest cavity
under a 125 nm thick HOPG flake. Scan size: 2.5 x 2.5 pm?;
(b) CR spectra acquired as a function of radial position as
illustrated in (a) (only the right half side); (c¢) measured CR
frequency and bending compliance along a radial axis through
the cavity center. A theoretical fit of the bending compliance
along the radial axis is also shown. The working frequency in
(a) was 380 kHz. All experimental data were obtained for a
tip load of 212 nN using the Multi75-G cantilever.

The CR frequencies along the radial axis are shown in
Fig. Tc. A gradual decrease of the CR frequency can
be seen from a value of near 382 kHz on the supported
flake region to 327 kHz above the cavity center. From
the dispersion curve of the cantilever (Fig. 4b), the cor-
responding contact stiffness ky sensed by the tip can be
acquired. Afterwards, the deflection stiffness kg at those
test points can be calculated using Eq. (1). The data are
shown in Fig. 7c as its inverse counterpart, the bending

compliance (1/kg)?. Using Eq. 3 and taking the di-
ameter 2ry and the depth ¢ as variables, we performed
a least-square fit of the compliance data. The best-fit is
shown in Fig. 7c as a solid line (in red) which yields a
diameter of 2rg = 2040 nm and a depth of ¢ = 141 nm.
Since the bending compliance is more sensitive to the
variable depth than the variable diameter, an error band
obtained by the fit is also shown in Fig. 7c for depths
of t £ At = 141 £ 5 nm (shaded area). Considering the
measured diameter of the largest cavity (1927 nm) and
the thickness of the flake (125 nm), the fits yield errors
of approx. 6% and 13%.

IV. CONCLUSIONS

We presented contact-resonance AFM imaging and
spectroscopy data for quantitative depth-sensing of sub-
surface nanoscale cavities. Based on contact stiffness
changes, an algorithm has been developed to calculate
the contrast of subsurface structures for CR-AFM im-
ages allowing also to reconstruct the depth and the lat-
eral dimension of the subsurface cavities. In addition, to-
mography using CR-AFM seems possible by using multi-
mode imaging. Our results support that contact stiffness
variations are the key contrast mechanism for ultrasonic
CR-~AFM imaging of subsurface cavities. Furthermore,
our experiments and modeling work show clearly that a
number of parameters determine whether a subsurface
cavity becomes detectable, and there is no simple rule of
thumb for the depth sensitivity. This will also hold for
stiff inclusions in a host material of given elasticity®®. In
a related study, it has been shown that the concept for
subsurface contrast discussed in this paper can also be
applied for an AFM operated in the tapping mode.®!

Note added after review process: We became aware
that a paper on a similar subject has been accepted for
publication in the journal“Nanoscale” by K. Yip, T. Cui,
Y. Sun and T. Filleter, DOI: 10.1039/C9NR03730F.
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