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We describe a three-dimensional �3D� finite element analysis model of the contact between an
atomic force microscopy �AFM� tip and a substrate with finite size subsurface structures. The model
can simulate the contact stiffness measured by a scanning AFM tip on the surface of a sample with
buried nanoscale structures. In addition to the analytical verification and convergence analysis, we
present the results of an experimental verification study. For this purpose, we use an atomic force
acoustic microscopy setup and special silicon samples with well defined subsurface cavities
fabricated by focused ion beam techniques. The 3D model is also used for parametric analysis of
subsurface defect detection, and imaging simulations are performed for practical applications such
as AFM imaging of electromigration defects. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2936881�

I. INTRODUCTION

Atomic force microscopy �AFM� has been initially de-
veloped for topography imaging.1 Nevertheless, several
methods, including ultrasonic methods combined with the
AFM have made this instrument useful for characterization
of mechanical properties of surfaces at the nanoscale while
maintaining its nondestructive nature.2 Several ultrasonic
AFM techniques, such as atomic force acoustic microscopy
�AFAM�,3–7 ultrasonic force microscopy,8,9 scanning modu-
lation microscopy,10 and scanning near-field ultrasound
holography,11 have been developed during the past decade.
Most of these techniques use higher flexural or torsional vi-
bration modes of the cantilever which are detected by pho-
todiode while the cantilever tip is in contact with the sub-
strate. The elasticity of this contact is called the contact
stiffness which can be represented by a spring constant k�.
Ultrasonic AFM methods can evaluate the contact stiffness
by detecting the shifts in flexural and torsional mode reso-
nance frequencies. Since the value of k� is a function of
mechanical properties of the substrate,12,13 these methods
provide the ability for material characterization14,15 and sub-
surface imaging.6,9,16–20 Subsurface imaging by AFM may
increase the reliability and repeatability of the fabrication
processes used in microelectronic devices and nanoscale
structures by detecting defects, such as electromigration
voids,21 and provide more insight on the manufacturing and
testing of nanoscale structures buried under a surface.

Interpreting experimental contact stiffness measurements
requires adequate analytical or numerical models. For a half-
space substrate, the contact theory introduced by Hertz22 can
be used. The contact stiffness between a layered media and
the AFM tip can be calculated by using analytical
solutions.23 In addition to these solutions, numerical methods

such as finite element analysis �FEA� can evaluate contact
stiffness for multilayered media and half-space material.23,24

In these cases, FEA models have used axisymmetry while
evaluating the contact stiffness of the AFM tip-substrate con-
tact. On the other hand, there has not been a validated model
for the effects of finite size nanoscale subsurface structures
on the contact stiffness. Although some researchers used
two-dimensional FEA models previously,16 these models al-
ways assume an axisymmetric geometry that imposes limita-
tions on structures and cannot be used to simulate an imag-
ing scan. A 3D FEA model of AFM contact can
quantitatively characterize the effects of various subsurface
structures with arbitrary shape and lateral position relative to
the AFM tip.

In this paper, we describe a 3D FEA model for the AFM
tip-substrate contact, where the substrate can include a bur-
ied object or objects, and perform an experimental model
validation study. We first perform convergence analysis on a
half-space substrate example and verify our model by com-
paring the results with the Hertzian contact theory. Since the
results of the 3D FEA model of AFM tip-substrate contact
cannot be verified by an analytical model, AFAM experi-
ments are conducted on samples with well defined buried
nanoscale subsurface defects for validation. We then use our
model to investigate the effects of the multiple subsurface
structures, contact force levels, and subsurface structure ma-
terial properties. Finally, the efficacy of ultrasonic AFM for
electromigration defect detection in fine microelectronic in-
terconnect lines is investigated as an application example.

II. 3D FEA MODEL FOR AFM TIP-SUBSTRATE
CONTACT

To perform contact stiffness analysis for an AFM tip
scanning over a substrate with a finite size subsurface struc-
ture, it is necessary to create a fully 3D FEA model which
does not rely on axisymmetry. In analytical or FEA modelsa�Electronic mail: levent.degertekin@me.gatech.edu.

JOURNAL OF APPLIED PHYSICS 103, 114910 �2008�

0021-8979/2008/103�11�/114910/8/$23.00 © 2008 American Institute of Physics103, 114910-1

Downloaded 12 May 2009 to 133.28.47.30. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.2936881
http://dx.doi.org/10.1063/1.2936881
http://dx.doi.org/10.1063/1.2936881
http://dx.doi.org/10.1063/1.2936881


of the AFM tip-substrate contact, the AFM tip is mostly
spherical with a 20–200 nm radius. For a spherical tip and
half-space sample, researchers use Hertzian contact theory22

which explains the contact of spherical surfaces.14,15 Effec-
tive Young’s modulus E�, radius of curvature R, and applied
force F0 are the parameters for contact stiffness and contact
radius according to this theory.22 E� is calculated by using
the reduced Young’s moduli of the tip MT and the sample
MS,

1

E�
=

1

MT
+

1

MS
, �2.1�

where

MT =
ET

1 − �T
2 , �2.2�

and

MS =
ES

1 − �S
2 , �2.3�

whereES, ET, �S, and �T are Young’s moduli and Poisson
ratios of tip and substrate. R is the radius of the AFM tip
since the substrate is smooth and has an infinite radius of
curvature.

In our 3D FEA model of the AFM tip-substrate contact,
MS is of interest since MT can be calculated by using me-
chanical properties of the silicon tip in Table I. Moreover,
simulating the AFM tip with its real elastic parameters leads
to longer computation time. This issue can be avoided when
infinitely rigid tip material is initially assumed in the simu-
lations instead of the actual MT since in this case the elastic
parameters of the tip does not affect the results anymore.16,24

The effect of the deformation in the AFM tip can later be
included analytically to calculate the actual k� values, as dis-
cussed below. For an infinitely stiff tip �MT→��E� is simply
given by MS according to Eq. �2.1�. Consequently, Eq. �2.4�
below provides surface stiffness kS

�, assuming Hertzian con-
tact

kS
� =

3F0

2h
, �2.4�

where h is the deformation of the substrate.23

In order to obtain k�, three more steps are required. First,
MS is calculated using the following equation:

MS =� ks
�3

6F0R
. �2.5�

By substituting MS of Eq. �2.5� into Eq. �2.1� and using
actual MT, we obtain E�. Contact stiffness of Hertzian con-
tact can be evaluated using the relation

k� = �3 6F0RE�2. �2.6�

Please note that the rigid tip method described above does
not include the tip deformation in the simulations initially, as
would be in standard methods. However, the deformation in
the tip is calculated analytically and added later. The accu-
racy of the method is tested by comparing FEA-based simu-
lations with Hertzian theory for a contact between a spherical
silicon tip and substrates with Young’s modulus in the 80–
400 GPa range. The simulation results are within 0.8% of the
analytical calculations over this broad stiffness range, show-
ing the validity of this approach to reduce the computational
complexity.

We implement the 3D FEA calculations by ANSYS 11.0.25

The 3D structural solid element �SOLID92� is used to mesh
the tip and the substrate. In addition, we mesh the possible
contact area with 3D contact elements �TARGE170,
CONTA174�. We select the scan direction to be on the x axis
and the substrate to be symmetric over the y axis since our
ultimate aim is scanning a substrate with a finite size subsur-
face structure, as shown in Fig. 1. Although the symmetry on
the y axis is not necessary, having one more surface in the
middle of the geometry provides better meshing. For the
cases we are interested in, this simplification is valid. Note
that it is always possible for this model to use nonsymmetry
condition with more complicated subsurface structures.
Spheres, cylinders, or rectangular prisms can be subsurface
structures in this y-symmetric model. Also, more than one
structure can be present. The tip is spherical and always
touches the center of the substrate which is a cylindrical
volume with at least 2 �m radius and depth. To simulate a
scan over the surface, we move the subsurface structures to
different positions and evaluate the contact stiffness for those
positions.

One of the drawbacks of the 3D FEA contact model is
the computation time which is mainly determined by the
nonlinear contact analysis and the number of nodes. The

TABLE I. Elastic constants of the materials used in the calculations.

Mechanical Properties

Material Young’s modulus
�GPa�

Poisson ratio

Silicon 127 0.278
Silicon dioxide 75 0.17
Copper 110 0.33
Tungsten 411 0.28

FIG. 1. �Color online� The computational grid on the Y surface. The volume
around the contact is finely meshed until the results converge.
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number of nodes should be high for more accurate results,
but a high node number leads to excessive computation time.
We use SMRTSIZE command of ANSYS with medium size to
control the distribution of the elements on whole volume.
This command provides coarse meshing. However, fine
meshing around the contact, especially around the contact
elements, is necessary. Thus, we refine mesh around the con-
tact more than once for at least 200 nm into the substrate by
using NREFINE command. As a result, we obtain a 3D
model of AFM tip-substrate contact with an acceptable num-
ber of nodes. Each simulation run takes approximately 15
min on average on an Intel P 4 3.0 GHz.

We perform the convergence analysis of the 3D FEA
model of the AFM tip-substrate contact for the half-space
material since Hertzian contact theory can be used for com-
parison for this case. We use isotropic material properties
used in literature26 for the half-space material and the silicon
tip. According to the convergence analysis, simulated contact
stiffness for a half-space converges to values obtained from
Hertzian contact theory with less than 1% difference for dif-
ferent materials. Although this result verifies the FEA ap-
proach, it does not provide a comparison for simulation of
finite size subsurface defects. For this purpose, we conducted
AFAM experiments as described below.

III. EXPERIMENTAL VERIFICATION OF 3D FEA
MODEL FOR AFM TIP-SUBSTRATE CONTACT

For experimental verification of the 3D FEA contact
model, we implemented an AFAM setup and fabricated spe-
cial samples with smooth surface and well-known subsurface
structures.

A. AFAM setup

In AFAM, contact resonance frequency information is
converted into the contact stiffness data.4 Shifts in contact
resonance frequencies show the change in mechanical prop-
erties of the sample at that point. We modified a commercial
AFM system �Dimension 3100, Digital Instruments, Santa
Barbara, CA� and implemented AFAM setup, as shown in
Fig. 2.7,15 The substrate is bonded to a piezoelectric trans-
ducer which generates out of plane vibrations and has a reso-
nance frequency of 2.3 MHz. While the AFM cantilever is in
contact with the substrate surface, a function generator syn-
chronized with the lock-in amplifier excites the piezoelectric

transducer with a sinusoidal voltage which in turn vibrates
the sample. The feedback system of AFM keeps the contact
force constant; while the vibration of the surface is coupled
to the cantilever and the cantilever bending is detected by the
bicell detector. The lock-in amplifier measures the rms value
and the phase information of the photodiode output at the
ultrasonic excitation frequency. At each point of the image,
this measurement is repeated for a number of frequencies to
obtain the frequency spectrum around a contact resonance
and the data are stored in the computer for further process-
ing. The X-Y piezo of the AFM is used to move the cantile-
ver laterally to scan the sample. During the measurements
presented in this article, we scan 2.8 �m with 50 data
points. Frequency sweep is done by steps of 500 Hz, which
causes the stiffness measurement to have 8 N/m steps. MAT-

LAB 7.4 Instrument Control Toolbox is used for programing
of instruments and data acquisition.27

Contact resonance frequency is a function of the ratio of
the contact stiffness and the cantilever stiffness k� /kc.

4 Ini-
tially, stiff cantilevers seem advantageous to use since they
are less affected by adhesive forces as compared to soft can-
tilevers. The contact resonances of the stiff cantilevers,
which can be used for the contact stiffness imaging, are usu-
ally at high frequencies. However, at high frequencies, we
are limited by the response of the piezotransducer and the
photodiode. Because of these limitations, we use CONT40
cantilevers of Veeco. We measured the spring constant as 3
N/m and the free resonance frequency as 42.4 kHz. In addi-
tion, we glued the cantilever to the cantilever holder by using
ultraviolet �UV� light cured epoxy. This process eliminates
unnecessary resonances resulting from holder-cantilever
interaction.28 Although the cantilever has a sharp tip with
approximately 10 nm radius before the experiments, we in-
tentionally blunt the tip to avoid further tip shape change
during the scan. According to scanning electron microscopy
�SEM� image in Fig. 3, the tip has a radius of curvature
around 245 nm after blunting. To extract stiffness informa-
tion from the contact resonance frequency data, we obtain
parameters depending on the cantilever dimension and the
tip location on the cantilever. Measurements of the resonance
frequencies of the free cantilever and resonance frequencies

FIG. 2. Schematic of the AFAM setup.

FIG. 3. �Color online� SEM image of the blunted AFM tip used in the
experiments.

114910-3 Z. Parlak and F. Levent Degertekin J. Appl. Phys. 103, 114910 �2008�

Downloaded 12 May 2009 to 133.28.47.30. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



of the first two flexural modes with surface contact are used
for this purpose, and cantilever length and width are obtained
from SEM images.4,7

B. Sample preparation

In order to experimentally verify our model, we need to
fabricate a substrate with well-known subsurface structures
in dimensions comparable to the contact radius. With the
particular parameters in previous section, the radius of the
contact area is less than 20 nm. Regular lithography pro-
cesses in a clean room allow us to fabricate well-known sub-
surface structures in micrometer scale with surface topogra-
phy. This is not desirable for our verification experiments
since it may affect the contact stiffness results. To solve this
problem, we use a focused ion beam �FIB� �Nova Nanolab
200� system for sample fabrication, following a similar but
simpler approach as compared to earlier studies.9 First, we
mount a piece of polished silicon wafer to a SEM holder
vertically and image the side by SEM. We mill two align-
ment marks on a selected area by using FIB. We then mill a
cavity of circular cross section between alignment marks, as
shown in Fig. 4�a�. We are able to mill conical shaped cavi-
ties at different dimensions and depths from the surface. The
conical cavity used for the experiments here has 500 nm
radius at the widest point �base� located under approximately
50 nm silicon and the radius decreases gradually as the cav-
ity gets deeper. We estimate the depth �height of the cone� of
this cavity to be around 3 �m based on the measurements
on the cross-sectioned samples with similar structures. Thus,
the subsurface structure is approximately a cone with 500 nm
radius and 3 �m height, as represented in Fig. 4�b�. Al-
though topography creation is avoided with this sample fab-
rication procedure, some particles are unintentionally located
around the area of interest. These particles limit the imaging
area for contact stiffness measurement. During the experi-
ment, we measured the contact stiffness of three different
lines after taking the AFM image of the substrate. These
lines are shown with A, B, and C arrows in Fig. 5�a�. While
line C is scanned as it is shown, lines A and B have offset of
500 nm to avoid the particle on the left side of the Fig. 5�a�.
The whole topography on these lines is less than 6 nm, as
presented by a typical side view in Fig. 5�b�. According to
the calculations, at these points, holes have radii of 315, 350,
and 465 nm while their centers are 550 nm under the surface.
Note that these calculations are performed assuming that the
cone’s long axis is parallel to the polished surface of the
silicon sample.

C. Experimental results and comparison with
simulation

In the experimental procedure, we first located the area
of interest by using tapping mode AFM. We then switched to
AFAM mode. First, by varying the contact force and acquir-
ing the frequency data at the same point, we determined the
frequency of the third contact mode resonance which is
slightly more than 1.21 MHz for 1 �N contact force on
silicon surface. We then start the scan on the lines of interest.
At each point of the scan, the contact resonance of the can-

tilever is measured by sweeping the frequency in a 60 kHz
bandwidth around 1.21 MHz. Since the third resonance
mode is not affected by the lateral forces as much as the
lower modes, the possible effects of lateral forces are ignored
in this work.29 Adhesive forces can be effective in the deter-
mination of the contact force especially when the normal
force is small.20 However, in this case, since we apply a
significant normal force of 1 �N, we also ignored the effects
of possible adhesive forces.

According to the extracted contact stiffness data, the
AFM tip and half-space silicon contact has 1702 N/m stiff-
ness for 1 �N contact force. With these values, assuming a
spherical tip and the mechanical properties shown in Table I,
the tip radius is calculated as 173 nm by Hertzian contact
theory assuming a flat silicon surface. Since the SEM image
in Fig. 3 shows approximately 245 nm radius of curvature
for the tip, we assume that the calculated value is appropriate
for further analysis.

The first two image lines �A and B� in Fig. 5�a� are far
from the entrance of the cavity. The subsurface structures for

FIG. 4. �a� SEM side view of the substrate used in the experiments. The two
lines on the surface are the alignment marks on each side of the conical
cavity. �b� Schematic of the subsurface cavity structure.
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these lines are expected to have approximately 315 and 350
nm radii. On these lines, we tried to capture sections of both
clean half-space substrate and the subsurface structure. The
experimental and simulated contact stiffness results obtained
on these lines are shown in Figs. 6�a� and 6�b�. The observed
tilt from line A to line B in experimental data can be either a
result of shift in lateral piezoposition or the direction of sub-
surface structure. For the third line, we moved the cantilever
tip closer to the entrance of the cavity. At this location, the
subsurface cavity has approximately 465 nm radius. This
area does not have any disturbances on it, so we centered the
subsurface structure in our scan as seen in Fig. 5�a�. The
experimental and simulated contact stiffness results of line C
are presented in Fig. 6�c�. For comparison, we plotted the
simulation results on the experimental data.

Note that in the FEA simulations, there are no fitting
parameters except for the estimated tip radius, cavity radius,
and cavity depth. The contact force is measured and silicon
material properties �see Table I� are used. Given these con-
ditions, the agreement of the measured and simulated contact
stiffness values are in remarkable agreement for all cases.
Maximum difference of contact stiffness on bare silicon sur-
face is around 3% for Fig. 6�c�. For Fig. 6�a�, experiment
suggests 1670 N/m contact stiffness at the center of the cav-
ity while simulation gives 1678 N/m for the same point. Also
note that, according to the calculations, there is 235 nm of
silicon layer over the smallest cavity and this structure is still
detectable through the contact stiffness measurement at the
surface. In addition, for all cavity radii and depths, the mea-
sured maximum change in contact stiffness on the cavity as
compared to silicon half-space agrees with the change pre-

dicted by simulation. In Figs. 6�b� and 6�c�, the simulated
contact stiffness changes more rapidly than the experimental
results. The reason can be that either the cavities are not
perfect as the constant radius cylinders assumed in FEA, or
additional thinning on the substrate occurred on these lines,
which are closer to the entrance of the cavity. Nevertheless,
given the experimental uncertainties and possible errors,
these results justify the use of the 3D model for analyzing
other types of defects and subsurface structures on the AFM
tip-substrate contact.

IV. APPLICATION OF THE MODEL AND DISCUSSION

In this section, the 3D FEA model is used to predict the
effects of several defect geometries, elastic properties, as
well as imaging parameters such as contact force on ultra-
sonic AFM. In addition, since this model can evaluate the
effects on the contact stiffness caused by multiple subsurface
structures with more complex geometries, we investigate the

FIG. 5. �Color online� �a� AFM topography image of the substrate. Scan size
is 2�2 �m2. Arrows A, B, and C in �a� represent the lines where the
measurements are performed. �b� Cross section of sample surface on line C,
showing maximum of 6 nm height difference.

FIG. 6. �Color online� Comparison of experimental and simulation scan data
for �a� 315 nm, �b� 350 nm, �c� 465 nm radius of cylindrical cavities.
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resolving power of ultrasonic AFM for certain types of de-
fects. We also give practical examples of subsurface defects
such as electromigration voids in microelectronic intercon-
nects.

A. Imaging simulation of finite size cavities

One of the advantages of the 3D model of the contact is
the capability of the scanning simulation. To demonstrate this
capability, we simulate the effects of a spherical cavity on
the contact stiffness for a surface scan. The cavity under
investigation has 300 nm radius and the center is 500 nm
under the silicon surface. We use 1 �N of contact force and
100 nm tip radius during the scan. Contact stiffness distribu-
tion on the surface of this case is shown in Fig. 7. Silicon
half-space causes contact stiffness of 1427 N/m in the simu-
lations for the given parameters. The lowest contact stiffness
resulted by this spherical cavity is 1411 N/m, while an infi-
nitely long cylinder with the same radius and depth has 1395
N/m of contact stiffness on the softest spot. According to
experimental data, the particular AFAM setup we developed
can detect 10 N/m or more of contact stiffness change. Thus,
minimum detectable contact stiffness change �k is 10 N/m.
If we analyze the simulation with this information, we can
conclude that a spherical cavity with the given dimensions is
barely detectable by our AFAM setup.

The 3D contact model also provides information on the
effects of the multiple subsurface structures. As an example,
we simulated two cylindrical subsurface cavities in silicon
substrate using 100 nm radius tip and 1 �N contact force.
Both of these cavities are infinitely long and their height axis
is parallel to the surface while their radius is 300 nm. The
centers are 500 nm under the surface, as depicted in Fig.
8�b�, and the distance between the centers of the cylinders is
varied between 800 nm and 1.2 �m. According to the simu-
lation results in Fig. 8�a�, the distance between the centers of
the cylinders should be more than 1.2 �m so that the sub-
surface structures can be modeled as independent objects.
Note that it is difficult to define a general rule for lateral and
depth resolution since the distribution of the contact stiffness
is a function of depth, width, and material of the subsurface
structure as well as the force and tip radius.

B. Effects of force levels and elastic properties

The tip radius and tip material have significant effect on
the lateral resolution and depth in ultrasonic AFM

applications.9 However, the observed effects of subsurface
structures on the contact stiffness depend on many other
variables, such as contact force, material properties of the
substrate, and the properties and shape of the subsurface
structure. Because of this, we examine the effects of one
variable while keeping the rest of them constant. We first
investigate how different force levels change the contrast of
the contact stiffness image. For this purpose, we apply 200
nN, 1 �N, and 2 �N forces to the geometry depicted in Fig.
8�b� with 800 nm distance between centers. Figure 9 shows
the normalized contact stiffness �k� /kSi

� � results for this ge-
ometry, where kSi

� for each curve is the contact stiffness of
silicon half-space for that particular applied contact force
level. When 200 nN of force is applied, normalized contact
stiffness changes by 1.5% �12.5 N/m for kSi

� =835 N /m� as
the tip scans over the cylindrical cavities. Thus, for example,
these defects would barely be detectable in our AFAM setup
with 200 nN force assuming a minimum detectable �k of 10
N/m. Higher forces provide better lateral resolution and con-
trast because penetration depth is increased to the cylindrical
cavities. However, one should optimize the force carefully
depending on the substrate and detection system since higher
forces can be destructive while providing better subsurface
images.

FIG. 7. �Color online� The contact stiffness of a surface with a spherical
subsurface cavity which has 300 nm radius. The center of the cavity is 500
nm under the surface.

FIG. 8. �Color online� �a� The calculated contact stiffness of silicon sub-
strate with two cylindrical cavities. �b� Schematic of two cylindrical cavi-
ties. Their radius is 300 nm and center is 500 nm under the surface. The
distance between the centers of the cylinders is varied for the calculations.

FIG. 9. �Color online� The normalized contact stiffness of the substrate with
two cylindrical cavities with different forces. Both of the cavities have 300
nm radius, the distance between their center is 800 nm and they are under
200 nm of silicon.
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Second, we investigate the effects of the size and elastic
properties on the defect detection limits. For this purpose, we
simulate long cylindrical inclusions in silicon made of SiO2

and tungsten as practical materials �see Table I�. To simulate
limiting cases, we also generate the results for a cylindrical
cavity or a perfectly rigid inclusion of the same shape. We
use 1 �N contact force and 100 nm tip radius. As mentioned
before, the minimum detectable contact stiffness change �k
of 10 N/m is calculated for our system. In Fig. 10, we plot
the minimum defect size and depth required for the detection
of these subsurface defects. Each line shows the depth and
radius of the corresponding inclusion that result in �k of 10
N/m in contact stiffness. For each material, the region to left
of the contours shows the detectable range of cylindrical de-
fect radius and depth. According to Fig. 10, when there is
higher contrast between substrate and structure, smaller in-
clusions can be detected. As expected, subsurface structures
with mechanical properties with large contrast as compared
to silicon can be detected easier at larger depths. Conse-
quently, the lines corresponding to the rigid structure and
void defects are the rightmost curves. Similarly, tungsten in-
clusion generates more contrast than a similar silicon dioxide
structure. Rigid inclusions can be detected easier than the
voids of similar size when they are close to the surface. The
steep increase in detectable rigid cylinder radius shows that
the penetration depth for this type of defects is limited to
about 280 nm regardless of its size for this particular tip
radius, tip and substrate material. In contrast, a void located
deeper in the substrate can still be detected if it has large
enough diameter. Note that although the results in this figure
are valid for this particular example, they can serve as a
guideline for subsurface detection.

C. A practical example: Formation of electromigration
void

Electromigration in interconnects is one of the chal-
lenges for reliability of integrated circuits. To understand the
formation mechanism of electromigration defects, research-
ers commonly use x-ray30,31 or FIB imaging.21,32 While the
spot size of x ray creates resolution problems, using FIB is
destructive; hence, it does not allow in situ imaging. There-

fore, we investigate subsurface imaging by AFM as a tool for
in situ observation of electromigration voids.

For these calculations, we simulate copper �Cu� lines
with 300 nm square cross section embedded under 100 nm of
SiO2. X-ray techniques would have difficulty in detecting
electromigration voids on 300 nm lines because of the larger
spot size. However, AFM may provide better lateral reso-
lution by making use of the small contact radius. To model
the formation of the electromigration defects, we place a
half-spherical void on the upper side of the Cu line, as de-
picted in Fig. 11. Then, contact stiffness on the surface is
calculated for different radii of half-spherical cavity, simulat-
ing the growth of a void. In addition, same calculation is
done for Cu line with a rectangular electromigration defect
with a base of 300�300 nm2 and which completely breaks
the electrical connection resulting in what is called a fatal
defect. All calculations are done by assuming 100 nm of tip
radius and 1 �N of force. The results are presented in Fig.
12. As shown in Table I, Cu is slightly stiffer than SiO2.
Since these two materials do not have much contrast in their
elastic properties, scan on flawless Cu line indicates a slight
�4 N/m� increase in stiffness. With the electromigration void
in the Cu line a reduction in contact stiffness is observed
depending on the size of the defect. If the void has 50 nm
radius, the reduction is about 6 N/m. The slight increase in
contact stiffness on either side of the 50 nm radius void is the
result of having the stiffer Cu layer under the SiO2 layer.
When the radius of the defect becomes 70 nm, simulation
shows 18 N/m of contact stiffness change, which would be
detectable with our current setup. More contrast on contact
stiffness results as the defect is enlarged. The stiffness
change is 65 N/m for the fatal defect case, when the diameter
of the void reaches to the width of the line.

The results show that ultrasonic AFM is expected to pro-
vide better performance than x ray during the electromigra-

FIG. 10. �Color online� The detection limit contours for the cylindrical
defects in silicon substrate. Each contour represents a different defect
material.

FIG. 11. �Color online� The geometry of the simulated electromigration
defect.

FIG. 12. �Color online� The calculated contact stiffness on a Cu intercon-
nect line with a electromigration defect.
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tion void monitoring in thin Cu lines. One of the shortcom-
ings of ultrasonic AFM is the low penetration depth of the
method. Although higher forces will provide increase in the
penetration depth, it may be destructive. Therefore, the ma-
terial on the interconnect lines may need to be thinned down
to about 100 nm. In addition, ultrasonic AFM cannot be used
to detect electromigration defects under a via, since the nec-
essary via height causes the defect area to be far from the
AFM probe.

V. CONCLUSION

We developed a 3D FEA model for the AFM tip-
substrate contact to examine the effects of finite size subsur-
face structures on contact stiffness. We verified the model
analytically for half-space substrates and performed conver-
gence analysis. For further verification of the model, we fab-
ricated samples with well-controlled nanometer size subsur-
face structures and carried out AFAM experiments. The
agreement between the experiments and simulation results
shows that the 3D model can be used to simulate subsurface
imaging by AFM on substrates with single and multiple sub-
surface structures. Using this model, we investigated the ef-
fects of the different force levels and elastic properties on the
resolution of ultrasonic AFM images. The force study shows
that high forces are crucial for sensitive subsurface imaging
and the results can be used to determine the optimum force
levels for nondestructive operation. We presented a guideline
for the detection of subsurface inclusions made of the differ-
ent materials. Although the results may vary for different
forces, substrates, and tip radii, some general conclusions
could be drawn. When substrate has high contrast with the
buried object in terms of elastic properties, detection of
deeper or smaller defects is possible as expected. We also
simulated a real life problem, formation of electromigration
defects in thin electrical interconnects, as a possible applica-
tion of subsurface imaging by AFM. The simulation results
showed that an electromigration defect can be observed in its
early stages using ultrasonic AFM. Better resolution can be
achieved if more force is applied or thinner insulator is used.
Given the generality of the 3D model presented here, we
expect this approach to be used for various applications
where AFM is used for mechanical measurements on a sub-
strate with subsurface structures.
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