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Abstract: Traditional technique such nanoindenter (NI) can’t measure the local elastic modulus at nano-scale (lateral). Atomic force
acoustic microscopy (AFAM) is a dynamic method, which can quantitatively determine indentation modulus by measuring the contact
resonance spectra for high order modes of the cantilever. But there are few reports on the effect of experimental factors, such length of
cantilever, contact stiffness on measured value. For three different samples, including copper (Cu) film with 110 nm thickness, zinc (Zn)
film of 90 nm thickness and glass slides, are prepared and tested, using referencing approach in which measurements are performed on
the test and reference samples (it’s elastic modulus is known), and their contact resonance spectra are measured used the AFAM system
experimentally. According to the vibration theory, from the lowest two contact resonance frequencies, the tip—sample contact stiffness is
calculated, and then the values for the elastic properties of test sample, such as the indentation modulus, are determined. Using AFAM
system, the measured indentation modulus of copper nano-film, zinc nano-film and glass slides are 113.53  GPa, 87.92 GPa and 57.04
GPa, which are agreement with literature values Mc,=105-130 GPa, Mz, = 88.44 GPa and Mg = 50-90 GPa. Furthermore, the
sensitivity of contact resonance frequency to contact stiffness is analyzed theoretically. The results show that for the cantilevers with the
length 160 pm, 225 um and 520 pm respectively, when contact stiffness increases from 400 N/m to 600 N/m, the increments of first
contact resonance frequency are 126 kHz, 93 kHz and 0.6 kHz, which show that the sensitivity of the contact resonance frequency to the
contact stiffhess reduces with the length of cantilever increasing. The novel method presented can characterize elastic modulus of near
surface for nano-film and bulk material, and local elasticity of near surface can be evaluated by optimizing the experimental parameters
using the AFAM system.
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Meanwhile, subsurface defects can be present during
nano-film deposition, which will deteriorate the properties
of the nano-materials. But the detection of these nano-scale
tiny defects is very difficult by conventional methods.

There are many methods such “nano-" indentation (NI)
method based on Nano Indenter™ and force-displacement
curve method based on atomic force microscope (AFM)
that can measure the mechanical properties”® ™. But NI
measurement is inherently destructive, creating indents
hundreds to thousands of nanometers wide and with
insufficient spatial resolution. Due to the indenting depth,
the measurement result is affected by the mechanical
property of substrate easily, especially for the films of
nano-thickness. Force-displacement curve methods work
best when the compliance of the cantilever is roughly
comparable to that of the tested material. Therefore, these
methods are better suited to very compliant (“soft”)
materials, and lose effectiveness as the material stiffness
increases.

1 Introduction”

Metallic nano-particles and nano-film have received
significant attention due to their unique properties such as
color, conductivity, melting temperature, magnetism,
specific heat and light absorption in comparison with bulk
metal'' *!. Additionally, further miniaturization of advanced
electronic devices requires a reduction in the thickness and
width of the metal lines, resulting in sizes of several to
several tens of nanometers” . So it is necessary to
accurately evaluate the material properties for designing
devices with sufficient strength, not only to predict the
performance of a system before use, but also to evaluate its
reliability during or after use, especially nano-mechanical
information—knowledge on mechanical properties at the
nano-scale such as elastic modulus, adhesion, and friction.
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To address the requirements, many researchers” * have
developed the atomic force acoustic microscope (AFAM)
system and measured the thin film with nano-scale
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thickness such diamond-like carbon (DLC) film with 5 nm,
20 nm and 100 nm thickness!'*! , nano-crystalline ferrites
film of 200 nm thickness''* and Nb film with nano-film
thickness!"”). AFAM is a dynamical technique” !, 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 containing information
about local tip-sample contact stiffness can be used to
calculate the contact stiffness between the tip and sample.
According to the Hertz contact model and referencing
approach” '*1, the value of indentation modulus can be
determined. The AFAM technique has been demonstrated
to be a powerful tool for the investigation of the local
elastic prosperities of sample surface!” ' > %1 Moreover,
in the case of a thin film deposited over a substrate, AFAM
measurements are less affected by mechanical properties of
the substrate itself ' 7],

Copper (Cu) film with nano-thickness has many
attractive properties such as low resistivity and high electro
migration resistance. Another important factor is the
reliability of the thin film, which depends on the method of
processing. To satisfy this requirement, the sputtering
method is one of the most useful thin film production
techniques as it allows low temperature formation of almost
ideal films, i.e. films with properties very similar to that of
the bulk material. To illustrate the feasibility of AFAM
system and investigate the metal film with nano-thickness,
in this paper, the Cu films with 110 nm thickness prepared
by direct current (DC) magnetron sputtering method are
investigated. At the same time, the zinc thin films of 90 nm
thickness prepared by DC magnetron sputtering method
and bulk glass are measured also to prove the AFAM
method.

Compared with reference value of test materials, the
measured results reveal that it is a promised method
evaluating the local nano-mechanical properties not only
for bulk sample but also for metal thin film with
nano-thickness. Furthermore, the choice of the reference
material, tip wear and the influencing factors arising from
the cantilever characteristics were analyzed.

2 Experimental Method

2.1 Samples preparation

In this paper, the copper and zinc thin films of
nano-thickness prepared by direct current (DC) magnetron
sputtering method and glass slide are investigated by the
atomic force acoustic microscope technique experimentally.
The single crystal silicon wafers (used for depositing the
zinc film) and glass slides (used for depositing the copper
film) as the substrates are cleaned sequentially in an
ultrasonic bath using ethanol, acetone and de-ionized water
before they are mounted on the sample holder. The copper

films are deposited by DC magnetron sputtering method.
The background pressure is 2.6 mPa, the flow rate of Ar; is
20 scc/m (standard cubic centimeter per minute), the
deposition time is 5 min and the input power were 20 W,
40 W and 60 W respectively. The back of substrates are
glued the sample holder using the double-side tape. The
substrate-to-target distance is 100 mm. Fig. 1 shows the
samples with the copper coating on the glass slide substrate
and zinc coating on Si substrate. The thicknesses are 40 nm,
80 nm and 110 nm for input power with 20 W, 40 W and
60 W respectively. In this paper, only the copper film with
110 nm thickness is measured. To minimize the impact of
inaccuracy arising from indentation modulus of the tip, the
SiOx films are chosen as reference sample.

* RN /)~

20W 40 W 60 W
(a) Copper (b) Zinc
Fig. 1. Photography of the tested namo-films

2.2 AFAM setup and method

The AFAM technique is based on the contact theory and
the vibration theory of the cantilever, the contact stiffness
can be calculated according to the contact resonance
frequencies measured by the AFAM system. The elastic
modulus can be deduced from contact stiffness based on the
contact theory. The details of description see Ref. [13].
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Fig. 2. Block diagram of AFAM system

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 contacting the sample. An external function generator
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(Handyscope-HS3, TiePie, UK) provides a stable sinusoidal
excitation, which is applied to a piezoelectric transducer
(V103-RM, Panametrics, USA), coupled to the back side of
the sample with the double-sided tape, as Fig. 2 and Fig. 3.
Fig. 2 and Fig. 3 show the block diagram and actual
photograph of the AFAM system. The transducer, worked
on the thickness vibration, 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 of the atomic force microscope (AFM) instrument,
and the signal is connected to the signal channel of lock-in
amplifier (Model 7280 DSP, Signal Recovery, USA) which
also receives a reference signal from the function generator
at the reference channel.

Lock-in
amplifier

Fig. 3.

Photograph of AFAM system

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 output to HS3. The data
acquisition software is created with commercial tool
Labview (National Instruments, Austin, TX, USA), 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 as the excitation
frequency is stored.

3 Results and Discussion

3.1 Free and contact resonance frequency
of the cantilever

Before performing contact experiments, the first two free
resonance frequencies of the clamped-free cantilever must
be measured when the tip is out of contact!'™. The
cantilever is brought close to, but not in contact with the
sample. Driving the transducer at relatively high voltages
creates ultrasonic vibrations, which are large enough to
excite the cantilever’s free resonances via air coupling.

According to the referencing approach, in this paper
three cantilevers are used for three different tested samples.
Meanwhile, to investigate the effect of the cantilever on
contact resonance frequency, for the tested sample and

corresponding reference sample the same cantilever are
used. We define the cantilever for the copper film as #1,
zinc film as number #2, and glass as number #3
respectively. The free flexural frequencies for three
cantilevers are measured and shown in Fig. 4.
Table 1. The first two order contact resonance frequencies
of the tested and reference samples

M dval Cantilever #1 Cantilever #2 Cantilever #3
easured value
Copper Ref Zinc Ref Glass Ref
Contact fi/kHz 738 725 682 639 667 681
ontacf
f>/MHz 1.828 1.730 1.591 1.575 1493 1.549
. £%/kHz 161.8 149.9 161.4
ree
f"/kHz 998.5 938.3 994.6
0.10 0.04
> 0.08 First order > Second order
£ 006 £003
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5 0.04 B
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<-0.02 <.0.01
1610 1615 162.0 162.5 163.0 990 993 996 999 1002

Excitation frequency f/kHz Excitation freqency f/kHz

(a) Cantilever #1

8;2 First order 0.14 Second order
Z 030 7 012
2025 = 010
2020 5 008
E 015 2 006
‘2 0.10 2 0.04
5 8-88 5 0.02

0.00-
944 946 948 950 952 954
Excitation frequency f/kHz

148 149 150 151 152

Excitation frequency f/kHz

153

(b) Cantilever #2

1.0 3.0

First order E 25 \Second order
220
215
£ 10
Eos
<00
90 992 994

-0.2+
i60.0 160.5 161.0 1615 162.0 9 996 998
Excitation frequency f/kHz Excitation frequency f/kHz

Amplitude A/mV
f=1
-~

(c) Cantilever #3

Fig. 4. The first two orders free flexural resonance spectra
of three cantilevers

In order to determine the elastic modulus of the tested
sample, a referencing or comparison approach is used %,
in which measurements are performed on the tested sample
and the reference samples under the same static forces (960
nN) separately. The contact resonance spectra measured on
the tested and corresponding reference samples are shown
in Fig. 5. From Fig. 4 and Fig. 5, it can be seen that the first
two orders free and contact resonance frequencies are
clearly visible, and listed in Table 1. Here f; and f; are the
first and second contact resonance frequencies of the
cantilever respectively when the tip contacts the samples.
£i" and £’ are the first and second free resonance
frequencies of the cantilever respectively.
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3.2 Contact stiffness and elasticity modulus

According to the flexural beam model for the AFM
cantilever with sensor tip contacting with samples and
characteristic equation (see Ref. [16]), the contact
stiffness between samples (including tested and reference
samples) and the tip can be calculated. According to the
measured first and second contact resonance frequencies,
the function between the contact stiffness and L,/L can be
shown in Fig. 5. Here, L is the total length of the
cantilever, and L, is the length between the tip and the
cantilever base. From Fig. 6, the contact stiffness and L,/L
for tested sample and corresponding reference sample can
be read, shown in Table 2.

25 0.6
5 20 Copper film 5 05 Reference sample
E E 04
< 13 < 03
o
210 g 02
205 e
z 0.0 < 00

-0.
800 1200 1600 2000 800 1200 1600 2000

Excitation frequency f/kHz Excitation frequency f/kHz

(a) Copper and reference sample
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1.6

E 2.0 Zinc film E 142* Reference sample
<15 <10
2, 2038
g 206
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5 g 0.2

0.0 0.0
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> 14 >
£12 . g20
<1% Glass slide 2 Reference sample
Q- 1.5
208 3
£06 E10
<0.2 e

0.0 0.0

800 1200 1600 2000 800 1200 1600 2000
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(c) Glass slide and reference sample
Fig.5. The contact resonance spectra of the first and second

order for tested and corresponding reference sample

According to the Hertz contact theory and referencing
approach, Eq. (1) can be obtained:
i 3/2
E =Ewl = | , (1)
ref
where E,” and E,; are reduced Yong’s modulus for tested
and reference materials respectively. &k and k¢ are contact
stiffness for tested sample and reference materials
respectively.
Also, we know that

FE )

where, M; and M; are the indentation modulus of the tip and
the tested sample, respectively.

Assuming the indentation modulus as 75 GPa for
reference sample, and 165.5 GPa for cantilever tip, the
elastic modulus of tested samples can be obtained and are
listed in Table 2. & is the contact stiffness calculated from
the resonance frequencies for tested and reference samples.
M, is indentation modulus of the tested sample. These
results are within the range of the literature values for
copper film"® (Mc,=105-130 GPa) and bulk glass (Mgjess=
50-90 GPa). Due to the errors of the parameter provided by
manufacturer, purity level of the copper target and zinc
target, the wear of the tip, the errors of the indentation
modulus are suitable.
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Fig. 6. Contact stiffness as a function of relative tip position
L,/L for samples

Table 2. Measured values of the contact stiffness and L,/L
for tested and corresponding reference samples

Contact Tip Elastic
Group Sample stiffness position modulus
k(N em") Li/L M, /GPa
#1 Copper film 4000 0.954 113.53
Reference sample 3350 0.951
#2 Zinc film 3060 0.944 87.92
Reference sample 2 850 0.972
#3 Bulk glass 3060 0.966 57.04
Reference sample 2 850 0.967
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3.3 Discuss and analysis

3.3.1 Effect of the cantilever on the contact resonance

frequency and sensitivity

Due to the manufacturing error, for the same model
cantilevers the free resonance frequencies can be different,
such as the first and second free resonance frequencies for
three cantilevers in Fig. 4(a), Fig. 4(b) and Fig. 4(c). From
the Fig. 4, it can be found that the first free frequencies are
161.8 kHz, 149.9 kHz and 161.4 kHz for three cantilevers
respectively, which relate with the dimensions especially
the length of the cantilever. So, for the same sample and
same static cantilever force, the contact resonance
frequencies vary with the free resonance frequency of the
cantilever and spring constant of the cantilever, such as
contact resonance spectra of reference samples in Fig. 5(a)
and Fig. 5(b). Even the free frequencies are same or close
for two cantilevers, due to the error of the spring stiffness,
the contact resonance spectra are still different, shown in
Fig. 5(a) and Fig. 5(c) for same reference sample. So for
every cantilever, before measuring the contact resonance
frequencies it is necessary to determine the free resonance
frequencies.

Table 3. Contact resonance frequency varying with the
contact stiffness for three types of cantilevers

Contact

Contact Frequency
Natural . resonance .
Length stiffness increment
frequency frequency
L/um f/kH k/(N * m A A
o/khz 1 1 2
/kH: /kH.
) Sz foAdHz kHz kHz
200 356 1102
225 190 400 449 1162 93 60
600 509 1223 60 61
800 548 1283 37 60
200 493 1447
400 619 1554 126 107
160 250
600 694 1637 75 87
800 744 1728 50 91
200 75 228
400 75.9 239 0.9
520 20
600 76.2 242 0.3
800 76.3 244 0.1

According to the characterization equation of the
cantilever (see Ref. [16]), the sensitivity to the contact
stiffness and accuracy can be calculated and are affected by
free frequencies and spring constant of the cantilever.
Table.3 lists the contact resonance frequency varying with
the contact stiffness for three models of cantilevers. The
dimension of the cantilever is LxWx#(lengthxwidthx
thickness), Spring constant and natural frequency f, of
cantilever are provided by manufacture. The values of
spring constant are 48 N/m, 40 N/m and 0.9 N/m for three
type cantilever. f; and f; are the corresponding first and

second contact resonance frequencies respectively when &
are set as 200 N/m, 400 N/m, 600 N/m and 800 N/m
respectively. Afiand Af; are the first and second frequency
increments for 200 N/m contact stiffness increment, which
can reflect the sensitivity of contact resonance frequency to
the contact stiffness.

From Table 3, we can find that the sensitivity of contact
resonance frequency to contact stiffness varies with the
cantilevers. It can be found that from the 600 N/m to 800
N/m, the first resonance frequencies increase 37 kHz, 50
kHz and 0.1 kHz for three models of cantilevers
respectively, but it is difficult to distinguish 0.1 kHz for the
device. So the cantilever can affect the measurement
accuracy and it is necessary to choose suitable cantilever
according to the stiffness of the sample and frequency band
wide of the AFAM system. To measure the stiff material
(modulus greater than approximately 50 GPa), the
cantilevers with spring constant of approximately 30 N/m
to 50 N/m are available.

3.3.2 Elastic modulus affected by reference materials
From Eq. (1) and Eq. (2), the equation can be obtained:

1 1 k 3/2 1 k 3/2
SR I | B | N ©)
M M\ k M| k

ref t s

where M, and ks are the indentation modulus and
contact stiffness of the reference sample. From Eq. (3), it
can be found that if there is too much difference between
the stiffness of reference material and that of tested material,
the inaccuracy of indentation modulus of the tip will impact
the measured values of the tested sample. The reference
material needs to be similar to the tested material in
stiffness. So, the tested and reference materials should have
similar modulus to ensure accuracy of the referencing
approach. At the same time, contact models vary with the
stiffness of sample. If the tested sample is similar with
reference sample in stiffness, the contact models are same,
so the referencing approach is suitable.

3.3.3 Contact resonance frequency affected by tip wear
According to the Hertz model we can obtain

k =36E”RF, ,

(4)

where, F is static cantilever force acting on the tip. R is the
tip radius. £ is the reduced Yong’s modulus for sample. It
can be found that the radius R increases with the wear of tip,
which causes the contact stiffness to increase. So for same
sample and same cantilever, even the applied load was kept
same throughout the measurements, it can be happened that
the contact resonance frequency increases. So measuring
the reference sample before and after each measurement on
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the tested sample is necessary to reduce the inaccuracy. It
has also been demonstrated in Ref. [18].

4 Conclusions

(1) The AFAM system is built based on commercial
atomic force microscope (AFM) and the data acquisition
software is created with commercial tool Labview. The
excitation frequency is changed stepwise and the
frequency spectra of the cantilever are constructed by the
AFAM system.

(2) The copper and zinc films with nano-thickness are
prepared by the DC magnetron sputtering method and
the elastic modulus are determined by the AFAM system.
Meanwhile, the glass slides are measured. The results
show that the AFAM technique is a sensitive method of
quantitatively measuring the indentation modulus for
fixed point.

(3) The effect of cantilever on the sensitivity and
accuracy of contact resonance frequency is discussed.
When the length of cantilever increases, the natural
frequency and the sensitivity reduce.

(4) The choice of the reference material and wear of
tip are analyzed. The error can be reduced when the
reference material is familiar with tested sample in
stiffness.
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