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a b s t r a c t

Atomic force acoustic microscopy (AFAM) has been developed in order to evaluate mechanical properties of

the materials at nano-scale. The SiOx films on the silicon wafer and glass slide were prepared by plasma

enhanced chemical vapor deposition (PECVD) and their properties were characterized by atomic force

acoustic microscopy (AFAM). The images of the amplitude of the vibrating cantilever were visualized for the

sample vibrating at the ultrasonic frequency and the characteristics of the images were also discussed

at the different excitation frequencies. The results showed that the acoustic amplitude images can provide

information about the local elasticity and the subsurface defects of the materials qualitatively.

& 2010 Published by Elsevier Ltd.om
.c
1. Introduction

With the development of micro-electromechanical devices and
food packaging barrier materials, the SiOx films have received
considerable attention recently. Due to inappropriate technologies,
SiOx barrier films, deposited on the substrates by plasma enhanced
chemical vapor deposition (PECVD) [1,2], are sometimes with
subsurface defects. These defects would deteriorate the barrier and
mechanical properties of the materials. So, effective and reliable
nondestructive tests are needed for quality assurance purposes of the
process. To predict the performance of the barrier material and to
evaluate its reliability at nano-scale, the novel inspect method with
high lateral resolution is needed. Atomic force microscopy (AFM)
[3–5] and scanning electron microscopy (SEM) [6,7] can reveal the
surface characteristic of SiOx coatings described as granular. But the
subsurface defect of the SiOx films cannot be revealed. Although
the subsurface defects can be examined by cross-sectional high-
resolution transmission electron microscopy (TEM), it has difficulties
associated with sample preparation and defect identification [7,8].
AFM can measure the three dimensional topography as well as
physical properties of a surface with a sharpened probe. When an
ultrasonic wave is coupled into the sample, such that the sample
surface vibrates at ultrasonic frequencies, the sensor tip and the
cantilever are also forced to vibrate around their equilibrium position.
If only very small vibration amplitudes of the cantilever around
its equilibrium position are excited, the tip-sample force can be
expanded linearly, and it can be represented by a linear spring with a
spring constant [9]. The quantity that is used to determine Young’s
modulus of sample surface is the tip-sample vertical contact stiffness
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in atomic force acoustic microscopy (AFAM) system. Based on the
theory, the mehcanical properties can be characterized by AFAM at
nano-scale.

AFAM is a dynamical technique [9–12], where the cantilever or the
sample surface is vibrated at ultrasonic frequencies while a sample
surface is scanned with the sensor tip contacting the sample. At a
consequence, the amplitude of the cantilever vibration as well as the
shift of the cantilever resonance frequencies contain information
about local tip-sample contact stiffness and can be used as imaging
quantities [13]. The AFAM technique has been demonstrated to be a
powerful tool for the investigation of the local elastic prosperities of
sample surface [9,11,12,14]. Moreover, in the case of a thin film
deposited over a substrate, AFAM measurements are less affected by
mechanical properties of the substrate itself [15,16]. In this study, we
have developed the atomic force acoustic microscope (AFAM) system
based on the atomic force microscope and researched the SiOx film on
the silicon and glass slide substrates so as to analyze local mechanical
properties of the film. It is interesting that the subsurface defects were
shown in the acoustic amplitude images.
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2. Experimental investigation

2.1. Sample preparation

The single crystal silicon /1 1 1S wafers and glass slides as the
substrates were cleaned sequentially in an ultrasonic bath using
ethanol, acetone, and deionized water before they were mounted
on the sample holder. Hexamethyldisiloxane (HMDSO) in mixture
with oxygen (O2) was used as deposition gases. The SiOx films
were deposited by plasma enhanced chemical vapor deposition
(PECVD) through glow discharge. The conditions of making the
sample are that the background pressure was 4.1 Pa, oxygen flow
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Fig. 2. Photograph of AFAM system.
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rate was 21 sccm (standard cubic centimeter per minute),
monomer flow rate was 10.5 sccm, and input power (200 W)
was kept for 20 min during the deposition.

2.2. Experimental set-up

A modified commercial atomic force microscope (CSPM 5000,
Ben Yuan, China) is used to image the sample surface and to
control the static cantilever forces before the tip contacts the
sample (Fig. 1). The constituent components include (1) an AFM
instrument, (2) a function generator and piezoelectric transducer
to excite the cantilever resonances, (3) a lock-in amplifier for
frequency selective signal detection, and (4) a computer for
instrument control and data acquisition.

An external function generator (AFG3021, Tektronix, USA)
provides a stable sinusoidal excitation, which is applied to a
piezoelectric transducer coupled to the back side of the sample.
The transducer with a center frequency of 1 MHz in thickness
vibration is used. It emits longitudinal acoustic waves into the
sample, which causes out-of-plane vibration of the sample
surface. These surface vibrations are transmitted into the
cantilever via the sensor tip. The cantilever vibrations are
measured by the photodiode detector with sufficient bandwidth
of the AFM, and from which the signal is connected to the input of
a lock-in amplifier (Model 7280 DSP, Signal Recovery, USA). The
sync signal from the function generator provides the reference
signal for the lock-in amplifier. While the sample surface is
scanned by the probe and excited at a fixed excitation frequency,
the amplitude of the cantilever is modulated by the lock-in
amplifier and fed into an auxiliary input channel of the AFM in
order to image. Figs. 1 and 2 show the block diagram and
photograph of the AFAM system.

2.3. Getting the image

To image the acoustic amplitude of the cantilever, the original
up-down signal from the photodiode detector is connected to the
signal channel of lock-in amplifier and the excitation signal from
the function generator is connected to the reference channel of
lock-in amplifier. Consequently, the amplitude of the cantilever
was modulated. When the sample was scanned, the acoustic
amplitude images were also obtained using the additional
channel of AFM except for the topography images. We can obtain
the acoustic amplitude images at different excitation frequencyw.sp
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Fig. 1. Block diagram of AFAM system.
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for the same area of the sample, which can reflect the local
contact stiffness, local elasticity of the sample, and the subsurface
defect.
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3. The results and discussion

3.1. The acoustic amplitude images

Fig. 3 showed the topography image (a) and the acoustic
amplitude images (b) for the same surface area (12�12mm2) of
SiOx film on the silicon substrate excited at the 100 kHz frequency.
In Fig. 3(a), dark regions indicated lower morphology and brighter
regions indicated higher one, and no more information can be
showed. Fig. 3(b) shows the acoustic amplitude images, which are
different from the Fig. 3(a). The resulting image contains the
relative amplitude of the cantilever vibration at the excitation
frequency for each position on the sample. As the topography
image, the amplitude is higher in brighter regions and smaller in
darker regions. We can find that the images in Fig. 3(a) and (b) are
inverse in brightness for almost all areas such as in circled region.
It can be deduced that the sample is without subsurface defects.
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3.2. The subsurface defect in acoustic amplitude images

Fig. 4(a) and (b) showed the topography and acoustic
amplitude images of the same 3.59mm�3.59mm area when the
SiOx film on the glass substrate is excited at the 250 kHz
frequency and with 1 V amplitude. We can find that in the two
images of the same areas the contrast is accordant in brightness,
such as in circled ellipse regions. It is interesting that we can
observe the subsurface defect in acoustic amplitude images in
Fig. 4(b). From Fig. 4(b), we can find a dark line on the left side
corresponding to line defects existing on the subsurface, which
does not appear in topography images in Fig. 4(a). The dark line
shows that the amplitude of the cantilever is much smaller than
other areas due to the decreasing of the elastic modulus.

Figs. 5 and 4 correspond to the same area of the sample.
Fig. 5(a) and (b) showed the topography and acoustic amplitude
images when the sample was excited at the 50 kHz frequency and
with 1 V amplitude. From Figs. 4(a) and 5(a), we can see that the
topographies are almost the same except a little moving up due to
the drift during the scanning. But the acoustic amplitude images
varied with the excitation frequency, seen in Figs. 4(b) and 5(b).
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Fig. 3. Topography (a) and acoustic amplitude (b) images of SiOx film on the silicon excited at the 100 kHz.
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3.3. Analysis and discussion

3.3.1. Forced flexural vibrations of the cantilever

If the vibration amplitudes of the tip and sample are kept
sufficiently small, the tip-sample forces can be approximated by
linear vertical spring dashpot systems. If considering that the tip
is located at the end of the cantilever, the cantilever angle is
assumed to be zero, and the damping constants is neglected
because the contact stiffness is the most important factor
determining the Young’s modulus of the sample surface [16], a
simplified model is shown in Fig. 6 [9]. The characteristic equation
of the simplified system shown in Fig. 6 as follows:

k�

kc
ðsin knL cos knL� sin knL cosh knLÞ ¼

ðknLÞ3

3
ð1þcos knL cosh knLÞ

ð1Þ

where kc is the spring constant of the cantilever, kn is the wave
numbers of the cantilever; k* is the tip-sample contact stiffness; L

is the total length of the cantilever.
The vertical contact force can be estimated using the Hertz

model for a spherical indenter with radius R contacting a flat
surface. According to the Hertz model we can obtain:

k� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6E�2RF0

3
p

ð2Þ

where E* is the effective Yong’s modulus of the tip-sample
contact; F0 is the normal force acting on the sensors tip.

Furthermore, we also have:

ðE�Þ�1
¼

1�n2
t

Et
þ

1�n2
s

Es
ð3Þ
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where Et, Es and nt, ns are the Yong’s modulus and Poisson rates of
the tip and the sample, respectively. So, we can measure k* and
deduce elastic prosperities of the samples if the material
parameters (Et, nt) of tip are given. k* will increase with the
increasing elastic modulus of the sample surface.
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3.3.2. Contact resonance spectra analysis

Suppose that the amplitude of excitation signal is y0; the
deflection of the cantilever is described by following equation [9]:

y¼ y0 ðcos knL�cosh knLÞ�
cos knLþcosh knL

sin knLþsinh knL
ðsin knL�sinh knLÞ

� �

ð4Þ

The AFM cantilever is made of silicon with the dimensions of
160�41�4.6mm3 and a stiffness (kc) of about 40 N/m. The
Young’s modulus Et of silicon is 1.69�1011 N/m2 and the mass
density is 2330 kg/m3. With Eq. (4), using these parameters for
different contact stiffness (k* is 40.56 and 40.64 N/m) we can
calculate the contact resonance spectra such as Fig. 7. It can be
found that surfaces with higher elastic modulus generate contact
resonance curves with increased center frequency and higher
amplitude. When the excitation frequency is below the frequency
responding to the cross point of the two curves, the amplitude of
the contact resonance spectra on the lower k* areas is higher than
one on the higher k* areas. When the excitation frequency is
above the frequency responding to the cross point of the two
curves, the amplitude of the contact resonance spectra on the
higher k* areas is higher than one on the lower k* areas.
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Fig. 4. Topography (a) and acoustic amplitude (b) images of SiOx film on glass slide excited at the 250 kHz.
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Fig. 5. Topography (a) and acoustic amplitude (b) images of SiOx film on glass
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Fig. 6. Flexural beam model for the AFM cantilever with sensor tip.
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3.3.3. Acoustic amplitude images analysis

In AFAM, the acoustic wave would transmit and result in
displacement field in the sample when the piezoelectric transducer
is vibrated under AC voltage. While in the case of acoustic
amplitude imaging, the amplitude contrasts reflect the responses
of SiOx film to the local elastic displacement fields in the sample,
which is closely relevant to the local contact stiffness between the
tip and the sample surface during scanning. Regions with higher
elastic modulus, called as stiff regions, generate contact resonance
curves with increased center frequency and higher amplitude than
regions with lower elastic modulus, called as soft regions [16,17].
When the tip scans the higher regions of the topography image, the
tip–sample repulsion is bigger. Equivalently the contact stiffness is
bigger than lower regions of the topography. If the excitation
frequency is near the contact response frequency of the stiff regions
(higher regions of topography image), in which the acoustic
amplitude of the cantilever is higher, so the contrast of the two
images are consistent in brightness [17], as Fig. 4 (a) the
topography and (b) acoustic amplitude images in ellipse regions.
When the excitation frequency is near the contact response
frequency of the soft regions (lower regions of topography image),
in which the acoustic amplitude of the cantilever is higher than the
stiff regions, the contrast in brightness of the two images is inverse,
as the images in Figs. 3 and 5.
3.3.4. Subsurface defects analysis

If there are subsurface defects areas, the tip–sample contact
stiffness is smaller and the center frequency of contact response



Fig. 7. Calculating contact resonance spectra.
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frequency is lower. If the excitation frequency is far from the
contact response frequency, the acoustic amplitude of the
cantilever is very low. So, the contrast of the amplitude image
depends on not only the topography but also the presence of
subsurface defect. Fig. 3 showed the images of sample without the
subsurface defect, the contrast in brightness is inverse between
the topography and acoustic amplitude images for almost all
areas. Because the decrease in amplitude (or increasing) induced
by subsurface defect is more remarkable than by the topography,
the contrast of brightness is not totally inverse (or consistent) in
all areas between the topography and acoustic amplitude images,
shown in Figs. 4(b) and 5(b). Maybe the glass slide is not clear
enough, and the subsurface defect is appearing.
4. Conclusions

In summary, SiOx film was characterized by atomic force
acoustic microscopy. The results showed that the acoustic
amplitude image was relevant to the contact stiffness and local
elastic properties induced by topography and subsurface defect.
The acoustic amplitude images can be obtained when the sample
was excited at different frequencies. We can find the subsurface
defect in acoustic amplitude image when the sample is excited at
the suitable frequency. It is proved the atomic force acoustic
microscopy is a useful method for mapping subsurface defects.ww.sp
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