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In this paper the elastic properties of SiO film are investigated quantitatively for local fixed point and qualitatively

for overall area by atomic force acoustic microscopy (AFAM) in which the sample is vibrated at the ultrasonic frequency

while the sample surface is touched and scanned with the tip contacting the sample respectively for fixed point and

continuous measurements. The SiO; films on the silicon wafers are prepared by the plasma enhanced chemical vapour

deposition (PECVD). The local contact stiffness of the tip-SiO; film is calculated from the contact resonance spectrum

measured with the atomic force acoustic microscopy. Using the reference approach, indentation modulus of SiO, film

for fixed point is obtained. The images of cantilever amplitude are also visualized and analysed when the SiO, surface

is excited at a fixed frequency. The results show that the acoustic amplitude images can reflect the elastic properties of

the sample.
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1. Introduction

The wide application of the nanoscale materi-
als, devices and systems requires the exact knowl-
edge and the control of material properties on an
ultra-small scale. It is obviously more desirable to
directly probe the local mechanical properties of a
nanostructured material.'] Many static and dynamic
methods to measure small-scale mechanical proper-
ties have been devised. The static methods include
force-distance method with atomic force microscope
(AFM) 23] and nanoindentation tests.*~6 The force-
distance method works best when the compliance of
the cantilever is roughly comparable to that of the
test material. Therefore it is better suited to very
compliant material, and loses the effectiveness as the
material stiffness increases. The nanoindentation is
inherently destructive and the lateral resolution is
about a few hundred nanometers. To meet the re-
quirements for non-destruction and high resolution,
researchers developed a dynamic technique combin-
ing contact-resonance atomic force microscopy with
acoustic excitation technique to determine the elastic

modulus of material with nanoscale features, called

atomic force acoustic microscopy (AFAM).["10 The
AFM cantilever or the sample surface is vibrated at an
ultrasonic frequency while a sample surface is scanned
with the sensor tip contacting the sample. As a con-
sequence, the amplitude of the vibration of the can-
tilever as well as the shift of the cantilever resonance
frequencies contain information about the local tip-
sample contact stiffness and can be used for imaging
quantitatively. The AFAM images of the piezoelec-
tric lead zirconate ceramic had been shown.[”! The lo-
cal elastic properties of ferroelectric domain configu-
ration have been examined by atomic force acoustic
microscopy.['9~12] In the present work, the SiO, films
are prepared by the plasma enhanced chemical vapour
deposition (PECVD) and a custom-made AFAM was
developed in our laboratory. From the measured tip-
sample contact resonance frequencies and free reso-
nance frequencies of the cantilever, we can deduce the
local elastic modulus of the sample for fixed point.
Also, we can obtain the acoustic amplitude image of
the sample, which can reflect the local elasticity for
certain areas. Meanwhile, the acoustic amplitude im-
ages are explained by the repulsion force and the con-
tact stiffness between the tip and the sample during
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scanning.

2. Experiment

2.1. Sample preparation

The single crystal silicon (111) wafers serving as
the substrates were cleaned sequentially in an ultra-
sonic bath using ethanol, acetone and de-ionized water
before they were mounted on the sample holder. Hex-
amethyldisiloxane (HMDSO) in mixture with oxygen
(O2) was used as deposition gases. The SiO, films
were deposited by PECVD through glow discharge.
The background pressure was 4.1 Pa, oxygen flow rate
was 21 sccm, monomer flow rate was 10.5 sccm, and
input power was kept at 200 W for 20 min during the
deposition. The thicknesses of the silicon wafer and
SiO, coating were 0.5 mm and 110 nm respectively.

2.2. AFAM experimental setup

A modified commercial atomic force microscope is
used to image the sample surface, and to control the
static cantilever forces before the tip contacts the sam-
ple. Table 1 shows the parameters of nominal length
L, width W, thickness ¢ and spring constant k. of
the cantilever, given by the manufacturer. An ex-
ternal function generator (Handyscope-HS3, TiePie,
UK) provides a stable sinusoidal excitation, which is
applied to a piezoelectric transducer (V103-RM, Pana-
metrics, USA) coupled to the back side of the sample
with the double-sided tape as shown in Figs. 1 and 2.
Figures 1 and 2 show the block diagram and actual
photograph of the AFAM system. The transducer,
working in the thickness vibration mode, sends longi-
tudinal acoustic waves into the sample, which causes
These
surface vibrations are transmitted into the cantilever

out-of-plane vibration of the sample surface.

via the sensor tip. The cantilever vibrations are mea-
sured by the photodiode detector of the AFM instru-
ment, and the signal is transmitted to the signal chan-
nel of lock-in amplifier (Model 7280 DSP, Signal Re-
covery, USA) which also receives a reference signal
from the function generator in the reference channel.

Table 1. Parameters of the AFM cantilever provided by

manufacturer.

L/pm  W/pm t/pm  ke/N-m~1
nominal value 225 38 7 48
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Fig. 2. Photograph of AFAM system.

2.3. Data acquisition

To measure the contact resonance frequencies
for the fixed point of sample, the amplitude of the
cantilever vibration is demodulated by the lock-in
amplifier only at an excitation frequency and is out-
put to HS3. The data acquisition software is available
from the commercial tool Labview (National Instru-
ments Corp., Austin, TX), by which the excitation
frequency is changed stepwise and the digitized lock-
in output at the specific frequency is read. And the
amplitude of the cantilever versus excitation frequency
is stored and shown in Fig. 3. For imaging, a fixed

1 (a)
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Fig. 3. The first order (a) and second order (b) free flex-
ural resonance spectra of the cantilever beam.

excitation frequency is selected. While the sample
surface is scanned, the amplitude of the cantilever is
output into an auxiliary channel of the AFM and is
imaged.

3. Results

3.1. Measurement of free resonance fre-
quency

Before performing contact experiment, the free
(natural) frequencies of the cantilever must be mea-
sured when the tip is out of contact.[!] The cantilever
is brought close to, but it is not in contact with, the
specimen. The actuator driven at a relatively high
voltage creates acoustic vibrations, which are large
enough to excite the free resonances of the cantilever
via air coupling. The free resonance spectra are shown
in Figs. 3(a) and 3(b), displaying the first and second
order resonance frequencies respectively. The mea-
sured data are shown in Table 2, where f{ and fJ
are the first and second free resonance frequencies re-
spectively and the theoretical value of the f9/f? is
obtained from the analytical model, and can be seen
in Eq. (2) in Section 4.

Table 2. Data measured by AFAM.

fO/kHz  f3/kHz  f3/f)  theory (f3/f7)
149.6 9331  6.237 6.258

3.2. Contact resonance spectra of Si and
SiO,

In order to measure the test sample, a reference

9,10]

or comparison approach is used,! in which mea-

surements are performed on the test sample and the

reference sample under the same static forces sepa-
rately. Using Si as a reference sample, the contact
resonance spectrum measured on the Si is shown in
Fig. 4(a), while the contact resonance spectrum mea-
sured on the test sample, the SiO, film obtained by
the PECVD, is shown in Fig. 4(b). From Fig. 4, it can
be seen that the first and second contact resonance fre-
quencies are clearly visible in the spectra, indicating
that the first and second contact resonance frequen-
cies are f; = 650 kHz and fy; = 1.450 MHz for Si
and f; = 645 kHz and f; = 1.295 MHz for SiO, film

respectively.

Amplitude/mV
1

500 1000 1500 2000
Frequency/kHz

L4171  (b)
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Fig. 4. Contact resonance spectra of the first and second
modes for Si(111) substrate (a) and SiO; film (b).

4. Analysis and discussion

4.1. Analysis method

If the tip and the sample vibration amplitudes are
kept sufficiently small, the tip-sample forces can be ap-
proximated by linear vertical spring dashpot systems.

A simplified model is shown in Fig. 5,[7]

where kg is
the tip-sample contact stiffness, L is the total length
of the cantilever, L; is the length between the tip and
the cantilever base, L is the distance between the tip

base and the end of the cantilever.

084302-3



Chin. Phys. B Vol. 19, No. 8 (2010) 084302

L

x
X
e w

ANANNNNN\\N

YL

Fig. 5. Flexural beam model for the AFM cantilever with
sensor tip.

The characteristic equation of the simplified sys-
tem shown in Fig. 5 is given as follows:

ks . .
T {—(cosh k,, Lqsink,L; —sinh k, Ly cosk, L)

x (1 + cos ky, Lo cosh k,, L)

+ (cosh k,, Lo sin k,, Lo — sinh k,, Lo cos k,, La)

x (1 —cosk, Ly coshk,Ly) }

2(knL1)3

= %(1 + cosk,Lcoshk,L), (1)
where k,, is the wavevector of the n-th eigen-mode of
the AFM cantilever.

Like macroscopic beams, the AFM cantilevers can
vibrate in the different types of acoustic modes, such
as flexural, torsional or extensional modes. The reso-
nance frequencies for flexural vibration are related to
wave number by

knL=cgl\/fn, n=1,2,3,4..., (2)

where cp is a characteristic cantilever constant con-
taining Young’s modulus F, mass density p of the
cantilever material, and thickness ¢ of the beam; f,
is the free resonance frequency.

If the tip is far from the sample surface, contact
stiffness ks is zero and equation (1) reduces into the
characteristic equation for free flexural vibrations of
the cantilever, given as

(14 cosk,Lcoshk,L)=0. (3)

The solutions of Eq. (3) for the different vibra-
tion modes n are known to be k1L = 1.8751, koL =
4.69409, k3L = 7.85476, ...,n = 1,2,3,4.... By
measuring the free resonance frequencies and substi-
tuting the measured values into Eq. (2), cgL can be
determined in a high accuracy and without the knowl-
edge of any additional cantilever data. To solve equa-
tion for kg, not only the cg L but also the relative tip
position cgl is needed. The unknown second pa-
rameter L; can be determined from Eq. (1) itself by

using its dispersive behaviour. The values of contact
stiffness kg must be the same for all cantilever modes
for a given measurement. We determine the eigen-
frequencies of the first two modes, and calculate cgL
and vary the ratio Ly /L in a range which is reasonable
compared with the micrographs. The contact stiffness
ks obtained from Eq. (1) is plotted as a function of
the value of Ly /L for the first two modes. The values
of resulting contact stiffness ks must be the same for
all cantilever modes when the same static tip-sample
forces are maintained. According to the Hertz model
we can obtain

ks = V/6E*2RF,, (4)

where E* is the effective Yong’s modulus of the tip-
sample contact; Fy is the normal force acting on the
tip. We also have

1 1\ *
E* = —
< T Mt) ; (5)

where M; and M, are the indentation moduli of the

tip and the sample, respectively.

4.2. Calculation of elasticity of test sam-
ple for fixed point

As mentioned before, the reference sample is Si,
so the value of M, and thus the value of E, are
known. According to the Hertzian contact, the fol-
lowing relationship can be obtained:

e (RN
Es: ref <ksf> . (6)

In order to use the reference approach, we set the
cantilever static deflection d = 10 nm (Fy = 480 nN).
According to the contact resonance frequencies of the
reference sample and the test sample, we can obtain
the relationships between L;/L and contact stiffness
ks of the tip-Si and the tip-SiO, as shown in Figs. 6(a)
and 6(b).

From Figs. 6(a) and 6(b), we can obtain L;/L =
0.953 and kyef = 2368 N/m for the Si reference sam-
ple and L;/L = 0.935 and ks = 1750 N/m for the
test sample SiO,. Assuming My, = 165.5 GPa and
M,ef = 175 GPa,'% we can obtain E’ ;= 85.06 GPa.
From Egs. (6) and (5) it follows that E* = 54.04 GPa
and Msio, = 78.18 GPa. The measured values are
in agreement with the values for bulk fused silica
(MSioz =T72~T77 GP&)
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Fig. 6. Contact stiffnesses as a function of relative tip position L1/L for Si as reference sample (a) and SiOg

film as test sample (b).

4.3. Analysis of acoustic amplitude im-
ages

4.3.1. Contact resonance spectra under differ-
ent static forces for SiO, surface

According to Egs. (5) and (4), we can find that
the contact stiffness will increase with the increase of
static force Fy or the elastic modulus of sample sur-
face M. From Eq. (1), we can know that the contact
resonance frequency increases with contact stiffness
increasing. Using the same type of cantilever as that
in Table 1, we can obtain the first contact resonance
spectra of SiO, with different values of Fy as shown
in Fig. 7. The results show that the contact reso-
nance frequency and the amplitude increase with the
value of F{y increasing. From Fig. 7, different values of
Fy will induce different contact resonance frequencies
even for the same fixed point of the sample. And the
contact resonance frequency is 675 kHz for a 480-nN

static force.

97 — 480 nN
—— 1440 nN
47 —— 1920 nN

Amplitude/mV

750 800

600 650 700
Frequency/kHz

Fig. 7. The first order resonance frequencies of SiO film
under different values of Fp.

4.3.2. Analysis of acoustic amplitude images

4.3.2.1. Experimental results of acoustic amplitude im-

ages

Under the same static force Fy = 480 nN, we scan
the SiO, surface excited by the signal with different
frequencies and the same amplitude (V,—, = 2 V).
We can obtain the topography image and the acous-
tic amplitude images of the same area (5 pmx5 pm)
vibrated at different excitation frequencies as given
in Fig. 8. When the excitation frequency is 650 kHz,
which is below the contact resonance frequency, the
contrast of the two images is inverse in brightness as
shown in Fig. 8(a) for the topography and Fig. 8(b)
for acoustic amplitude images in ellipse regions. When
the excitation frequency is 700 kHz, which is above the
contact resonance frequency, the contrast in bright-
ness between the two images is consistent with that

between the images in Figs. 9(a) and 9(b). When
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(b)
Fig. 8. Topography (a) and acoustic amplitude (b) images
of SiO,, film excited at 650 kHz.

the excitation frequency is far from the contact res-
onance frequency, such as 900 kHz, the amplitude of
the cantilever becomes smaller as shown in Fig. 10(b)
for acoustic amplitude images, in which the contrast
of amplitude reduces.

=l
30 mV
(b)

Fig. 9. Topography (a) and acoustic amplitude (b) images
of SiO, film excited at 700 kHz.

0 10 20
(b)

30 mV

Fig. 10. Topography (a) and acoustic amplitude (b) im-
ages of SiO, film excited at 900 kHz.

4.3.2.2. Analysis of acoustic amplitude images

In the acoustic amplitude images, the amplitude
contrasts reflect the responses of SiO,. film to the lo-
cal elastic displacement fields in the sample, which
is closely relevant to the local contact stiffness be-
tween the tip and the sample surface during scanning.
The surface with higher elastic modulus, called as stiff
surface, generates contact resonance curves with in-
creased central frequency and higher amplitude than
the surface with lower elastic modulus, called as soft
surface.['314] The vibration frequency spectra of the
tip (cantilever) for different contact stiffness are shown
schematically in Fig. 11.

In topography images, dark regions indicate lower
morphology and brighter regions represent higher one.
In the acoustic amplitude images, the amplitudes are
higher in brighter regions and smaller in darker re-
gions. When the tip scans the lower surface of the to-
pography image, the tip-sample repulsion is smaller.
Equivalently, the contact stiffness is smaller in the
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lower surface of the topography than in higher sur-
face of the topography. So, when the excitation fre-
quency is near the contact resonance frequency of the

6000 ¢

5000 p

k* lower k* higher

4000 ¢
3000 f

2000 p

Normalized amplitude

1000 ¢

0 3
3.40 3.42 3.44 3.46 3.48 3.50
Frequency/10° Hz

Fig. 11. Vibration frequency spectra of the tip (can-
tilever) for different contact stiffness.

darker area (equal to soft surface area), the cantilever
acoustic amplitude is higher in the soft area, the con-
trast in brightness between the topography image and
the acoustic amplitude image is inverse, which can
be seen in Fig. 8. When the excitation frequency is
near the contact resonance frequency of the brighter
area (equal to stiff surface area) of the topography,
the cantilever acoustic amplitude is higher in the stiff
area, the contrast in brightness between the topogra-
phy image and the acoustic amplitude image is con-
sistent, which can be seen in Fig. 9. But when the
excitation frequency is far from the contact resonance

frequency and the excitation amplitude is not high
enough, the cantilever acoustic amplitude is very low
both in the stiff area and the soft areas so the con-
trast in brightness is small as shown in Fig. 10(b).
From Figs. 8(a), 9(a) and 10(a), we can find that they
are identical except for the drift during the scanning
and only contain the information about topography.
But in acoustic amplitude images, they vary with ex-
citation frequency and the contrast in brightness can
qualitatively reflect elastic property.

5. Conclusion

The results show that the AFAM technique is a
sensitive method of quantitatively measuring the in-
dentation modulus for fixed point. Experimentally,
quantitative results on SiO, film are presented, and
they are in agreement with the values for bulk fused
silica. The acoustic amplitude has been exploited to
image, which can reflect the local elasticity qualita-
tively. The acoustic amplitude images are different
when the sample is excited with the different frequen-
cies. The quantitative elastic modulus images will be

studied for SiO, film in future work.
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